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Abstract

Pulp and paper mills generate biosolids as a by-product of their effluent treatment systems.
These biosolids show excellent potential as a soil conditioner. However, the detection of
high levels of E. coli (10* to 10° CF U/gdw), in the absence of any significant fecal loading,
has caused concern among effluent treatment system operators, land applicators and
regulators. This research examines the sources and ecology of E. coli strains comprising the
population of E. coli in the biosolids of an eastern Ontario pulp and paper mill by applying
the molecular microbial source-tracking tool repetitive sequence-based polymerase chain
reaction. Confirmed E. coli were successfully isolated from 2 forested sites, treated mill
process feed water, storm effluent, mill fibres, wood chips, primary and secondary clarifier
effluents and sludges, and biosolids. While laboratory isolates could be accurately
distinguished from forest and industrial isolates, cluster and jackknife analyses were
incapable of differentiating reliably among isolates from the forest, on-site inputs, effluent
treatment system and biosolids (average rates of correct classification values ranged from
43.9% to 72.9%). No input could be excluded as a source of E. coli to the effluent treatment
system. Many fingerprint types were unique to the primary and secondary clarifiers;
however, only a subset of the fingerprint types recovered from the primary and secondary
clarifiers were detected in the biosolids. This suggests that the E. coli strains found in mill
biosolids were those able to survive the hot, desiccating conditions of dewatering. Highly
similar fingerprint types (> 80% similarity) were recovered repeatedly over an 8-month
period from the effluent treatment system (primary and secondary clarifiers) and biosolids.
These results are consistent with growth within the effluent treatment system and biosolids,

rather than fecal loading. Over a 3-year period the pulp and paper mill effluent treatment



system underwent large-scale changes, including a 50% reduction in effluent volume upon
the elimination of on-site pulping activities. New fingerprint types were detected in the
biosolids following the restructuring, and the Shannon index of diversity increased.
Disruption of established operating conditions could have opened niches, allowing new

strains to colonize the mill effluent treatment system successfully.



Résumé

Les usines de pétes et papiers produisent des biosolides comme produits dérivés de leurs
systémes de traitement des effluents. Ces biosolides présentent un excellent potentiel pour
la fertilisation du sol. Cependant, la détection de niveaux élevés de E. coli (10?4 10°
CFU/gdw), en absence d’un apport de matieres fécales, préoccupe les opérateurs de
systémes de traitement des effluents, les agriculteurs et les autorités gouvernementales.
Cette recherche examine les sources et 1’écologie des souches de E. coli présentent dans les
biosolides d’une usine de pétes et papiers de I’Est de Ontario, en utilisant I’outil moléculaire
de localisation de source microbienne, le Rep-PCR. E. coli ont ét¢ identifiés et isolés a
partir de deux sites boisés, d’eau provenant du systéme de traitement des eaux usées de
’usine, d’eau pluviale, de fibres d’usine, de copeaux de bois, des effluents et des boues
provenant des décanteurs primaires et secondaires, et finalement, des biosolides. Alors que
les isolats de laboratoire ont pu étre séparé précisément des isolats provenant de la forét et
de I’usine, les analyses typologiques et du jackknife étaient incapables de différentier de
fagon fiable les isolats provenant de la forét, de 1’usine, du systéme de traitement des
effluents et des biosolides (valeurs ARCC de 43,9 a 72,95%). Aucun apport au systéme de
traitement des effluents n’a pu étre exclus comme source potentielle de E. coli. Plusieurs
types d’empreintes génomiques de E. coli étaient uniques aux décanteurs primaires et
secondaires; cependant, seulement certains types d’empreintes retrouvées dans les
décanteurs primaires et secondaires ont été détectés dans les biosolides. Ceci suggére que les
souches de E. coli localisées dans les biosolides de 1’usine étaient celles qui ont survécu les
conditions trés chaudes et asséchantes du processus d’asséchement des boues. Des types

d’empreintes tres similaires (> 80% de similarité) ont été retrouvés a plusieurs reprises dans



le systéme de traitement des effluents (décanteurs primaires et secondaires) et des biosolides
durant une période de huit mois. Ces résultats sont conséquents de la croissance bactérienne
a 'intérieur du systéme de traitement des effluents et des biosolides, plut6t que par des
apports fécaux. Pendant une période de 3 ans, le systéme de traitement des effluents de
I’usine de pétes et papiers a subi des changements majeurs incluant une réduction de 50% du
volume des effluents lors de 1’élimination des activités de dépulpage sur le site. Des
nouveaux types d’empreintes ont été détectées dans les biosolides suivant la restructuration,
et I’index de diversité de Shannon a augmenté. La perturbation des conditions existantes
dans les opérations a pu faire en sorte que de nouvelles niches sont devenues disponibles, ce
qui a permis a des nouvelles souches de coloniser le systéme de traitement des effluents de

I’usine.
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Introduction

Pulp and paper mills use effluent treatment systems to ensure that their wastewaters
meet regulatory standards; biosolids are a necessary by-product of this process.
Traditionally, biosolids are disposed of via landfilling or incineration. However, a more
environmentally and economically feasible option may be to apply biosolids to silvicultural
or agricultural lands. However, the presence of high levels of E. coli and other bacteria
typically used as indicators of fecal contamination are a cause for concern.

Previous research has suggested that pulp and paper mill E. coli, and other bacterial
indicators, are not simple transients in pulp and paper mill effluent treatment systems.
These microorganisms seem to grow continuously within established niches in mill effluent
treatment systems. This means that their presence should not be considered a reliable
indicator of fecal contamination, especially in the absence of any known fecal input.

This project focuses on 3 remaining research questions:

1) What are the sources of biosolids-isolated strains of E. coli?
2) What is the ecology of E. coli within the mill?
3) What effect does significantly altering the composition of mill effluents have on
pulp and paper mill effluent treatment system and biosolids E. coli populations?
Repetitive sequence-based PCR (Rep-PCR), a method of microbial source tracking capable
of generating highly discriminatory genetic fingerprints, was used to differentiate between
strains of E. coli, and thus address the research questions.
The pathogenicity of the E. coli strains examined in this study were evaluated in a

complementary study (Appendix 1).
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Chapter 1 Literature Review

Pulp and paper mills produce biosolids as a necessary by-product of their effluent
treatment system. These biosolids contain high levels of E. coli, coliforms, fecal coliforms
and enteric streptococci, bacteria typically used as indicators of fecal contamination. This
review discusses: 1a) pulp and paper mill biosolids production; 1b) biosolids composition
and management; 1c) the microbial habitat provided by pulp and paper mills; 2a) indicators
of fecal contamination; 2b) current indicators, with particular focus on E. coli; 3a) microbial

source tracking (MST); 3b) MST methods currently in use.

1.1 Pulp and Paper Mills
1.1.1 Papermaking

Pulp and paper mills manufacture a wide variety of products, including: corrugated
cardboard, newsprint, boxboard, coated paper, fine paper, and tissue. As a result, mills use
different combinations of the available technologies in order to prepare the annually
produced 300 000 000 tonnes of desired end product per year (119). Papermaking is a wood
and water-based process. Wood is composed of simple sugars polymerized into long
cellulose/hemicellulose fibers bound together by lignin (183).

The papermaking process (reviewed by (3), with additional information) involves 5
main steps:
1) Debarking and chipping: the processes of removing bark and grinding the logs into
wood chips.
2-)  Pulping reduces wood chips to cellulose-rich pulp.
Three methods of pulp production are in use: (i) mechanical pulping which passes wood

chips through a grindstone, fibres are stripped and suspended in water; (ii) chemical pulping
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which uses chemicals, in the presence of heat and pressure, to break down wood chips; and
(iii) chemical thermo-mechanical pulping which relies on chemical treatment to partially
soften wood chips which are then mechanically ground (183).

3-)  Bleaching whitens brown pulp.

Traditionally, chlorine (Cl,) was used as a bleaching agent. Because the resulting effluents
were toxic (due to the production of chlorophenolics in the extracted lignin fragments), there
was a shift away from the use of chlorine in the 1980s. Many mills are now either ECF
(Elemental Chlorine Free) or TCF (Totally Chlorine Free). ECF mills use chlorine dioxide,
while TCF mills use oxygen, ozone, alkali and hydrogen peroxide to whiten their pulp
((117) cited by (183)).

4-) Washing (or the alkali extraction stage) removes colour and bleaching agents

using caustic soda (sodium hydroxide), or another alkaline agent.

5-) Papermaking involves applying a slurry of washed and bleached fibres to a wire
cloth. The water is removed by gravity, compression, heat and suction. Filling agents
(kaolin clay, titanium dioxide, or calcium carbonate) and sizing agents (usually rosin or

starch) may be added to provide a smooth, opaque, white surface..

1.1.2 Pulp and Paper Mill Wastes
The wastes generated by this industry fall into 4 broad categories:
1-) Gaseous emissions, including: hydrogen sulfide, mercaptans, sulfur dioxide,
nitrogen dioxide, carbon monoxide, and carbon dioxide (3; 73).
2-)  Particulate matter: fly ash from coal fired power boilers and char from bark
burners (3).
3-)  Effluents (untreated): suspended solids (bark, dirt, wood fibers and pigment),

dissolved colloidal organics (hemicellulose, sugars, sizing agents),
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chromatophores (from lignin compounds), chlorinated compounds from bleaching
(including phenols and dioxins), dissolved inorganics (sodium hydroxide, sodium
sulfate) and thermal pollution of the receiving waters (3; 73).
4-) Solid wastes: bark, grit, mill wastes and sludges (3).
Since the 1980s, North American pulp and paper mills have reduced their waste
products in all 4 categories by 80 to 90% (183). Some of the most significant improvements

have been made in effluent treatment.

1.1.3 Pulp and Paper Mill Effluent

Pulp and paper mills consume large volumes of water, 10 to 300 m® per tonne of
paper produced, although water use in modern mills can be as little as 10 to 40 m> of water
per tonne of paper produced (118). There is a correspondingly high production of
wastewater. The volume of wastewater produced by a mill depends on: the nature of the
raw materials (hardwood, softwood), the final product being generated (i.e. corrugated
cardboard vs. fine paper) and the extent of water recycling (3).

Many chemicals are dissolved or suspended in water during the pulping and
papermaking process. In order to reduce both raw material costs and pollution, mills
recover and recycle many of the chemicals present in wastewater. However, this water
cannot be recycled indefinitely. Organic and inorganic compounds accumulate, corrosion
occurs, bacterial loading increases, odours develop and ultimately there are deleterious
effects on paper formation (183). Eventually, wastewaters are returned to receiving waters.
Government regulations (both federal and provincial) specify that mill effluents must meet
certain standards prior their return (141). Pulp and paper mill effluents require treatment to
meet these standards.

Untreated effluents have the potential to cause considerable damage to receiving
waters. Depending on the processes and technologies used, mill effluents may have high

biochemical oxygen demand (BOD), high chemical oxygen demand (COD), high
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concentrations of chlorinated compounds (adsorbable organic halides, AOX) and high
concentrations of total suspended solids (TSS) (3).

BOD is a measure of the oxygen consumed as aerobic microorganisms break down
organic compounds (4). COD is a measure of the oxygen used during the oxidation of
chemicals (4). BOD and COD are usually expressed in terms of mg/L. Untreated effluents
have been reported to have oxygen demands as high as 11 000 mg/L (183). Since natural
waters are normally considered to be saturated with oxygen at 10 mg/L, the high demand for
oxygen of wastewater effluents can cause damaging effects in the receiving waters,
primarily by depriving downstream organisms of the oxygen they need to survive.

AOX compounds are produced during the bleaching stage of the papermaking
process. For example, wood-based hydrocarbons, and some mill chemicals (i.e. defoamers,
wood preservatives) when combined with halogens, can form halogenated organic
compounds (3). Untreated mill effluents may contain: chlorinated lignosulfonic acids,
chlorinated resin acids, chlorinated phenols, dioxins and furans (3). These chlorinated
compounds are highly toxic, mutagenic, carcinogenic, lipophilic (fat soluble) and tend to
bioaccumulate in the food chain (3). AOX compounds in untreated mill effluents, as
reviewed by (183) and (134), have been demonstrated to cause a broad range of health
effects in fish: liver damage, mortality in prolarvae, delayed sexual maturity, reduction in
gonad size, alterations in reproduction and depression of secondary sex characteristics.
Over the past decade, many mills have greatly reduced AOX compounds in their
wastewaters. They have done so in two ways: by decreasing the production of AOX
compounds in the bleaching process (i.e. by making the transition to ECF or TCF), and by
removing AOX compounds from wastewater by secondary treatment (134).

High TSS concentrations in untreated effluents are due mainly to fibres, however,
lignins, lignin derivatives, fatty acids, sulfur, sulfur derivatives, tannins and resin acids also
contribute to the problem (3). These solids can block light in the water column, limiting

plant growth and primary productivity, and altering the ecosystem of the receiving waters.
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1.1.4 Pulp and Paper Mill Effluent Treatment

The effluent treatment process for the mill studied in this research project is shown

in a simplified manner in Figure 1-1, and is representative of the general process.
River water is drawn in at the pump house and pre-treated so that is of a sufficiently

high quality for in-mill processes; this involves screening and chlorination. The water is
then sent where required within the mill: woodroom, kraft mill, paper mill or steam plant.
The process waters (wastewaters from pulping, bleaching, and papermaking) and storm
effluents are collected and combined in the mill sewers. Note that sanitary sewers are
connected to the municipal wastewater system and are not part of the mill effluent stream.
The mill wastewaters pass through the primary sump into the primary clarifier (a settling
tank). Sludges (the settled particulates) are drawn out of the bottom of the primary clarifier,
combined with the settled activated sludge biomass from the bottoms of the secondary
clarifiers, and dewatered. The primary clarifier effluents pass into an air activated bioreactor
where they undergo activated sludge treatment (AST). The bypass from the kraft mill adds
additional highly toxic effluent to the bioreactor (the bypass wastewaters do not undergo
primary clarification as they are low in suspended solids). The bioreactor contains a
strongly aerobic water-activated sludge floc slurry with a very high microbial density, where
rapid biological activity is harnessed to consume soluble organic compounds, greatly
reducing BOD and COD and producing carbon dioxide and new biomass. Treated
wastewaters flow into the secondary clarifiers where the activated sludge flocs settle out of
the treated effluent. Most of this settled biomass is returned to the bioreactor to provide the
aeration tank with the necessary density of biomass (recycled activated sludge, RAS).

However, the biomass produces a 10-15% surplus on a daily basis. This surplus sludge is
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waste activated sludge (WAS) and constitutes a disposal problem. The WAS is removed
and combined with primary clarifier sludges, and this mixture is dewatered to form
‘combined dewatered biosolids’. The clarified effluents from the secondary clarifier, now
non-toxic with low suspended solids and low BOD, are returned to the receiving waters. As
required by regulation, these treated effluents are tested for toxicity at the MISA
(Municipal/Industrial Strategy for Abatement) sampling station. A more detailed
description of the primary clarifier, activated bioreactor, secondary clarifiers and combined

dewatered biosolids is provided below.

1.1.4.1 Primary Clarifier

The primary clarifier is a settling tank. Effluents are retained for 4 to 5 hours,
allowing more than 80% of TSS to settle out (183); BOD and COD may be reduced by 70%
and 30%, respectively (199). Primary sludge consists mainly of waste fibres (cellulose,

hemicellulose, lignin, wood furnish, bark (93)) and lime.

1.1.4.2 Activated Sludge Treatment

AST relies on the activity of a biological community to remove organic compounds
(and thus BOD) from the effluent. The biological community does this quite effectively,
removing most of the BOD remaining after primary treatment (27).

AST systems are kept well oxygenated and well mixed. Either sodium hydroxide or
sulfuric acid is used control the pH. Mill effluents have high carbon levels, but low nitrogen
and phosphorus levels. As these nutrients can limit the growth of the AST biomass, nitrogen

and phosphorus are added to yield a more productive BOD:N:P ratio of 100:5:1 (199).
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The concentrations of these chemicals must be carefully controlled. Excess nitrogen or
phosphorus additions are an economic loss for the mill, and harmful to the environment as
they raise the available N + P in the treated effluent causing eutrophication downstream
(91).

AST systems require the maintenance of a quickly settling sludge. In an AS floc,
filamentous floc-forming bacteria form a matrix to which a wide variety of other bacteria
and non-living effluent particles adhere. Typically a floc will contain millions of viable
cells of dozens to hundreds of different microbial strains. The active transport systems of
the floc microbial community quickly take up nearly all dissolved nutrients in the effluent.
In this manner, dissolved organic matter and effluent particulates are incorporated into the
suspended biomass (183). AST systems are vulnerable to loss of efficiency from: sludge
bulking (poor settling), due to excessive growth of filamentous bacteria; sludge foaming,
due to excessive growth of certain foam-stabilizing bacteria; and poor settling due to excess
free living cells or a loss/inactivity of key populations (170).

The biological details of AST microbiological communities remain, in many
respects, poorly understood. Effluents typically take 9 to 10 hours to pass through the AST

and into the secondary clarifiers.

1.1.4.3 Secondary Clarifiers

The secondary clarifier settling basins allow the biomass generated in the AST to
settle over the 4 to 5 hour retention time. Secondary sludge is composed mainly of excess
biomass, cellulose fibres and lignin (93). These sludges have a low fibre content and

relatively high levels of nitrogen and phosphorous (151).
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1.1.4.4 Combined Dewatered Biosolids

At the end of the effluent treatment process, non-toxic effluents are returned to
receiving waters. Primary and secondary sludges are dewatered and combined to form
combined dewatered biosolids.

In North America alone, over 1 090 000 tonnes of biosolids were produced in 2000;
biosolid production is expected to increase over the next 50 years to global outputs between
4 300 000 to 5 400 000 tonnes per year (119).

Pulp and paper mills currently have 3 options when dealing with their biosolids:
landfilling, incineration or land application (151). In North America an estimated 45% of
biosolids are landfilled, 41-50% are incinerated and 5% are used for land application (119).
A survey of Canadian pulp and paper mills in 1992 yielded similar responses: 54%
landfilled, 30% incinerated, 17% land applied (23).

Landfilling is becoming increasingly costly as landfill space becomes less available
and legislation becomes more restrictive (151). Landfill conditions are not conducive to
rapid biodegradation, so biosolids break down very slowly (151). High transportation costs
are also an issue (90).

Incineration is another a costly option. Biosolids are dewatered, but still have a high
moisture content. Biosolids must undergo significantly more dewatering to be efficiently
incinerated, and even then produce little heat (119). Furthermore, there is a high capital cost
involved for the mill as the biosolids must be run through a fluidized bed system rather than
a simple grate boiler (119). Mabee and Roy (119) suggest that as air emission regulations
become increasingly strict, it may become uneconomical for mills to burn their biosolids.
The savings in heating costs would be offset by costs of obtaining permits or paying air
emission fines.

The third option is to find a use for biosolids. Proposed useful applications include:
agricultural mulch, forest fertilizer, liming agent, soil buffering agent, construction material,

or even animal feed (27; 93).
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Reports regarding the efficacy of pulp and paper mill biosolids as a soil conditioner

are mixed and have been summarized in
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Table 1-1. Primary biosolids are a good long term source of organic carbon. However,
immediately following application, plant yields may be depressed due to immobilization of
nitrogen (15; 110; 190) or increased salt levels (15; 53). Higher yields are obtained by using
primary biosolids as a mulch or topdressing to prevent weed growth, and to insulate young
plants from extreme temperatures (115). More immediate positive effects are seen with
secondary or combined biosolids. In general, combined dewatered biosolids have been
demonstrated to: increase organic matter, increase available nutrients, reduce erosion,
improve soil structure, increase pH (good for acidic soils), and improve water-holding
capacity (27; 120; 160; 194). The biosolids produced by each mill are unique in terms of
their chemical and biological composition (146) (due to different fibre sources, specific
processes and chemicals used). The efficacy of biosolids as a soil conditioner also depends
on: soil type, soil pH, soil moisture content, crop type and original soil nutrient content
7).

Land applied materials have the potential to contaminate soils, vegetation and runoff
(which can in turn affect surface and ground waters). The environmental safety of land
applying pulp and paper mill biosolids has been questioned, particularly in regards to heavy
metals, AOX compounds and pathogens (151). However, most pulp and paper mill
biosolids have relatively low heavy metal concentrations, comparable to those found in
cattle manure, and typically an order of magnitude lower than those found in municipal
biosolids (15; 151). Biosolids generated by ECF or TCF mills are reported to have low to
non-detectable levels of the AOX compound TCDD and are not predicted to pose a
significant risk to terrestrial animals (15; 131). Although high levels of the bacteria
typically used as indicators of fecal contamination, including E. coli, have been found in
pulp and paper mill biosolids and effluent treatment systems (63; 128; 139), no pathogens

have been detected in pulp and paper mill biosolids to date (63; 122; 139; Appendix 1)
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Table 1-1: An overview of studies examining the effects of various types and applications
of paper industry biosolids (pulp mill, paper mill or pulp and paper mill) on plant yields.

Biosolid Effect on Study

Type and Plant Yield

Application

Primary Decrease oats, Avena sativa L.(45)"; maize and wheat(35)"; tomato,
Lycopersicon esculentum L., cucumber, Cucumis sativus L., peppers,
Capsicum annuum L.(155)%(38)%; wheat, Triticum aestivum L.(191)";
lettuce, Lactuca sativa L.(192)'; yellow lupines, Lupinus luteus
L.(190); clover, Trifolium subterraneum (53); tomato, Lyc.
Esculentum L., cress, Lapidium sativum L., radish, Raphanus sativus
L.(110)

Primary No Decrease Yellow lupines, Lup. Luteus L.(190); common bermudagrass,

Year 2 of Cyanodon dactylon L.(54)

application

Primary Decrease (28;29)"; hybrid poplar, Populus deltoides x P. trichocarpa(86)'

Incorporated

Primary Increase (79)"; (28)'; (164)

Incorporated

Primary No Decrease wheat, 7. aestivum L.(29)"

Top Dressing

Primary Increase Hybrid poplar, P. deltoides x P. trichocarpa(85); hybrid poplar, P.

Top Dressing deltoides x P. trichocarpa(86); hybrid poplar(115)

Secondary Increase tomato, Lyc. Esculentum L., cucumber, Cuc. sativus L., peppers,
Cap. Annuum L.(155)*(38)*;Hybrid poplar, P. deltoides x P.
trichocarpa(86)"; wheat, T. aestivum L.(189)"

Combined No Decrease 4 deciduous ornamental shrubs(37)'; 4 nursery species(15);
lodgepole pine(120); pole-sized northern hardwood forest(55)

Combined Increase red pine, Pinus resinosa(105)"; corn, Zea mays, wheat, Trit. sp., soya
beans, Glycine max(14)%; grapes, Vitis sp.(38)%; lettuce, Lat. Sativa
L.(26)"; 4 deciduous ornamental shrubs (37)"; bluegrass, Poa
pratensis(206)'; 4 nursery species(15); brome grass, white
spruce(120); wheat and grass(150); brome grass, white spruce,
lodgepole pine(121); 10 different plant species(146)

studies cited in (27)

2 studies cited in (15)
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1.1.4.5 Pulp and Paper Mills as a Microbial Habitat

In-mill conditions are conducive to microbial growth. Pulp and paper mills are open
to contamination from air, water and raw materials (100). Temperatures are typically
between 30 to 60°C, while the pH is within 4.5 to 9.0 (112). Furthermore, mill waters are
rich in nutrient sources including: cellulose, hemicellulose, starches and wood resins (100;
111; 186).

Mill bacteria are not considered to be problematic unless they form biofilms, produce
enzymes that hasten spoilage, generate foul odours, produce pigments, or pose a health
concern (113; 177). In order to prevent excess growth in certain key components (i.e. the
paper machine and its white water loop), most mills treat key points in the water system with
degradable biocides. These are mostly proprietary commercial products designed to have
short half-lives once they are added to water so that they are not detrimental to the
performance of the downstream biotreatment system.

In the 1950s, mills were concerned with the discolouration of finished paper by
bacteria (particularly pink slimes) (186). Studies were initiated to understand which bacteria
were responsible, and the industry dealt with the problem by using what are now recognized
as toxic biocides (186). Since that time, mills have changed their processes from acidic to
alkaline or neutral, begun using gentler biocides and new chemicals for drainage, retention
and depositions, increased the speed of paper machines, increased the use of recycled fibres,
and made an effort to reuse or recycle mill waters (144). This has led to the production of
in-mill waters with more concentrated nutrient salts and degradable carbon levels (186).
Some mills have reinitiated studies to examine the microbial communities in modern pulp

and paper mills.
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These mill studies have detected bacteria (in the order of 10° to 108 CFU/mL) in the
raw materials used to make paper (187). For example: starches support Bacillus circulans,
Cellulomonas flavigena and Pantoea agglomerans; ground wood carries Bac. coagulans,
and Burkholderia cepacia; and pulped broke supports Burk. cepacia, Klebsiella pneumoniae
and R. pickettii (187).

Once in the mill, some of these bacteria colonize the paper machines, forming slimes
(which may or may not be pigmented). More than 19 genera have been identified in these
slimes (101; 112; 144, 186; 187).

Other bacteria colonize the warm, nutrient-rich in-mill waters. In-mill waters have
been reported to contain: Alcaligenes piedchaudii, Burk. cepacia, K. pneumoniae, R.
Dpickettii, Sphingomonas capsulata and other Sphingomonas sp. (187); Bac. cereus, Bac.
simplex, Brevibacillus sp., Paenibacillus sp., Amycolatopsis fastidiosa, Hydrogenophaga sp.
and Pseudoxanthomonas sp. (177). Warm in-mill waters tend to select for mesophilic and
thermophilic bacteria. It should come as little surprise that an estimated 1 to 5% of mill
bacteria are coliforms (44). This still amounts to substantial numbers of coliforms living
within mill systems: 10° to 107 coliforms/100mL effluent, 10° to 10® coliforms/gdw
biosolids (62). The ‘coliform community’ of an Ontario pulp and paper in mill system was
composed of: 63% Klebsiella sp., 21% Enterobacter sp., 9% E. coli and 6% Citrobacter

Jfreundii (62). The more exclusive ‘fecal coliform community’ of a pulp and paper mill is
typically dominated by thermotolerant K. pneumoniae. Reports on the percentage E. coli
present in the pulp and paper mill ‘fecal coliform community’ vary: 2.1 to 21.3% E. coli

(128); 25 to 78% E. coli (139); approximately 20% E. coli (62).
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Finished paper products have been through a hot, drying process. Most bacteria
isolated from end-products are spore formers, dominated by Bacillus, Brevibacillus and
Paenibacillus (187).

From start to finish, pulp and paper mills offer a broad range of habitats to diverse
communities of microorganisms. However, these communities remain poorly characterized
and understood. Many studies examining the microbiology of pulp and paper mills report
that they have isolated a bacterial species from a novel habitat, or isolated a novel species or
genus. For example: only 86% of 390 aerobic strains from papermaking machines and raw
materials could be classified to genus and species (187); of 177 mill isolates, at least 10
isolates were thought to represent new genera (177); of over 100 isolates collected from a
Canadian mill, 30% were unidentifiable (44); of 197 mesophilic aerobic isolates, 40% were

suggested to belong to novel species (178).

1.2 Bacterial Indicators

1.3.1 Indicator Bacteria

“An indicator is an organism or substance whose presence and concentration signals
the occurrence of another entity in a matrix under examination” (180).

Over a century ago, microbiologists realized that the contagions responsible for
causing disease could be spread by water. Many serious illnesses, including typhoid,
cholera, dysentery and gastroenteritis use water as a reservoir and/or vector of transmission
(reviewed in (7)). To prevent the spread of these diseases, the sanitary quality of drinking
and recreational waters is monitored closely. However, monitoring the water supply for
every type of waterborne pathogen would be impractical, expensive and time-consuming
(108). A list, by no means exhaustive, of potentially pathogenic waterborne organisms

includes (4):
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1. Bacterial pathogens: Salmonella sp., Shigella sp., Vibrio sp., E. coli (certain
strains), Pseudomonas aeruginosa, Campylobacter sp.

2. Viral pathogens: Coxsackie A and B, Adenovirus 3 and 4, Hepatitis A, Norwalk,
Rotavirus, Poliovirus, Echovirus, Reovirus and Enterovirus

3. Eukaryotic pathogens (yeasts and protozoans): Cryptosporidium parvum, Giardia
lamblia, Candida albicans, Acanthamoeba sp., Naegleria sp.

The source of these pathogenic bacteria is often fecal matter. Although human fecal
contamination is associated with the highest incidences of waterborne disease, the feces of
other animals are also known to carry microorganisms pathogenic to humans. For example,
wild birds are vectors for Campylobacter spp., Salmonella spp., Listeria spp. (156)and E.
coli O157:H7 (196). E. coli O157:H7 have also been isolated from the feces of deer (57;
135), and goats and sheep, but their main reservoir is in cattle (reviewed by (39; 147)).
Cattle feces are also associated with Cryprosporidium, while poultry litter may carry
Campylobacter, and Salmonella is found in a range of warm- and cold-blooded animal
hosts.

The desirable qualities of an ideal indicator of fecal contamination have been
reviewed by (108; 180). Ideally, indicator bacteria should always:

1. be present in feces (of humans, and possibly other animals)

2. be present in higher concentrations than pathogens, and be present at detectable
levels even when pathogens are not

3. vary proportionally with pathogens (i.e. more indicator bacteria should represent a

greater concentration of pathogens)

4, fail to multiply outside of the host
5. survive outside the host environment for longer time periods than pathogens
6. be more resistant to unfavourable environmental conditions (i.e. pH, temperature,

low nutrient conditions, disinfectant) than pathogens
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7. be detectable using simple, standard methods that yield easy to interpret,
characteristic, reproducible results.

To test for fecal contamination of drinking and recreational waters, certain groups of

bacteria associated with fecal matter have been identified and used as indicators. This

review will focus on the most commonly used indicators of fecal contamination: coliforms,

fecal coliforms, E. coli and fecal streptococci — and briefly discuss some other

microorganisms and substances currently under evaluation.

1.3.2 Coliform Bacteria

Coliform bacteria are one of the main indicators used to determine the suitability of
water for domestic and industrial use (4). The density of coliforms is considered to be
proportional to the degree of fecal contamination and therefore representative of the sanitary
quality of water (4).

Coliform bacteria are members of the family Enterobacteriaceae. In total, 83
species spanning 19 genera are formally recognized Enterobacteriaceae (103). This family
of Gram negative, non-spore forming, facultatively anaerobic, rod-shaped bacteria are able
to ferment D-glucose to produce acid and often gas (103). Coliforms are a subset of this
group that are also able to ferment lactose, with gas and acid production within 48 hours at
35%C (4). More recently, coliforms have been defined as those bacteria capable of cleaving
the artificial substrate ortho-nitrophenyl-B-D-galactopyranoside (ONPG) to yield a coloured
product (108). This group of bacteria includes the genera: Citrobacter, Enterobacter,
Escherichia, Klebsiella, Kluyvera, Rahnella, Serratia, and Yersinia (103; 103).

Mammals eliminate an estimated 2 x 10° coliforms per day per capita ((71) cited by
(180)). Although coliform bacteria are strongly associated with the mammalian
gastrointestinal tract, they are not limited to this environment. These widely distributed
organisms are known to use diverse metabolic pathways, and are able to exploit a broad

range of habitats (103). Strains of non-intestinal origin have been reported from a variety of
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environments, including: soil (24; 49; 172), bark (49), healthy wood (10; 12; 128), plants
(22; 49; 66), pristine tropical waters (17), pristine stream sediments (25; 84), insects (66),
biofilms (107; 125; 188), and pulp and paper mills (12; 31; 58; 63; 64; 139; 139; 182; 186).
Coliforms of non-intestinal sources are further reviewed by (5) and (108).

Causing further confusion, coliforms of non-intestinal origin often show a greater
ability to survive in the aquatic environment than coliforms of intestinal origin (4).

These findings clearly show that coliforms are not a specific enough indicator to be

used to assess the sanitary quality of water under all circumstances.
1.3.3 Fecal Coliform Bacteria

Fecal coliforms are a subset of the coliform group; they have all the same
characteristics as coliform bacteria and are also able to ferment lactose with gas and acid
production within 24 hours at 44.5°C (4). The selection of thermotolerant coliforms
increases test specificity, leading to fewer false-positives. However, there are published
cases, reviewed by (5) and (108), of ‘fecal coliforms’ of non-intestinal origin, including:
soil (24; 49; 172), bark (49), healthy wood (12; 128), plants (66), pristine tropical waters
(17), pristine stream sediments (25; 84), insects (66), and pulp and paper mills (12; 63; 64).
There is increasing agreement that fecal coliforms do not always represent fecal
contamination and that situations exist where these microorganisms do not constitute an

appropriate indicator (4).

1.3.4 E. coli

The most widely used and accepted indicator of fecal contamination is E. coli.
These bacteria are present in concentrations of 10° to 108 cells/g feces (80). The constant

warm temperatures and high nutrient concentrations of the gastrointestinal tract are ideal for

34



E. coli growth (52). When eliminated from the gastrointestinal tract, E. coli find themselves
in less hospitable environments which may include such growth limiting conditions as: low
nutrient concentrations, osmotic stress, predation, and large variations in pH and

temperature (203).

E. coli are fecal coliforms that undergo certain characteristic reactions. The IMViC
tests (a battery of biochemical tests commonly used to differentiate between enterobacterial

genera and species) yield the following results for typical E. coli (106):

1. Indole positive: converts tryptophan to indole

2. Methyl red positive: produces acidic waste products as glucose is fermented

3. Voges-Proskauer negative: fails to produce acetylmethylcarbinol during glucose
fermentation

4. Citrate negative: cannot use citrate as a sole carbon source

More recently, E. coli have been defined by their ability to cleave the artificial substrate 4-
methylumbelliferyl-B-D-glucuronide (MUG), through the activity of the enzyme p-D-
glucuronidase, to a fluorescent product when grown in EC-MUG medium at a temperature
of 44.5°C within 24 hours (4). However, the prevalence, activity and specificity of the B-D-
glucuronidase enzyme may not yet be fully understood (36; 56; 99). This uncertainty has
contributed to increasing interest in developing molecular methods for detecting E. coli
based on the presence of the f-D-glucuronidase gene (13; 51), and assays for -D-
glucuronidase enzyme activity (67-69).

E. coli are associated with the gastrointestinal tracts of warm-blooded animals.
These bacteria play a key role in: promoting a rapid and healthy immune response in their
host, synthesizing Vitamins K and B, excluding pathogens from the system, helping to
maintain peristalsis and the integrity of the host intestinal mucosa (reviewed by (16)). While
the majority of E. coli are harmless commensals, some strains are recognized as contagions

responsible for human illness. There are several distinct groups of pathogenic E. coli; these
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have been identified and described briefly in
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Table 1.2.

Commensal E. coli strains typically lack the specialized virulence factors that are
present in pathogenic strains (47). Pathogenic strains are difficult to distinguish from
nonpathogenic strains using traditional culture-based microbiological methods (136).
Pathogenicity is increasingly being identified through the detection of genes encoding
specific virulence factors including: toxins, adherence systems, iron acquisition systems and
capsule antigens (78; 102; 104; 133; 197).

Although E. coli is strongly associated with fecal contamination there are many
studies showing the presence of high levels of E. coli in situations where no known fecal
contamination has occurred, especially under conditions offering relatively constant warm
temperatures, including: tropical waters (17; 24; 25; 48; 172), thermally altered reservoirs
(74), and industrial effluent systems (63; 128; 139). The elevated E. coli levels detected in
these studies are generally attributed to growth in the environment. Strains of non-intestinal
origin have also been reported from: soil (24; 172), healthy wood (12; 128), plants (66),
pristine stream sediments (25; 84), and insects (66).

The survival paradigm for E. coli is 1 day in water, 1.5 days in sediment and 3 days
in soil (203). Close examination reveals that this is seldom the case. E. coli have been
reported to survive for: more than 60 days in sterile river water and sterile artificial sea
water (20), up to 16 days in a lake water mecocosm (21), more than 200 days in sterile soil
(185), and more than 70 days in manure (59). After application of manure to natural soil, E.
coli were detected for: more than 28 days (142), 60 days (8), up to 64 days (40), and more
than 120 days (137).

E. coli may improve their chances of surviving outside the intestinal niche by:
growing within plant vascular systems (173), multiplying within protozoan vacuoles (11), or

possibly by entering a viable-but-non-culturable state (VBNC) (203).
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Table 1.2: E. coli pathotypes and their characteristics: primary habitat, clinical
manifestation, persons or animals most likely to be affected, virulence factors and mode(s)
of transmission(96; 136).

E. coli Pathotypes Description
=  Found in mucous layer of mammalian colon
Commensal E. coli = Produces vitamins, prevents pathogen growth, develops infant immune system
= Transmitted through fecal contamination of food or water
= Colonizes mucous layer of small intestine
ETEC =  Watery diarrhea, low grade fever, vomiting, nausea, abdominal cramps
Enterotoxigenic . Childhoosi/travel_er’s diarrhea in developing world; d.iarrhea in young animals
E coli »  Heat Labile Toxin (LTI and LTII*), Heat Stable Toxin (STa and STb*), Low-
’ MW heat stable toxin (EAST1), Colonization factor antigen (CFA/I and /II)
® Transmitted through fecal contamination of food or water
= Attaches to epithelial cells of villus tips in the small intestine
EPEC =  Profuse watery diarrhea, vomiting, fever
Enteropathogenic »  Major cause of infant diarrhea in the developing world, most adults are immune
E. coli » Low-MW heat stable toxin (EAST1), Intimin (eae), Bundle-forming pilus (Bfp)
= Fecal-oral transmission
= Colonizes the colon and travels through bloodstream to kidneys
STEC =  Uncomplicated diarrhea, hemorrhagic colitis, hemolytic uremic syndrome
Shiga toxin- =  More common in developed countries; young and old are most severely affected
producing »  Shiga toxin I (Stx1), Shiga toxin II (Stx2), Low-MW heat stable toxin (EAST1),
E. coli EHEC hemolysin (Ehx)?, a-hemolysin (hly), Intimin (eae)
i.e. O157:H7 = Transmitted through fecal contamination of food or water (cattle are main
reservoir), or person-to-person; low infectious dose (less than 100 cells)
= Invades and destroys epithelial cells of small and large intestine
EIEC = Watery diarrhea, dysentery
Enteroinvasive *  Found mainly in tropics
E. coli » Invasion plasmid antigen (Ipa), Aerobactin
»  Transmitted through fecal contamination of food or water, or person-to-person
= Adhere to Hep-2 cells (intestine) and each other in ‘stacked brick configuration’
EAEC = Watery or mucoid diarrhea, low grade fever
Enteroaggregative ®  Adults and children in developing countries are affected
E. coli =  Low-MW heat stable toxin (EAST1), Aggregative adherence fimbriae (AAF/T)
=  Fecal-oral transmission
»  Colonizes intestinal mucosa, specifically HEp-2 cells, in a monolayer
DAEC = Chronic diarrhea for 14 days or longer
Diffusely-adherent = Affects children of less than 1 year
E. coli ®  Virulence factors are still poorly understood
=  Fecal-oral transmission
= Invade and replicate within uroepithelial cells
»  Urinary tract infections, asymptomatic bacteriuria, cystitis, pyelonephritis
UPEC = O i fr tly than men
Uropathogenic ceurs in women more frequently thar _
E coli = a-hemolysin (hly), Cytotoxic necrotizing factor (CNFI), Aerobactin, F1C
’ fimbriae; S fimbriae; P fimbriae, K1 capsule antigen; K5 capsule antigen
= Strains isolated from the urine are identical to those isolated from the feces
= Infects membranes surrounding brain and spinal cord (meninges) or blood
NMEC ®  Meningitis, sepsis
Neonatal meningitis | »  Affects infants
E. coli » S fimbriae, Aerobactin, K1 capsule antigen
=  Transmitted by asymptomatic mothers or nursery staff to infants

isolated primarily from animals
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It is clear that under some situations E. coli deviate from the requirements of an ideal
indicator: they are not always associated with a fecal source; they demonstrate growth in
non-intestinal environments (meaning that their concentration would no longer vary
proportionally with the concentration of pathogens); and they may experience lengthy
survival times outside the host. There is increasing awareness that E. coli may not always

be an appropriate choice as an indicator of fecal contamination (4).

1.3.5 Fecal Streptococci

Fecal streptococci are another group of organisms that are frequently isolated from
the feces of warm-blooded animals (16) and are currently in use as indicators of fecal
contamination (4).

Fecal streptococci are Lancefield’s Group D Streptococci (4). They include:
Streptococcus faecalis, Strep. faecium, Strep. avium, Strep. bovis, Strep. equinus and Strep.
gallinarum (4).

The ratio of fecal coliform bacteria to fecal streptocci was once used to differentiate
between human and non-human sources. This test is no longer considered valid, as coliform
bacteria and streptococci demonstrate different survival rates (4; 88).

Some research suggests that fecal streptoccci may be fairly ubiquitous in the
environment and not necessarily indicative of fecal contamination (reviewed by (5; 165;
180)). For example, these microorganisms have been successfully isolated from plants and
insects (66).

Enterococci are a subgroup of fecal Streptococci, limited to Strep. faecalis, Strep.
Sfaecium, Strep. gallinarum, and Strep. avium. These bacteria are classified as Lancefield
Group D Streptococci capable of growing in 6.5% saline with a pH of 9.6 at temperatures of
both 10°C and 45°C (4). The concentration of enterococci is strongly correlated with the

risk of contracting swimming-associated gastroenteritis (4). As a result, these
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microorganisms are considered to be the best indicator of water quality for both fresh (limit

of 33CFU/100mL) and marine (limit of 35CFU/100mL) recreational waters (4).

1.3.6 Other Potential Indicators

There are approximately 10" cells in the human gastrointestinal tract (52) - a diverse
assemblage of an estimated 400 to 500 species (16). In theory, any one of these species has
the potential to be an indicator of fecal contamination. In reality, many of these organisms
have limited distributions, are present only in low numbers, are difficult to culture, do not
survive well outside of the host, or are poorly characterized. Two microorganisms that have
received some attention as potential indicators are Clostridium and Bifidobacterium (18).
These organisms are present in high numbers in the intestine, with counts exceeding 10"
CFU/g feces (108). However, both organisms are obligate anaerobes, their survival outside
the host is not well characterized, and more sensitive detection methods are required (165).
Clostridium may be more indicative of the presence of viruses than other bacteria as they are
able to form spores; while Bifidobacterium show limited survival outside of the host and
may have an application indicating recent fecal contamination (165).

Enteric viruses are generally present small numbers, and are difficult to detect (165).
Some other viruses associated with the gastrointestinal tract may be better candidates, for
example, coliphages (viruses that infect £. coli) and bacteriophages of Bacteroides fragilis
(6). These viruses seem to be host specific, and their concentration seems to correlate with
enteric virus concentrations, however they are not always present in host feces and they

remain poorly understood (165).
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Still other methods are being developed to examine chemical indicators of fecal
pollution. One of the most promising candidates is coprostanol — a waste product from the

bacterial breakdown of cholesterol in the gastrointestinal tract (165).

1.3 Microbial Source Tracking

Microbial source tracking methods have been primarily developed in the clinical setting
for: understanding the spread of disease, identifying the source of an outbreak, recognizing
the sources of nosocomial infections, monitoring vaccination programs and detecting
particularly virulent strains of a pathogen (143). More recently, these techniques have been
applied to identify sources of fecal contamination to drinking and recreational waters. Once
fecal sources have been identified, it becomes possible to: assess the risks associated with
the fecal contamination; undertake strategies to reduce further contamination; and minimize
the inconvenience, cost and concern caused by boil-water advisories, shellfish bans and
beach closures (50).

A perfect microbial source tracking system will (reviewed by (176)):

1. Be able to type all isolates. The feature of interest should be present and typeable in all
members of the species.

2. Yield reproducible data. Repeated typing events should consistently generate identical
or similar results.

3. Produce stable results. Good source tracking methods use features that are continuously
expressed by the isolate over time and generations.

4. Show an appropriate level of discriminatory power (the ability of the method to

distinguish closely related strains from less closely related strains)
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5. Demonstrate agreement with epidemiological data. The method should group strains in

a manner that agrees with data from well-characterized outbreaks.
6. Be versatile (able to work with a broad range of different microorganisms).
7. Be practical (use available reagents and equipment).
8. Produce easily interpretable results.
9. Be cost-effective.
10. Provide results rapidly.

No single microbial source tracking system meets all of these criteria (75). Typically

in an outbreak situation, isolates are screened using a ‘quick and dirty method’ while a
complementary method is used for confirmation (176). Microbial source tracking methods
mainly fall into phenotypic and genotypic categories. These are discussed in greater detail
below, and some examples of the most common methods (and their successes and

drawbacks) have been included.

1.4.1 Phenotypic Source Tracking

Phenotype refers to the physical traits expressed by an organism. These traits are
encoded by genes, but their expression may be influenced by environmental factors.
Bacterial phenotypic traits include: carbon source utilization, phage susceptibility,
immunological markers and resistance to antibiotics.

Phenotypic markers tend to be less stable and reliable than genotypic markers due to
the influence of the environment; they are also plagued by low typeability. However, these
methods are some of the best-characterized and most entrenched methods of microbial

source tracking. They are relatively inexpensive and continue to play a useful role.
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1.4.1.1 Carbon Source Utilization

Bacteria use carbon as an energy source and to construct new biological molecules.
Over time, bacteria have evolved different catabolic systems to exploit the carbon substrates
that are available in the environments they inhabit. Carbon source utilization studies
compare the abilities of different isolates to exploit a variety of carbon substrates (i.e.
sugars, sugar alcohols, fatty acids, carbohydrates, nucleosides, etc.).

This technique is generally poorly discriminatory below the species level and is
affected by phenotypic instability (165). Nonetheless, these methods are a cornerstone in
microbiology. For example, coliforms are identified based on their ability to use lactose (4);
E. coli are defined, in part, by their inability to use citrate as a carbon source (103); and E.
coli O157:H7 are distinguished from other E. coli by their inability to ferment sorbitol (19).

Commercial carbon source utilization systems are available for use. A recent study
found that Enterococcus isolates were correctly classified as human or non-human more

than 90% of the time (76).

1.4.1.2 Phage Susceptibility

Prior to infecting a bacterial cell, bacteriophages must bind to specific receptors on
bacterial cell surfaces. Different bacteria have different receptors, this means that while
some bacteriophages will be able to bind, others will not. Bacteria can be differentiated
based on which phages are able to cause infection. This method is reported to be more
discriminatory than ribotyping (124), but less discriminatory than PFGE (154).
Untypeability (143) and the necessity of having large banks of phages available limit the use

of this method.
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1.4.1.3 Immunological Methods

When bacterial cells invade a potential host, they are identified by antibodies which
recognize antigens (key components of bacterial cellular structures) as foreign and trigger an
appropriate response in the host’s immune system to eliminate the invading cells. Serotyping
uses the specific binding between antibody and antigen to type bacterial strains. E. coli are
typed by their O, H and K antigens.

O antigens are somatic antigens; lipopolysaccharides embedded in the bacterial cell
wall (80). O antigens are untypeable in rough colonies (80; 197).

H groups are identified via antigenic determinants on the bacterial flagella (80). H
antigens are often recorded as untypeable when bacteria are sluggishly motile or non-motile
(shown as NM or N-).

K antigens are capsular antigens. K antigens are no longer commonly used with E.
coli, although they may come into play if the O group is untypeable, as capsules can mask O
antigens (197).

Serotyping is tedious, expensive and typically only performed in large, regulated
laboratories with the required banks of antisera (165). Since serotyping was developed in
the clinical setting, environmental strains show an elevated rate of untypeability.

Certain serotypes are reproducibly associated with clinical disease, although the
antigens themselves do not confer pathogenicity. This method has been in use in clinical

settings for over 40 years and, despite its limitations, is likely to remain in use (1).

1.4.1.4 Multiple Antibiotic Resistance Typing (MAR)
MAR (or antibiotic resistance analysis, ARA) typing is based on the idea that

humans and animals are exposed to different types and concentrations of antibiotics at

44



different frequencies. Over time, the selective pressures exerted by the presence of
antibiotics lead to varying degrees of resistance among exposed bacteria (165).

For example, in a study examining E. coli isolated from Kenyan chickens and
children (97), researchers were aware that the chickens were regularly exposed to
tetracycline in drinking water and feed, whereas the children received ampicillin, co-
trimoxazole and/or gentamicin intermittently. More than half (59.7%) of chicken isolates
were resistant to tetracycline; while most (85.7%) of the E. coli isolated from children were
multidrug resistant.

MAR typing involves: isolating the desired microorganism from a sample (of the
matrix containing the pollution of unknown origin) as well as from possible sources, replica
plating the isolates onto media with varying concentrations of different types of antibiotics,
scoring the isolates according to their susceptibilities, and generating profiles which are
analyzed using discriminate or cluster analysis (165).

MAR has many drawbacks. Firstly, antibiotic resistance is usually carried on
plasmids (small, circular pieces of DNA, distinct from the bacterial chromosome). Plasmids
are readily gained (if the selective pressure is present), but equally readily lost (once the
selective pressure is gone). Changes in environmental conditions, lengthy storage times, and
repeated sub-culturing can alter the MAR fingerprint generated by a given isolate (165).
Secondly, this technique cannot be used to discriminate between isolates from sources that
have not been exposed to antibiotics (i.e. isolates from the feces of wild animals, or
environmental strains not associated with the intestine) (165). Thirdly, MAR requires the
preparation of a library of profiles from isolates of known sources. There are many

unknowns associated with the preparation of an MAR library, including: the appropriate
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number of isolates per source, the stability of an MAR profile over time, and the geographic
variability of MAR profiles. Fourthly, there are no set guidelines regarding: which bacteria
should be analyzed (i.e. fecal coliforms, fecal streptococci or other), the number of
antibiotics that should be employed, which antibiotic types, or in what concentrations.
MAR success is measured in terms of average rate of correct classification (ARCC).
These values range from poor ARCCs of 46% to 78.4% ((81; 201; 202)) to more successful
ARCC values of 84% to 95% (201; 202). MAR has also been used to distinguish between
point and non-point sources in an estuary (148) and to determine the sources of fecal
contamination in surface waters (98). One of MAR’s success stories involves the correct
identification of fecal loading to a rural stream (cattle), the implementation of measures to
reduce fecal loading (i.e. restricting cattle access to stream), and the subsequent follow-up

demonstrating a 94% reduction in the numbers of fecal coliforms (77).

1.4.2 Genotypic Source Tracking

Genotype refers to the genetic composition of an individual. Genotypic typing
techniques offer several advantages over traditional phenotyping techniques: there is a
higher rate of typeability (all bacteria have DNA), greater stability of markers (the
environment has a more gradual impact), a broader range of discriminatory powers, and very
fine-scale differentiation of closely related strains is possible. Genotypic methods include a
wide variety of techniques: pulsed field gel electrophoresis, ribotyping, random amplified
DNA, repetitive sequence-based PCR, and a number of other PCR-based restriction

fragment length polymorphism or sequencing techniques.
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1.4.2.1 Pulsed Field Gel Electrophoresis (PFGE)

PFGE has the highest discriminatory power and is the microbial source tracking gold
standard (143). Although PFGE directly detects variation in less than 0.01% of the
chromosome(176), the banding patterns detect a range of random genetic events, including:
point mutations, insertions, and deletions (181). These events are detected as changes in
band number or size.

In this method, a rare-cutting restriction enzyme is used to cut the chromosomal
DNA into 30 or fewer fragments, ranging from 10 to 700 kb (176). Gel electrophoresis with
a pulsed field (the orientation of the electric field is changed periodically) is used to clearly
separate the large DNA fragments (176). The resulting PFGE banding patterns can then be
compared.

This technique is versatile (it can be applied to any bacteria or yeast) (176), and
straightforward, however, specialized equipment is required (143). Obtaining results by
standard methods is time-consuming, typically taking 2 to 4 days (176), but rapid protocols
are being developed (65). PFGE banding patterns have been shown to be relatively stable
over extended periods of time and multiple subculturing events (89).

PFGE has been used: to clearly distinguish between sporadic E. coli O157:H7
strains and those associated with an outbreak and to confirm the source of an outbreak (92);
and to epidemiologically group E. coli O157:H7 strains from multiple outbreak events in
Ontario (154). However, a study designed to assess the diversity, persistence and possible
sources of E. coli 0157:H7 in a cattle range found that PFGE had difficulty grouping

epidemiologically linked strains due to the high diversity of the isolates (159). PFGE works
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well in outbreak situations where closely related isolates are being sought, but is not the best

choice for situations where high diversity is expected (42; 78).

1.4.2.2. Ribotyping

Ribosomes are the organelles responsible for building proteins. As they play such an
important role in the cell, the genes encoding these organelles are highly conserved, both
within and between species (176). Ribotyping is an involved procedure: bacteria are
isolated, cultured and identified; DNA is extracted, treated with restriction enzymes and
subjected to gel electrophoresis; ribosome genes (rRNA genes) are detected using
oligonucleotide probes in a Southern blotting procedure; the resulting profiles are analyzed
using discriminant analysis or 100% similarity (32; 143).

While ribotyping produces stable, reproducible profiles (both within and between
labs) and there are fully automated commercial kits available (176), the procedure is labour-
intensive, costly and requires a source library (143). There is also a lack of consensus
regarding the number and types of restriction enzymes to use, detection methods
(colourimetric vs. radioactive Southern blotting), and data analysis (143; 176).

The discriminatory power of this technique varies, but is less than PFGE or Rep-
PCR (143). Ribotyping offers the unique advantage of detecting and identifying bacterial
species misidentified by culture- based techniques (78). Ribotyping also seems able to
discriminate well between E. coli of human and non-human sources (32; 149). However, it

is not discriminatory enough to usefully group E. coli O157:H7 isolates (9; 124).
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1.4.2.3 Random Amplified Polymorphic DNA (RAPD)

RAPD (also known as arbitrary primed PCR, AP-PCR) involves allowing random, short
primers (approximately 10 bp) to bind to chromosomal DNA at a low annealing temperature
(143). PCR will amplify the regions between pairs of binding sites and generate DNA
fragments of varying sizes. These fragments can then be resolved on an electrophoretic gel.
The number and size of the resulting bands will vary depending on the bacterial strain (143).

This technique requires no prior sequence knowledge and can generate DNA
fingerprints for a broad range of organisms, including bacteria, fungi and protozoans (176).
RAPD is more discriminatory than ribotyping, but slightly less discriminatory than PFGE or
Rep-PCR (143).

There are several drawbacks to this technique. Subtle changes in PCR conditions
can lead to noticeable differences in results, leading to low reproducibility (130).
Furthermore, neither primers nor PCR conditions are standardized as these are determined
empirically (176).

Despite the problems with interlaboratory reproducibility, RAPD has been used to
successfully differentiate between strains of bacteria in a number of studies: E. coli (34),

porcine diarrheagenic E. coli (145), and Xanthomonas fragariae (152).

1.4.2.4 Repetitive Sequence-Based PCR (Rep-PCR)

Rep-PCR amplifies the regions between highly conserved repetitive elements in
bacterial chromosomes, producing DNA fragments of different sizes (195). Thus far, 3
classes of repetitive bacterial DNA have been identified: REP, ERIC and BOX. These

sequences are widely distributed among enteric bacteria (143; 195).
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Repetitive extragenic palindromic (REP) elements are highly conserved 35 bp sequences
found in non-coding parts of bacterial chromosomes (175). When transcribed to mRNA,
these sequences have the ability to fold back on themselves forming a stable stem-loop
structure. The stems of these structures are very highly conserved, while the loops show
more variability (175). The function of these repetitive sequences remain poorly
understood, however: the stem-loop structures have been shown to block mRNA
degradatory enzymes, increasing the expression of downstream genes (138); DNA gyrase
and DNA polymerase I have been demonstrated to bind specifically to REP sequences,
suggesting a role in supercoiling bacterial DNA (72; 205); Shyamala et al. posit a role in
chromosomal duplication events (168); others suggest that the widespread presence and
highly homologous nature of REP sequences indicate that they are selfish DNA (87; 138).
REP primers are short and contain deoxyinosines (a deoxynucleotide which can bind
nonpreferentially to A, T, C or G) (114). Depending on the application, REP PCR may
generate highly discriminatory complex patterns (195), or simpler patterns with a lower
discriminatory level (165).

ERIC (enterobacterial repetitive intergenic consensus) sequences are 126 bp

elements(143). Like REP sequences, they contain a highly conserved inverted central repeat

(195). Some studies have found that ERIC primers yield more reproducible results than
REP (114), while others report that ERIC primers may be more sensitive to suboptimal PCR
conditions (i.e. contaminants) (165).

BOX sequences are mosaic repetitive elements composed of various combinations of

boxA, boxB and boxC (with lengths of 59, 45, 50 bp respectively) (143). These sequences,
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found in the non-coding region, form stem-loop structures (143) and can generate complex
fingerprints.

Rep-PCR fingerprint patterns can be examined using a band-based or densitometric
curve approach, the latter is considered to be less biased (2; 82).

Rep-PCR fingerprints are stable over time and repeated subculturing (83; 95; 166;
195). Reproducibility is high within a lab, but tends to be low between labs (83) (although
similar groupings are achieved, the actual banding patterns cannot be directly compared).
Culture technique, DNA extraction method and concentration of template DNA have not
been shown to affect reproducibility (83), although choice of thermocycler does (2). Rep-
PCR is described as having a discriminatory power slightly less than PFGE (143).

Differentiation between species or strains of many genera has been achieved with
Rep-PCR, including: Acinetobacter baumannii (158; 171), Bradyrhizobium japonicum (94),
Citrobacter diversus (204), Clostridium difficile (140), E. coli (78), Rhizobium meliloti (43),
Xanthmonas fragariae (152), Bartonella sp. (161), Legionella sp. (70), Streptomyces sp.
(162)and fungi Drechslera avenae and Stemphylium solani (although in fungi Rep seemed
to act more like RAPD) (129).

Rep-PCR has been used successfully with E. coli to: track pathogenic strains
responsible for bovine mastitis (114), classify avian isolates (41), assess the diversity of
strains in the Brazilian Arroio Feijo (48), distinguish between strains of human and animal
origin with a high degree of confidence (33; 46), and confidently identify non-point fecal

sources (166).
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Rep-PCR is gaining a reputation as being an affordable, rapid, simple source-
tracking system, that uses available equipment to deliver stable, reproducible results that

offer a high degree of discriminatory power (143).

1.4.2.5 Amplified Fragment Length Polymorphism (AFLP)

AFLP involves: extracting and purifying DNA, cutting DNA with restriction
enzymes, joining cut ends to radioactively or fluorescently labeled linkers, and running the
products on an agarose gel (143). Since this technique targets random portions of the
genome it is expected to be quite discriminatory (78). AFLP has been described as
reproducible (143; 176), of unknown fingerprint stability (176), less time-consuming than
PFGE (143), but more labour-intensive and costly than Rep- PCR (143).

AFLP has been used to successfully group strains by their pathogenicity (78) and

host source (109).

1.4.2.6 PCR-based RFLP typing, and Sequencing

Polymerase chain reaction-based restriction fragment length polymorphism typing
(PCR-based RFLP typing) involves amplifying a gene of interest, cutting it with restriction
enzymes, running the DNA on an electrophoretic gel and examining the resulting profiles
for differences in banding patterns (143). Primers can be designed to take advantage of
conserved genetic regions flanking a more variable gene. One of the more popular variants
of this technique examines the genes responsible for the features examined in phenotypic
serotyping (i.e. flagellins, outer membrane proteins). Unlike phenotypic serotyping, no
banks of antisera are required, the techniques and reagents are widely applicable and
available, and untypeable serological phenotypes can be resolved (176). However, these

kinds of PCR-based techniques offer moderate discrimination between strains as a single
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gene is being examined (143). Horizontal gene transfer events or rapid genetic
rearrangements can confuse results as only a small portion of the chromosome is examined
(176).

Sequencing has the highest discriminatory power. It is sensitive, accurate,
reproducible and results can be easily compared between laboratories. Historically, the
specialized equipment, reagent cost, and time-consuming nature of the method meant
sequencing was impractical for use as a microbial source tracking tool (176). However, new
sequencer technologies, high-throughput system development and reductions in equipment
and reagent cost mean that sequencing has the potential to become a practical microbial
source tracking technique (176) and has already become a gold standard for viral typing

(143).
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Chapter 2: Sources of E. coli to Pulp and Paper Biosolids
2.1  Introduction

Papermaking consumes enormous volumes of water, and generates equally large
volumes of wastewater. These wastewaters must be treated to reduce biochemical oxygen
demand (BOD), chemical oxygen demand (COD), total suspended solids (TSS) and
adsorbable organic halides (AOX compounds) which are damaging to the receiving waters
(3). The resulting biosolids are a byproduct of this treatment process: a combination of the
solids removed during primary clarification (wood fibres and particles, bark, calcium
carbonate, clay, ash particles and mill process chemicals) and the surplus microbial floc
biomass from the activated sludge (secondary biotreatment) aeration tank (93). Traditional
disposal methods include landfilling and incineration; however, combined dewatered
biosolids have excellent potential as a soil conditioner. Pulp and paper mill biosolids
generally have low levels of toxic metals, excellent water holding capacity, and C:N:P
ratios that are favourable for plant growth (27). However, the presence of high levels of E.
coli and other indicators of fecal contamination are cause for concern for mill workers,
policy makers and the public.

The occurrence of these microorganisms is widespread, even in the absence of any
known fecal input (i.e. cases where mill sewage was treated off-site) (12; 31; 58; 62; 63;
128; 139). If these ‘fecal indicator’ bacteria do not come from any detectable fecal source,
where do they come from?

The high levels of E. coli in pulp and paper mill effluents and biosolids have generally
been attributed to in-mill growth (128; 139), particularly within the log washer or wet

debarker (128), the primary clarifier, and biofilms in pipes, tanks and reservoirs (63).
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Some studies have suggested probable sources of inoculating E. coli (12; 63; 128), but this
question has never been addressed directly using the ability of molecular techniques to
distinguish clearly among E. coli strains (180).

This study searches for the inoculating source(s) £. coli in biosolids by applying the
microbial source tracking tool, Repetitive sequence-based Polymerase Chain Reaction
(Rep-PCR), to a collection of confirmed E. coli isolates and generating highly
discriminatory molecular isolate fingerprints from both biosolids and potential sources.
Rep-PCR has been used in epidemiological studies (114; 41) and to track fecal
contamination (33; 46; 48; 166), but has never before been applied to an industrial
situation.

An improved understanding of the sources of pulp and paper mill E. coli will help to:

1) Assess the microbial risks associated with using pulp and paper mill biosolids as a

soil conditioner. Do E. coli in biosolids come from ‘high risk’ (fecal) or ‘low risk’

(nonfecal) sources?

2) Provide mills with the information needed for effective and efficient treatment (i.e.
pre-treatment of key waste streams vs. post-production biosolids treatment).
3) Assist regulatory bodies in the development of new microbiological standards

appropriate for pulp and paper biosolids.

2.2 Materials and Methods

2.2.1 Sampling Sites
In order to compare biosolids-isolated E. coli to E. coli isolated from an environmental

(non-fecal) source, two forested sites were sampled on November 5, 2004. Both sites had
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undergone recent cuts, and the harvested logs were sent to the mill being studied in this
investigation.

The first site was a 16 year old hybrid poplar plantation (Populus sp.) located in South
Glengarry (eastern Ontario, Canada). The site had recently experienced a strip cut. Three
sample sets (located 10 m from each other) of leaf litter and soil were collected from the
cut portion of the site. Single samples of soil from machinery treads, and decayed wood
were also collected. Two samples (located 10 m from each other) of healthy wood, leaf
litter and soil were collected from the uncut portion of the site.

The second site was an approximately 40 year old hardwood forest located in North
Glengarry (eastern Ontario, Canada). Tree species included: red maple (Acer rubrum),
sugar maple (4. saccharum), yellow birch (Betula alleghaniensis), black cherry (Prunus
serotina) and white ash (Fraxinus americana). The site had recently experienced a
selective cut. Three sample sets (located a minimum of 10 m from each other) of soil, leaf
litter, and healthy wood (4 samples, 1 of each of: yellow birch, black cherry, red maple
and white ash), and single samples of bark and decayed wood were sampled from the cut
portion of the site. Three sample sets (located a minimum of 10 m from each other) of soil,
leaf litter and healthy wood (4 samples, same species as above), and single samples of bark
and decayed wood, were collected from the uncut portion of the site. Sampling sites in the
uncut region were selected to include trees that had been marked for future harvest.

A total of 19 sets of samples were collected on a biweekly basis between May 2004
and February 2005 from an Ontario hardwood kraft pulp and paper mill using primary
clarification (mechanical fibre and particle settling), and an activated sludge biotreatment

system (to purify mill wastewater). Mill water and wastewater systems are diagrammed in
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detail in Figure 1-1. Mill sanitary wastewaters were collected separately and processed
through the municipal water treatment facility. Each sample set consisted of combined
dewatered biosolids and three inputs to the effluent treatment system: chlorinated mill
process feed water, mill fibre (cleaner rejects imported from a corrugated cardboard
manufacturer, used to promote efficient screwpress dewatering), and wood chips/dust.
Storm effluent samples were collected on four occasions. Samples were also collected
from locations in the effluent treatment system: primary clarifier effluents and fibre
rejects; effluents (supernatants), recycled activated sludges (RAS) and waste activated

sludges (WAS) from both secondary clarifiers.

2.2.2 Sampling Procedures

Liquid and solid grab samples were collected and stored on ice for transport to the St.
Lawrence River Institute of Environmental Sciences (SLRIES), located in Cornwall,
Ontario. Samples were stored at 4°C. All processing occurred within 24 hrs of sample
collection.

Soil samples were collected to a depth of 5 cm using a 3.5 cm diameter sterile
polyethylene tube (Corning) as a corer. Leaf litter, bark and decayed wood samples were
collected with a gloved hand and packed in sterile WhirlPak bags (Nasco). Healthy wood
was sampled by using a sterile increment borer to remove a core from the tree at breast
height. Healthy wood cores were also stored in sterile WhirlPak bags (Nasco).

Liquid grab samples were collected in sterile 250 mL polypropylene bottles, with
sodium thiosulfate (Na,S;03) as a preservative (Systems Plus). Primary and secondary
clarifier effluent grab samples were collected as they passed out of the clarifiers. Storm

effluent was sampled as it passed from a free-flowing sewer into the primary sump during
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wet weather events. The remaining liquid grab samples (mill feed water, primary sludge,
RAS and WAS) were collected from pipes or hoses which were flushed for a minimum of
30 seconds prior to sample collection.

Mill fibres were stockpiled in the yard and periodically shoveled into the primary
sump. Samples were collected from below the surface of the pile. Wood chips and dust
were collected from debris that had settled next to the chipper conveyor belt. Biosolids in
this mill were continuously produced by screw presses, stored outdoors and shipped off-
site every 3 hours. Samples were collected from the surface of the outdoor pile. Solid grab

samples were collected in sterile Whirl-Pak polyethylene bags (Nasco).

2.2.3 E. coliIsolation

Feed water samples (100 mL) underwent membrane filtration (0.45 pm filter
composed of mixed cellulose esters, Millipore); all other liquid samples were spread
directly (or with the appropriate dilution in phosphate buffer (4)) onto Differential
Coliform Media (DCM) plates (SLRIES). Solid samples were weighed, diluted in
phosphate buffer (4), shaken for 1 min. and spread onto DCM plates (SLRIES). A
minimum of 4 filters or 4 spread plates were prepared for each sample. Plates were
incubated for 24 hrs +/- 2 hrs at 35°C. Blue colonies (B-D-glucuronidase positive) were
streaked onto either MacConkey Agar without salt (Difco) or Eosin Methylene Blue Agar
(BBL, Accumedia). Plates were incubated overnight at 35°C, and strong lactose fermenters
(pink on MacConkey; black or gold on EMB) were streaked onto Luria Bertani (LB) agar

(Fisher BioTech). Plates were incubated overnight at 35°C.
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2.2.4 E. coli Confirmation

Putative E. coli isolates were confirmed using the classic IMViC (indole, methyl red,
Voges-Proskauer, Citrate) and MUG (4-methyl-umbelliferyl-D-glucuronide) tests. Isolated
colonies on LB agar were used to inoculate: 1) trypticase (BBL); 2) MR-VP broth
(Accumedia); 3) Simmon’s Citrate (EM Science); and 4) nutrient agar supplemented with
MUG (Difco). Isolates were considered E. coli if they: 1) were able to produce indole
from tryptophan; 2) were able to produce acidic products when grown in MR-VP broth; 3)
were unable to use citrate as a sole carbon source; and 4) were able to convert MUG to a
fluorescent product. Isolates deviating by more than 1 test result were discarded. Tests

were prepared, performed and interpreted as described in (106).

2.2.5 E. coliPreservation

E. coli isolates were grown overnight in LB broth (Fisher BioTech). Equal parts broth
culture and sterile 80% glycerol were combined and stored at -20°C. As needed, strains
were resuscitated by incubation overnight at 35°C on LB agar. Strains were then streaked
on EMB (BBL, Accumedia) and incubated overnight at 35°C. A single lactose-fermenting
colony was selected and streaked onto LB agar (Fisher BioTech) and grown overnight at

35°C.

2.2.6 DNA Extraction
E. coli template DNA was prepared using a whole cell extraction method. An isolated

colony was suspended in 100uL of sterile DNAse/RNase free water (Gibco) and agitated.

59



2.2.7 PCR Protocol

DNA fingerprints were generated using the REP primers (repetitive enterobacterial
palindromic sequences) (REP1R and REP2), reactions, and thermocycler protocols
described by (157) modified to use 2pL of template DNA with 23 pL of PCR reaction
mixture. All isolates were extracted, amplified and visualized in separate duplicate runs.
Each PCR run included a negative control (DNase/RNase free water), and a positive
control (E. coli K12). PCRs were performed on an Eppendorf Mastercycler epGradient

thermocycler.

2.2.8 Detection of Amplified DNA

PCR products were visualized using gel electrophoresis. Amplified DNA was run on
1.5% agarose gel (110V; 2.5 hrs), stained with ethidium bromide and viewed using an
AphaDigiDoc RT Gel Documentation System. A 1kb ladder (Promega) was used as a size

standard. Four ladders were run per 26 well gel.

2.2.9 Analysis

Data were analyzed using GelComparll v. 4.5 (Applied Maths). Isolates that failed to
amplify or did not generate reproducible fingerprints were excluded from further analysis.
Fragments between 250 and 10 000 bp were analyzed. Fingerprint similarity was
calculated using cosine correlation (a densitometric curve-based method) with an
optimization setting of 0.41. Similarity was used to infer the genetic relatedness of 2 or
more fingerprints. For the purposes of this study, fingerprints having a similarity of:
<60% were considered to be unrelated (127); >85% were visually identical and considered
to be closely related; >85% and collected from the same sample matrix and sampling event

were considered clonal (82). Dendrograms organized fingerprint similarity data to reveal

60



patterns in genetic relatedness. Clusters were defined as groups of fingerprints sharing a
similarity of >85%. Dendrograms were constructed using the Unweighted Pair Group
Method using Arithmetic averages (UPGMA). Jackknife analysis involved manually
assigning fingerprints to their sample type. Each fingerprint, in turn, was then treated as an
unknown and the maximum similarity coefficient was used to reassign the fingerprint to
the sample type to which it showed the greatest similarity. The percent of fingerprints of a
given sample type being correctly reassigned to that sample type during jackknife analysis
was referred to as the Rate of Correct Classification (RCC). Average rates of correct
classification (ARCC) were calculated as a weighted average of RCCs for all sample types
examined in a given scenario. Misassignments (or misclassifications) referred to the
percent of fingerprints of a given sample type that were reassigned to a particular incorrect
sample type. Clones were removed prior to performing jackknife calculations to avoid
artificially inflating RCC values (suggested by (82)).

To allow comparisons between the various inputs, effluent treatment system and
biosolids E. coli populations, basic ecological parameters were calculated: strain richness
(8S), Shannon Diversity Index (H), and strain evenness (E). Strain richness was defined as
the number of unique fingerprint types identified in a sample type. The Shannon Diversity
Index measured of the order (or disorder) within a system by taking both richness and
abundance into account. It was calculated using H = -Z((P;)/In[P;]). Strain evenness
compared the abundance of the various strains detected within each population and was
calculated using E = H/In S. Larger values (approaching 1) signified an even abundance of

diverse strains, while values approaching 0 suggested the dominance of a single strain.
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2.3 Results

2.3.1 E. coli Detection

Very few E. coli were successfully isolated from the forested sites. No E. coli were
detected in healthy wood, decaying wood, or bark samples (n=15). Low concentrations
were recovered from soil from heavy machinery tracks from the poplar plantation and soil
and leaf litter from the hardwood forest (Figure 2-1).

All on-site inputs yielded E. coli (Figure 2-2). Storm effluents were sampled 4 times,
and were always found to contain high E. coli levels (10° to 10° CFU/100mL). Low E. coli
levels (less than 10 CFU/100mL) were detected in the treated mill process feed waters at 1
of 19 (5%) of sampling events. E. coli were isolated 84% of the time from mill fibre, in
numbers comparable to those found in pulp and paper mill biosolids. E. coli were detected
in wood chips and dust at 47% of sampling events, and when detected were present in
concentrations of 10 to 10* CFU/gdw.

E. coli were detected throughout the effluent treatment system. Within the primary
clarifier, E. coli were detected in 53% of samplings, and were present in concentrations
between 10! and 10* CFU/100mL (Figure 2-3). E. coli were routinely isolated (92% of
samplings) from the secondary clarifiers; concentrations as high as 10* to 10° CFU/100mL
were often detected in activated sludge streams (RAS and WAS), while lower
concentrations were detected less frequently in effluents (Figure 2-4).

E. coli were consistently isolated from pulp and paper mill biosolids; when detected,
(95% of samplings) concentrations typically ranged between 10 to 10° CFU/gdw (Figure

2-5).
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E. coli Concentrations in Forest Samples
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Figure 2-1: Log E. coli concentrations (CFU/gdw) in forest samples. Samples from
healthy wood, decaying wood, soil, leaf litter and bark were collected from a poplar
plantation and a hardwood forest in November, 2004. E. coli were only detected and
confirmed in the three sample matrices shown above.
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E. coli Concentrations in Treated Mill Process Feed
Water and Storm Effluent
5
Storm effluent sampled 4 times
=)
E
g
S
b
S
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
: Sampling Event
‘ l Storm E ffluent M Feed Water
E. coli Concentrations in Mill Fibre and Wood
! Chips
|
| 5+
|
|
4 4
0
03
)
wz ]
[-]
-
0 1 3 & o
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
| Sampling Event
| M Mill Fibre  Wood Chips

Figure 2-2: Log concentrations of E. coli detected in liquid (storm effluent, treated mill
process feed water) (CFU/100mL) and solid (mill fibre, wood chips) (CFU/gdw) inputs to
the effluent treatment system. Feed water, mill fibre and wood chips were sampled at 19
biweekly sampling events between May 2004 and February 2005. Storm effluents were
sampled on only four occasions.
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E. coli Concentrations in Primary Clarifier Effluents and Rejects
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Figure 2-3: Log concentrations of E. coli (CFU/100mL) detected in pulp and paper mill
primary clarifier effluents and rejects. The primary clarifier was sampled at 19 biweekly
sampling events between May 2004 and February 2005.
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Figure 2-4: Log concentrations of E. coli (CFU/100mL) detected in pulp and paper mill
secondary clarifier effluents, RAS and WAS. The secondary clarifiers were sampled at 19
biweekly sampling events between May 2004 and February 2005, (except secondary
clarifier 1 effluents which were not collected at sampling event 17 as the access was
frozen).
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l
E. coli Concentrations in Combined Dewatered Pulp and Paper Mill Biosolids
(May 2004 to May 2005)
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Figure 2-5: Log concentrations of E. coli (CFU/gdw) detected in combined dewatered pulp
and paper mill biosolids. Biosolids were sampled at 19 biweekly sampling events between
May 2004 and February 2005, excepting the final 2 sampling events (20 and 21) which
were collected in May 2005.
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2.3.2 Rep-PCR Fingerprints

Amplification of E. coli isolates with REP primers produced 1 to 11 fragments ranging
in size from 200 to 10 000 base pairs (bp) (Figure 2-6). No bands were ever detected in a
blank run; while laboratory strain K12 was always amplified, and consistently produced
banding patterns with >90% similarity. Rep-PCR was not able to generate fingerprints for
all isolates. A minimum of 3 amplification attempts were made for each isolate.
Duplicates that did not generate fingerprints demonstrating greater than 90% similarity
were excluded from further analyses.

A total of 99 distinct REP fingerprint patterns (less than 80% pairwise similarity) were

detected among 330 isolates.

2.3.3 Strain Diversity Within a Sample Type

Pairwise comparisons were performed for each sample type. All sample types showed
a range of similarity scores, from low (clearly distinct fingerprints) to high
(indistinguishable fingerprints) (Table 2-1).

The percentage of isolates appearing in a cluster was calculated to provide some
indication as to what fraction of the source group fingerprints could be attributed to
bacterial growth. These values, and those describing strain richness, Shannon index of
diversity, and strain evenness are shown in Table 2-1.

Some interesting patterns in fingerprint clustering were noted. Among storm effluent
isolates, clusters occurred exclusively among isolates recovered from the same sampling
event or subsequent sampling events. Mill fibre-isolated E. coli were mainly grouped into

several large clusters, and the fingerprints had been isolated from many sampling events.
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Wood chips showed little clustering, and clustering only occurred among isolates collected
from the same sampling event. Effluent treatment system and biosolids clusters included
fingerprints from numerous sampling events.

A jackknife analysis was performed for 8 sample types (forest, feed water, storm
effluent, mill fibre, wood chips, primary clarifier, secondary clarifiers, and laboratory strain
K12); a low ARCC value of 51.5% was obtained. Most sample types were misassigned to
2 to 5 other sample types. These misassignments are more fully described in Table 2-2
(results of this jackknife were virtually identical to those obtained for biosolids and 8
sample types). These results show that many fingerprints were not specific to a single
sample type. Similarly low ARCC values were obtained under several alternative
scenarios (i.e. excluding storm effluent fingerprints, separating secondary clarifier

fingerprints into 2 groups, or combining primary and secondary clarifier fingerprints into a

single group).

2.3.4 Comparing Sample Types

A composite dendrogram of all 9 sample types was constructed: forest, feed water,
storm effluent, mill fibre, wood chips, primary clarifier, secondary clarifiers, biosolids and
laboratory strain K12. The resulting dendrogram showed that even clusters with a high
degree of similarity (greater than 80%) were rarely exclusive for any single sample type.
Most clusters included fingerprints representing 2 to 5 sample types; however, some
fingerprints from wood chips and primary and secondary clarifiers formed exclusive

clusters.
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Figure 2-6: Rep-PCR fingerprints of biosolids-isolated E. coli generated by REP primers.
Lanes 2 through 9, and 11 from sampling event 8; lanes 12 through 18, and 20 through 22
from sampling event 9; lane 23 from sampling event 10; and lanes 24 and 25 from
sampling event 11. Lanes 1, 10, 20 and 26 contain a 1 kb molecular size marker.
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Table 2-1: The number of amplified fingerprints, range of pairwise comparison scores (%),
% clustered isolates, strain richness, Shannon index of diversity and strain evenness for
each sample type. n — number of isolates; PCSR —Pairwise Comparison Score Range; S —
strain richness; H — Shannon Index of Diversity; E — strain evenness; NA — not applicable.

Sample N | PCSR (%) | Cluster (%) S H E
Forest 2 5.6 NA 2 0.69 1.00
Feed Water | 6 6.7 t0 94.9 33 5 1.56 0.97
Storm
o | 33| 6710983 82 12 2.06 0.83
Mill Fibre | 34 | 8.1t098.7 60 19 2.43 0.83
Wood 20 | 8.1t0983 30 14 2.39 0.91
Chips
Primary | 50 | 16.81098.2 2 34 3.27 0.93
Clarifier
Secondary | ¢4 | 15415983 67 20 2.71 0.90
Clarifiers
Biosolids | 92 | 17.9t098.6 7 20 2.44 0.81
K12 2 NA NA 1 NA NA

'Data was averaged for values generated for each secondary clarifier.
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Jackknife analysis was used to assess the specificity of source groups, using the same
9 sample types as above. RCC values were calculated for each sample type and are shown
in Table 2-2. The ARCC was 43.9%. Misclassifications were common, often fingerprints
from a single sample type were misassigned to 2 to 6 other sample types (Table 2-2).

Even when sample types were divided into only 3 groups (biosolids, laboratory strain
and ‘sources’) the ARCC increased only to 72.9%. Jackknife analysis using average
similarity (as opposed to maximum similarity) also failed to increase the ARCC value.

ARCC values were low under every scenario examined, and jackknife analysis
frequently misassigned isolates. This means that there is a low degree of specificity;
fingerprints originating from a single sample type were often less similar to each other than

to fingerprints from other sample types.
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Table 2-2: The number of amplified fingerprints, and RCC values and associated
misclassifications determined by jackknife analysis. n — number of isolates; RCC — Rate of

Correct Classification; NA — not applicable.

Sample

N

RCC (%)

Misclassifications

Forest

2

0

50% biosolids
50% secondary clarifier

Feed Water

40% storm effluents
20% biosolids

20% K12

20% secondary clarifier

Storm Effluent

33

26

32% biosolids

26% storm effluents
21% primary clarifier
11% secondary clarifier
5% mill fibre

5% wood chips

Mill Fibre

34

25

21% biosolids

21% secondary clarifier
14% primary clarifier
4% feed water

7% storm effluents

7% wood chips

Wood Chips

20

53

24% primary clarifier
12% secondary clarifier
6% biosolids

6% storm effluents

Primary Clarifier

50

36

21% mill fibre

17% biosolids

13% secondary clarifier
11% storm effluents
2% wood chips

Secondary
Clarifiers

84

62

18% biosolids

7% storm effluents
5% mill fibre

5% primary clarifier
1% wood chips

1% forest

Biosolids

92

42

16% secondary clarifier
10% storm effluent
10% mill fibre

8% primary clarifier
6% feed water

6% wood chips

2% forest

K12

100

0%
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2.4 Discussion

The E. coli concentration data presented in this study were obtained using spread plate
or membrane filtration techniques. These methods probably underestimate the number of
E. coli present (as they fail to separate cells bound together or to particles, and may stress
cells through desiccation, excess pressure, or competition with interfering bacteria (4)).
This study focused on obtaining E. coli isolates from a broad range of sampling dates and
sites, rather than collecting accurate bacterial enumeration data (as done by (63)).
Concentration data reported in this study are meant to: provide an estimate of minimum
concentrations, compare concentrations between contributing sources (detecting large
differences in concentration), and ensure that detected values are consistent with literature
values. Although Figures 2-2 and 2-3 show that E. coli were frequently non-detectable in
primary and secondary clarifier effluents and sludges, it seems doubtful that these
microorganisms were not in fact present. The detection limit for these matrices seemed to
be approximately 10* CFU/100mL. These matrices were challenging to work with due to:
1) high numbers of competing bacteria (in the test mill coliforms have been shown to
outnumber E. coli 100 to 1000-fold (63)); 2) the matrices, particularly the sludges, contain
high levels of particles; 3) mill effluents contain high levels of organics, which can limit
the efficacy of the selective and differential media used.

Rep-PCR was able to generate reproducible fingerprints for most isolates tested. Rep-
PCR successfully differentiated between laboratory strain K12 and all other isolates using a
similarity cut-off of 80%. A large percentage of fingerprints showed greater than 85%
similarity with other fingerprints; however, the presence of extensive genetic diversity

within E. coli was also evident.
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When all 9 sample types were compared, jackknife calculations yielded a low ARCC
value of 43.9%. Often low ARCC values can be improved by reducing the number of
groups (33). However, even when an ARCC value was calculated for biosolids vs. ‘non-
biosolids’ (all other sample types pooled), it increased only to 72.9%.

Dendrogram results and low ARCC values are both indicative of a low degree of
source specificity; this could be due to: 1) laboratory contamination; 2) insufficiently
discriminatory method; 3) presence of relatively ubiquitous genetically similar strains of E.
coli; or 4) on-site contact between sample types.

Laboratory contamination was unlikely to be the cause. Firstly, performing each
reaction in duplicate (including the DNA extraction step) ensured that contamination
events were identified; uncertain fingerprint patterns were excluded from analysis.
Secondly, isolates collected at any given sampling event never came into contact with
isolates collected more than 8 weeks later, and yet similar fingerprints were detected well
beyond this timeline. Thirdly, Rep-PCR fingerprints were generated on 2 separate
thermocyclers, from frozen stocks that had been revived on at least 2 separate occasions;
both yielded similar fingerprint patterns, suggesting that frozen stocks were pure cultures.

Rep-PCR is considered to be one of the most discriminatory microbial source tracking
(MST) techniques available, second only to pulsed field gel electrophoresis (PFGE) (143);
however, PFGE has been shown to be unable to offer much more discrimination between
strains of E. coli than Rep-PCR (127). Furthermore, the selection of Rep primers is largely
empirical. This study used REP primers. Trial runs with ERIC and BOX primers were
also performed. ERIC primers were unable to reliably differentiate between laboratory

strain K12 and biosolids isolates, and reproducibility was noticeably lower than with REP
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primers (data shown in Chapter 3). BOX primers were unable to discriminate between 5
biosolids isolates with distinct REP fingerprints (data not shown). However, BOX
reactions were not completely optimized and the sample size was very small; the use of
BOX primers should be examined in more detail.

E. coli show extensive genetic diversity, much of which seems to be strongly
influenced by adaptation to the host (174). Perhaps only a genetically limited subset of E.
coli have the ability to survive in nonintestinal niches. Or, perhaps nonintestinal E. coli
have rid themselves of host-specific adaptations, reducing their typeability by conventional
MST methods. These scenarios are speculative, and while possible, seem more
complicated than required to explain the results.

Many of the sample types were in contact with other on-site sources. For example,
mill fibre was added at the primary sump, so the isolation of similar strains from both mill
fibre and the primary clarifier was predictable. On-site contact between sample types is
addressed in more detail below for each sample type examined, and seems to account for

much of the low source specificity.

2.4.1 Forest E. coli Isolates

Studies have detected coliform and fecal coliform bacteria on (49) or in (10) wood.
Bagley, et al.’s work detected the coliforms Klebsiella, Enterobacter and Citrobacter
within the sapwood and heartwood of redwooods; electron photomicrographs clearly
showed the presence of high numbers of these bacteria within the redwood vascular system
(10). The pattern of coliform detection led the authors to suggest that the coliforms may
enter through the root system and travel into other tree tissues via the vascular system (10).

Subsequent work has shown that E. coli O157:H7 can behave in a similar manner, as
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demonstrated by survival and growth of these bacteria within lettuce plants (173) and bean
sprouts (198).

In this work, no E. coli were detected in either healthy wood or decaying wood
samples from the poplar plantation or hardwood forest, although other coliforms were
frequently detected (data not shown). This could be in part an artifact of the sampling and
culturing methods used (cutting wood with sterile scalpel, and agitating with buffer for 2
min). Other wood samplers have used more aggressive techniques, including hydraulic
pressing (10), drilling (153) or blending (63).

Low concentrations of E. coli were detected in soil and leaf litter samples. Temperate
soils typically have low levels of these microorganisms. Duncan and Razzell reported a
range of fecal coliform values from non-detectable to only 2 MPN/100g soil (49), while
other research has reported 14 CFU/gdw E. coli in ‘clean’ temperate soils (172). This is in
marked contrast to contaminated soils which may support E. coli concentrations as high as
87 to 200 CFU/gdw (172), and tropical soils which typically have concentrations of 320
CFU/gdw (24).

No E. coli were successfully isolated from bark or decaying wood. Values published
in literature suggest that microbial concentrations from bark are quite variable, ranging
from less than 2 CFU/g to 240 CFU/g fecal coliforms (where lower concentrations were
more typical) (49), to nondetectable levels of E. coli (128). These research findings
suggest that E. coli and other fecal coliforms might be found in association with bark due
to relatively recent fecal contamination.

Two unrelated isolates (<60% similarity) were amplified from the forest samples. One

forest isolate showed low similarity with all other isolates (>80%), the other clustered with
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fingerprints from wood chips, primary clarifier and biosolids. These results show that
some E. coli from the forest are genetically similar to some E. coli from the mill;
unfortunately, the low sample size does not allow the link between forest and mill E. coli to
be made with confidence.

The ecological parameters examined are difficult to compare to those generated for

other sample types due to the small sample size.

2.4.2 Feed water E. coli Isolates

As pulping and papermaking are water-based processes, mills consume enormous
quantities of feed water on a daily basis. Feed water at the test mill is screened and
chlorinated prior to use. However, despite treatment, coliforms were routinely isolated
from these waters (data not shown), and E. coli were detected at a single sampling event.
Coliforms and/or fecal coliforms are commonly detected in low numbers from pulp and
paper mill feed waters (31; 63). The lone E. coli detection occurred during a mill shut
down, when water demand had decreased significantly. Without constant flushing,
chlorine residual in pipes and hoses may have decreased, resulting in greater bacterial
growth (chlorine residuals lower than 0.2 mg/L are associated with increases in average
bacterial densities in drinking water systems (107)). Bacterial cells could be present in
feed water due to insufficient treatment, contamination, or shedding from biofilms.
Gauthier and Archibald suggest that biofilms in pipes, tanks and machinery (where
conditions permit) are a likely source of the coliforms, fecal coliforms and enterococci
found in mill effluent streams (63). E. coli, including pathogenic strains (167), are known
to be present in biofilms (126), even under low nutrient conditions (179) such as drinking

water distribution systems (30; 107). Furthermore, the mill examined in this project was an
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older mill. LeChevallier suggests that aging infrastructure, particularly in cases where iron
pipe surfaces have corroded, contribute to biofilm formation and subsequent detections of
‘regrowth’ in drinking water systems (107)). The single occurrence of E. coli in mill feed
water at low concentrations suggests that these bacteria are either rarely present, or present
in extremely low concentrations (<10 CFU/100mL). Feed water containing low
concentrations of E. coli from shedding biofilms may constitute a consistent source of
bacteria to the mill effluent treatment system.

Only 6 feed water fingerprints were successfully isolated and amplified. Three
unrelated (<60% similarity) fingerprint types were detected. The comparatively low
proportion of possible clones (1 pair with >85% similarity) suggests that little growth
occurred within feed water; this is consistent with the low temperatures detected. The
ecological parameters are difficult to compare with those generated for other sample types
due to the low sample size.

Jackknife analyses were unable to correctly assign the feed water isolates to their own
group. This was in part an artifact of the small sample size. The dendrogram comparing
biosolids to other sample types showed that half of the feed water isolates, including the
clustered pair, were >80% similar to strains detected in biosolids (remaining fingerprint
types did not resemble other fingerprints (<80% similarity)). If the isolates detected were
due to shedding of in-mill biofilms, they might constitute a constant, dilute source of E.
coli to the mill effluent treatment system. However, not all feed water strains seemed to be
successful in making the transition from low nutrient, cold water systems to high nutrient,

warm water systems. If the lone detection of feed water E. coli were instead due to
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improper treatment of river water, the short term addition of these low levels of bacteria to

the effluent treatment system would likely be undetectable.

2.4.3 Storm Effluents E. coli Isolates

Agricultural and urban storm effluents in Michigan yielded E. coli concentrations
ranging from 4 to 4700 CFU/100mL (60). Urban storm effluent E. coli may come from pet
or urban wildlife feces, sanitary sewer cross-connections, poor sanitation, sewer rodents,
improper solid waste disposal, landwash or even regrowth within storm sewer sediments
(123). E. coli concentrations detected in pulp and paper mill storm effluents are similar to
those collected from urban storm effluents without sewage cross-connections (as
concentrations did not exceed the 10° CFU/100mL mark (123)). Furthermore, dye tracer
tests showed that test mill sanitary sewers were not connected to the effluent treatment
system via cross-connection with a storm sewer or any other effluent stream (D. Craig,
Domtar, pers. comm.), so it is assumed that human waste was not a contributing source of
E. coli. On-site, visible sources of mill storm effluent E. coli included wildlife feces and
leaching from on-site sample types (including bark, logs, wood chips, mill fibre, and
biosolids). Landwash and regrowth within storm sewer sediments may have added to
storm effluent concentrations.

Due to the nature of storm effluents, E. coli isolated from this sample type are
expected to be genetically diverse. Fingerprints are expected to include: 1) types that
resemble those recovered from other on-site sample types; 2) unique types from yard
wastes that were not examined in detail; 3) highly similar types from sources of

concentrated clonal strains or growth in pipe biofilms.
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Storm effluents showed genetic diversity: 7 unrelated fingerprint types (< 60%
similarity), or 12 distinct strains (< 80% similarity) were detected. However, both strain
richness and Shannon index of diversity values were lower than for mill fibre and wood
chips (sample types with comparable sample sizes). All 3 expectations were met. Firstly,
jackknife analysis frequently misclassified storm effluent isolates as biosolids, primary
clarifier, secondary clarifier, mill fibre or wood chips — all sample types which were
identified as likely to contribute E. coli to storm effluents via leaching. Secondly, the
dendrogram revealed that approximately a third of all storm effluent fingerprint types were
unrelated (less than 60% similarity) to fingerprints from any other sample type. Thirdly,
82% of storm effluent isolates fell into clusters; most clusters were small (2-4 isolates), but
one contained 13 isolates. Clustering was limited to isolates collected during the same, or
subsequent, sampling events.

Urban storm effluents are known to carry indicators of fecal contamination, as well as
pathogenic microorganisms (123), including Salmonella, ETEC or adenovirus (116).
Although storm effluent discharges to the effluent treatment system are sporadic, these
effluents contain high concentrations of E. coli. Storm effluents are also the sample type
most likely to be carrying pathogenic microorganisms, as they are known to have come
into contact with bird or mammal feces. Treatment of this waste stream prior to its
addition at the primary sump would help to reduce the risk of pathogens entering the
effluent treatment system; however, it seems unlikely that such pre-treatment would result

in any significant decrease in the concentration of E. coli detected in biosolids.
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2.4.4 Mill fibre E. coli Isolates

Mill fibres are cleaner rejects produced by a corrugated cardboard manufacturer. Raw
materials included both new and recycled fibres. Mill fibre was trucked on-site where it
was stockpiled and shoveled into the primary sump as required to increase the fibre content
of effluents undergoing treatment, thus promoting efficient dewatering. E. coli
concentrations in mill fibres may have increased during transportation and storage.

Ten unrelated fingerprint patterns (<60% similarity) were detected. Most mill fibre
isolates (78%) clustered into just a few clonal groups (with >80% similarity). These
clusters included isolates collected from multiple sampling events. Mill fibres were only
correctly classified 25% of the time. Mill fibres were often misclassified as storm
effluents, primary or secondary clarifier or biosolids. The presence of genetically similar
strains in these different sample types is accounted for by on-site contact between these
sample types: mill fibre is leached or sloughed into the storm effluent, and is deliberately
added directly to the effluent treatment system. Similarities between mill fibre isolates and
isolates from feed water and wood chips are more difficult to explain. Some sort of
unrecognized on-site contact between these sample types may exist. It is also possible that
Rep-PCR may have been less able to discriminate between certain isolates, and that further
molecular analysis would result in greater discrimination between strains. The fibre
sources at the corrugated cardboard manufacturing mill may introduce E. coli genetically
similar to those detected at the study mill, or these fingerprints may represent a group of
strains that are ubiquitous in industrial environments.

Interestingly, mill fibre and biosolids sample types had very similar values for strain

richness, Shannon index of diversity and strain evenness, despite very different sample
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sizes. Further work is needed to determine if these values are characteristic of this type of

matrix.

2.4.5 Wood chips E. coli Isolates

Wood chips have most often been implicated as an important source of coliforms,
fecal coliforms (12; 31; 63) and E. coli (12; 128) to pulp and paper mill effluents (and, in
turn, biosolids). It has been posited that some of these bacteria may survive the pulping
and bleaching process due to insufficient contact time or some kind of physical protection
(12) or via entry to the system through storm effluents (63). The pulping and bleaching
methods employed by the test mill are microcidal: Kraft pulping involves heating the pulp
to 170°C in a concentrated, pressurized solution of sodium hydroxide and sodium sulfide
for 4 hours; pulp bleaching involves repeated exposure to hot alkali, hydrogen peroxide and
chlorine dioxide. It seems more likely that bacteria survive in the chip wash, storm run-off,
or paper machine whitewater. Wood chip bacteria may also contribute to the formation of
biofilms in the thousands of feet of wastewater piping.

E. coli may be present in wood chips at a range of concentrations: from nondetectable
levels in stored chips, to concentrations in the order of 10* CFU/100g in fresh poplar chips,
and 10° CFU/100g in fresh maple chips (128); and in wood chips and shavings from 50 to
13 300 MPN/gdw (12). Although E. coli are not always detected in wood (or waters in
contact with wood), when detected, E. coli tend to be present in high concentrations. These
E. coli may be due to residual fecal contamination (i.e. from bark, being dragged through
the soil, during wood stockpiling), or environmental strains of E. coli existing in

association with wood.
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Wood chips demonstrated one of the highest RCC values (52.9%). Seventy-one
percent of these isolates did not cluster out with any other sample types. The fingerprint
types that were unique to wood chips may represent environmental strains unable to
compete in the industrial habitat. Twelve unrelated (<60% similarity) fingerprints were
recovered from wood chips samples. Wood chips also had strain richness and Shannon
index of diversity values on the high end of calculated readings. The strain evenness value
approached 1, suggesting little dominance by any single strain. These results are accounted
for by the import of furnish from sites over a broad geographic area, and conditions that
were not conducive to growth. The remaining wood chips fingerprint types were
misclassified as storm effluents, primary and secondary clarifiers and biosolids. Wood
chips come into contact with the effluent treatment system via used process waters and

storm effluent.

2.4.6 Primary clarifier E. coli Isolates

The primary clarifier is the starting point for effluent treatment. Inputs to the primary
clarifier include: all mill wastewaters (including streams from pulping, bleaching, and fine
papermaking), storm effluents, and mill fibre. Solids settle, while clarified effluents
undergo secondary treatment.

Primary clarifier effluents and rejects tend to contain high levels of coliforms, fecal
coliforms and E. coli: 10° CFU total coliforms/100mL effluent (12); fecal coliform values
from 10° to 10* CFU/100mL effluent and similarly high concentrations in the rejects (63);
10* to 10° CFU fecal coliforms/100mL effluent (31); E. coli concentrations of 10° to 10’
CFU/100mL (139). These values, particularly those reported in (139) for E. coli

concentrations, are higher than those detected in this study.
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It would be expected that the variety of inputs would be reflected in the genetic
diversity detected in the fingerprints recovered from the primary clarifier. Furthermore,
previous work on E. coli from the test mill identified the presence of multiple E. coli
serotypes (63). Gauthier and Archibald (63) also suggested that the primary clarifier was
an important site of coliform growth within pulp and paper mills. If this is the case, some
proportion of the fingerprints isolated from the primary clarifier should show evidence of
clonality (i.e. include clusters of highly similar fingerprints). Primary clarifier isolates are
expected to share some fingerprint types with secondary clarifier and biosolids sample
types.

The primary clarifier isolates met all 3 of these expectations: 1) the E. coli population
was genetically diverse; 17 unrelated (<60% similarity) fingerprint types were detected;
this matrix had the highest strain richness and Shannon index of diversity values detected;
many primary clarifier isolates closely resembled inputs to the primary clarifier (mill
fibres, storm effluents, feed water or wood chips); 2) 42% of primary clarifier isolates were
clustered in groups sharing >80% similarity and including isolates from at least 2 sampling
events; 15% of these clusters were composed exclusively of primary clarifier fingerprints,
results consistent with the continuous growth of a genetically diverse E. coli population
within the primary clarifier; 3) many primary clarifier isolates were misclassified as

secondary clarifier or biosolids.

2.4.7 Secondary clarifiers E. coli Isolates
AST involved adjusting effluent pH, and adding nutrients and biomass (RAS) to

remove BOD from raw clarified effluent. The activated sludge floc biomass settled out of
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the effluent/biomass slurry in the secondary clarifiers. Waste secondary clarifier sludges
(WAS) were combined with primary sludges and dewatered to form biosolids.

Secondary clarifiers yielded concentrations of coliforms, fecal coliforms and E. coli
similar to those reported from primary clarifiers: Caplenas et al. detected 10® CFU fecal
coliforms/100mL effluent (31); Gauthier and Archibald detected values from 10? to 10°
CFU/100mL coliforms and fecal coliforms in effluent (63); Niemi ef al. found 10° to 10°
CFU E. coli/100mL effluents and 10° CFU E. coli/100mL rejects (139); while Beauchamp
et al. found 10* MPN coliforms/100mL effluent (12). Concentrations in the rejects were
often an order of magnitude higher than in the effluents. Actual concentrations of E. coli
detected were on the lower end of reported values.

The E. coli population in the secondary clarifiers should include E. coli from the
primary clarifier (and thus inputs to the primary clarifier), and E. coli from the AST used to
treat the raw effluent. Conditions in the secondary clarifiers may also be conducive to
growth, so clonal isolates may be present. Since WAS constitutes 42% of biosolids, many
secondary clarifier E. coli should resemble those detected in biosolids.

The secondary clarifier E. coli population was genetically diverse, but not as diverse
as the primary clarifier, either in terms of strain richness or Shannon index of diversity; 11
unrelated (< 60% similarity) fingerprint types were detected. Many secondary clarifier
isolates (64%) clustered closely (>80% similarity) with other secondary clarifier isolates,
and each cluster contained isolates from at least 2 sampling events; 11% of secondary
clarifier fingerprints formed exclusive clusters. These findings are consistent with growth
of a diverse E. coli population within the secondary clarifier. Jackknife analysis was able

to correctly assign secondary clarifier fingerprints to their source 61.8% of the time.
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Secondary clarifier isolates were misclassified as primary clarifier, primary clarifier inputs,

or biosolids.

2.4.8 Biosolids E. coli Isolates

Gauthier (62) reported a range of E. coli concentrations of 10° to 10" CFU/gdw from
the combined biosolids of 7 pulp and paper mills in Ontario and Quebec, while Beauchamp
et al. reported values ranging from non-detectable to 4500 MPN/gdw in the combined
sludges of 2 Quebec pulp and paper mills (12). The concentration values obtained in this
study fall within the range of values detected by other studies, but are lower than values
detected by Gauthier at the same test mill. This disparity likely arises from 2 causes: 1)
differences in technique (as discussed above); 2) the elimination of an on-site cardboard
recycling effluent stream which could have led to real changes in the microbial ecology of
mill effluents and biosolids (this will be further addressed in Chapter 3). However, Major,
detected values of 10 to 10° CFU/gdw using the membrane filtration technique while the
cardboard recycling effluent stream was being produced (122). This suggests that the
differences were due more to technique than to changes within the mill between studies.

Rep-PCR is expected to detect genetic diversity among biosolids isolates, as other
studies have demonstrated the presence of multiple serotypes from biosolids isolates
collected from the test mill (63).

Four unrelated fingerprint types (<60% similarity) were detected in biosolids. Isolates
producing fingerprints with a high degree of similarity were detected at the same and at
different sampling events. Strain richness, Shannon index of diversity and strain evenness
values were all lower for biosolids than for either the primary or secondary clarifier. These

results are consistent with the survival of a subset of E. coli contributed by the primary and
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secondary clarifiers during the dewatering process, and subsequent regrowth of these
strains in the biosolids.

By jackknife analysis, 42% of biosolids fingerprints were most similar to other
biosolids fingerprints, while the remaining 58% were most similar to fingerprints generated
by source isolates. This means that it is possible that the inputs tested successfully

contribute to biosolids E. coli populations.

2.4.9 Model of E. coli Sources

E. coli isolated from soil in a poplar plantation were genetically similar to strains
isolated from wood chips, primary clarifier, secondary clarifier and biosolids. These
results suggest that some proportion of E. coli in pulp and paper mill biosolids may come
from the natural environment, although the origin of the forest E. coli remains unknown.
The low sample size of forest E. coli (n=2) means that no link between forest and industrial
environment could be established with certainty.

E. coli were isolated from all on-site sample types examined. Feed water, storm
effluent, mill fibre and wood chips yielded strains that were genetically similar to strains
detected in the effluent treatment system and biosolids (Figure 2-7). E. coli from feed
water and wood chips were detected on a sporadic basis and less than a third of strains
types could be considered possible contributing strains. Strains isolated from these sample
types may be more competitive in low-nutrient or cooler temperature environments. Mill
fibres contained the highest proportion of possible contributing strains. This could be due
to ‘preadaptation’ to the industrial environment at the source mill. Alternatively, similar
strains might be present in both mills as they used similar furnish and provided similar

conditions. Storm effluent included strains similar to those isolated from all other sample
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types, as well as unique strains that could have come from poorly characterized sample
types (i.e. landwash, including wildlife feces). While concentrations in storm effluents
were high, contributions to the effluent treatment system were sporadic; however, roughly
2/3 of all storm effluent isolates were similar to strains detected in the effluent treatment
system. However, this value is misleading as the high proportion of seemingly
contributing strains is more representative of the inputs common to both systems, and
cross-contamination of storm effluents with biosolids runoff and leaching.

Primary clarifiers revealed the greatest genetic diversity, which reflected the number
of inputs. Closely related isolates were detected at multiple sampling events. These results
are consistent with the presence of a surviving and growing population within the primary
clarifier, as suggested by (63). Secondary clarifier fingerprint types seemed to contribute
much more successfully to the biosolids than the primary clarifier, even though biosolids
are composed a greater proportion of primary rejects than WAS.

While the precise origins of biosolids E. coli remain uncertain, there were numerous
ways for these bacteria to gain access to the effluent treatment system and biosolids. Once
in the effluent treatment system, E. coli strains survived and multiplied in the warm, high
nutrient wastewaters. Continued inputs of high levels of £. coli helped to maintain this
population. Sporadic contributors were likely at a disadvantage compared with consistent
sources, as they were less likely to successfully replace the established strains of the base

population.
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Inputs to Primary Clarifier

Kraft Mill Steam Plant
; Paper Mill Wood Room
F Oi e;t | gy Wo00d Chips
n=2) (n=20)
Feed Water

(n=06)
]

Storm Effluent
(n=33"~

Mill Fibre __
(n=34)
[ Forest B2 Wood Chips Mill Fibre
B Feed Water Storm Effluent Bl Primary Clarifier

Figure 2-7: Diagram of the inputs to the primary clarifier showing known physical
interactions between sample types. The dashed arrow line denotes the sporadic
contribution of storm effluent. Pie charts illustrate the proportion of strains unique to a
sample type to those detected in the sample type and having >80% similarity with strains
detected in the primary clarifier.
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Effluent Treatment System Contributions to Biosolids
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Figure 2-8: Diagram of the study mill effluent treatment system. Percent of possible
contributing sources from each sludge stream were shown with pie charts (number of
fingerprints detected in clarifier compared with the number of fingerprints in clarifier with
>80% similarity to fingerprints detected in biosolids). AST — Activated Sludge Treatment;
RAS — Recycled Activated Sludge; WAS — Waste Activated Sludge.
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2.5 Conclusions

E. coli were detected in all inputs to the effluent treatment system, as well as
throughout the effluent treatment system and resulting biosolids. Rep-PCR was able to
detect intra-specific variation among E. coli isolates, and accurately distinguish industrial
isolates from laboratory isolates. E. coli populations included both genetically dissimilar
isolates (consistent with the presence of diverse strains) and genetically similar isolates
(consistent with the occurrence of growth). Cluster and jackknife analyses were incapable
of differentiating reliably among isolates from the inputs, effluent treatment system and
biosolids. Low source specificity could be accounted for by on-site contact among
populations.

This improved understanding of the sources of pulp and paper mill E. coli helps to

address important management issues:

1) Most fingerprint types recovered from biosolids could be matched with fingerprint
types isolated from elsewhere in the mill. This suggests that there was no large,
unsampled input contributing to the E. coli population in biosolids. While some
effluent treatment system inputs seemed to be low-risk environmental E. coli (i.e.
treated mill process water, wood chips), other inputs came from higher risk sources (i.e.
storm effluent, which likely included fecal E. coli from birds and mammals). Results
showed that no inputs could be excluded as unable to contribute to E. coli populations
in the effluent treatment system and biosolids.

2) Pre-treatment of any single input seems unlikely to result in a significant decrease
in E. coli concentrations either in the effluent treatment system or biosolids. In fact, the

mill is essentially reinoculated with E. coli through RAS return to the AST and through
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storm effluent. To reduce the concentration of E. coli in biosolids, post-production
treatment would be more beneficial than pre-treatment of any input or attempting to
control in-mill populations. However, eliminating or pre-treating the storm effluent
stream would likely significantly reduce the risk of pathogens entering the effluent
treatment system.

3) Environmental E. coli contribute successfully to E. coli in the effluent treatment
system and biosolids. Since an unknown (but almost certainly considerable) proportion
of E. coli in the effluent treatment system and biosolids have been demonstrated to be
of a nonfecal source, it is clear that it is inappropriate to use E. coli concentrations as a
measure of fecal contamination or as a proxy for the presence of waterborne microbial
pathogens.

Using only the presence of E. coli as an indicator of fecal contamination in biosolids is
unreliable and misleading; high readings have not been associated with any significant
fecal loading. Relying on inaccurate, inappropriate test results leads either to wasting
biosolids which can be used as a productive soil conditioner or requiring unnecessary and
costly treatments. Regulatory agencies need to work with pulp and paper mills to find
more appropriate tools to assess the microbial safety of pulp and paper mill biosolids.
Research efforts might choose to focus on developing more discriminatory assays using
conventional indicators of fecal contamination (E. coli, coliforms or fecal coliforms);
however a more fruitful approach might be the development of new, industry-specific
bacterial or chemical indicators. Modern chemical and molecular technologies may soon

make direct pathogen screening a feasible and economical option.
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Chapter 3: Ecology of Escherichia coli Populations in Pulp and Paper
Effluent Treatment Systems and Biosolids

3.1 Introduction

As necessary by-products of their effluent treatment systems, Canadian pulp and
paper mills produce biosolids. These biosolids have good properties as a soil conditioner,
however they contain high levels of enterococci, coliforms, fecal coliforms and E. coli (12;
62; 63). As these bacteria are typically used as indicators of fecal contamination, their
presence is a cause for confusion and concern among regulatory bodies.

Indicators were primarily developed for use in protecting drinking water supplies from
fecal contamination (a medium of transmission for many diseases). Since it is impractical
to test directly for waterborne pathogens (108), using the more easily detectable indicators
as a proxy is intended to act as an early-warning system.

There is increasing recognition that using standard indicators to assess the safety of
pulp and paper mill biosolids is inappropriate (63; 180). The elevated concentrations of
indicators in pulp and paper mill effluents and biosolids are generally assumed to be due to
in-mill growth (12; 63; 128; 139). Moreover: many pulp and paper mill effluents and
biosolids do not include any known fecal inputs (i.e. sewage) (63); pathogens have not
been reported in association with pulp and paper mill effluents and biosolids (F. Archibald,
pers. comm.); and exponential growth of mill-isolated E. coli in sterile mill effluents has
been demonstrated (63; 122).

Despite increasing support for the existence of an endogenous in-mill community of

continuously growing E. coli, the evidence accumulated to date is either circumstantial or
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based on laboratory studies. Furthermore, the composition and dynamics of this population
has not been characterized.

This study uses the highly discriminatory microbial source tracking tool Repetitive
Sequence Based-PCR (Rep-PCR) to identify strain diversity and abundance of E. coli
isolates from primary and secondary clarifiers and biosolids. In addition, the incidence of
strain turnover will be documented.

If in-mill growth is responsible for the high levels of E. coli detected in biosolids, then
multiple isolates yielding identical molecular fingerprints (clones) should be detected
within a sample, and at multiple sampling events. However, if biosolids E. coli are present
due mainly to external inputs, the opposite would be expected (i.e. detection of diverse
molecular fingerprints (representing distinct strains) present within a sample, and low
similarity between sampling events).

The resulting findings have important implications for the operation of pulp and paper
mills as well as land application (agricultural and silvicultural) and for the government

regulators of these activities.

3.2 Materials and Methods

3.2.1 Samples

A total of 19 sets of samples were collected on a biweekly basis between June 2004
and January 2005 from an Ontario hardwood Kraft pulp and paper mill using an activated
sludge biotreatment system. The mill water and wastewater systems are diagrammed in
Figure 1-1. This figure illustrates that mill sanitary wastewaters were processed through

the municipal water treatment facility and were not part of on-site effluent treatment. Each

95



sample set consisted of: primary clarifier effluents and rejects; effluents, RAS and WAS

from both secondary clarifiers; and combined dewatered biosolids.

3.2.2 Sampling Procedures

Liquid and solid grab samples were collected as described in Section 2.1.2.

3.2.3 E. coli Isolation

E. coli were isolated as described in Section 2.1.3.

3.2.4 E. coli Confirmation

Putative E. coli isolates were confirmed as described in Section 2.1.4.

3.2.5 E. coli Preservation

E. coli isolates were preserved as described in Section 2.1.5.

3.2.6 DNA Extraction

DNA was extracted via the whole-cell method described in Section 2.1.6.

3.2.7 PCR Protocol

E. coli isolates were amplified as in Section 2.1.7.

In addition to performing Rep-PCR with the Repetitive Enterobacterial Palindromic
Sequences (REP primers), biosolids-isolated E. coli (n = 92) were amplified using
Enterobacterial Repetitive Intergenic Consensus Sequences using the primers (ERIC1R and
ERIC2). Reactions and thermocycler protocols were described by Rademaker and deBrujn

(157) modified to use 2uL of template DNA with 23uL of PCR reaction mixture.
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3.2.8 Detection of Amplified DNA

Gel electrophoresis was performed as in Section 2.1.8.

3.2.9 Analysis

Genetic fingerprints were analyzed as in Section 2.1.9.

Strain richness (S), the Shannon Diversity Index (H), and strain evenness (E) were
calculated for isolates collected from the primary clarifier, secondary clarifier and
biosolids. Strain richness was defined as the number of unique fingerprint types identified
in a sample type. The Shannon Diversity Index measured of the order (or disorder) within a
system by taking both richness and abundance into account. It was calculated using H = -
2((P)/In[P;]). Strain evenness compared the abundance of the various strains detected
within each population and was calculated using E = H/In S. Larger values (approaching 1)
signified an even abundance of diverse strains, while values approaching 0 suggested the
dominance of a single strain.

The above values were calculated under 2 scenarios: 1) by using the total data set
collected from each sample matrix; 2) by using data from sampling events where n >5 and
determining means and standard deviations for each sample matrix.

For analyses involving fingerprints generated using REP primers (biosolids,
primary and secondary clarifiers), fingerprints were considered identical if they were more
than 80% similar and showed no distinct band differences. ERIC generated fingerprints
(biosolids) were considered identical if they were >95% similar and showed no distinct
band differences. In all cases, distinct fingerprint types were given an identifying label.

The letter denotes which super-cluster the fingerprint belongs to, the number the specific
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cluster. These identifiers are specific to each matrix (i.e. fingerprint type Al from the

biosolids does not correspond to fingerprint type Al in the primary clarifier).

3.2.10 Physical and Chemical Characteristics of Mill Effluents

Daily averages of temperature (degrees Celsius), pH, and conductivity
(microSiemens) from May 1, 2004 to April 6, 2005 from mill primary and secondary
effluent streams were provided by K. Jasim (Domtar, Inc.). Conditions in the clarifiers
were based on measurements recorded from the Primary Clarifier Outflow (Bioreactor Cell

1 Inflow) and Secondary Clarifier Effluent Outflow (Mill Effluent Outflow).

3.3 Results

3.3.1 DNA fingerprint patterns

Both REP and ERIC primers were able to detect sub-specific variation in mill-isolated
E. coli. REP primers generated fingerprints with 1 to 11 DNA fragments ranging in size
from 200 to 10 000 bp (as shown in Figure 2-5). ERIC primers generated a similar range
of bands, however, a much greater proportion of fingerprints generated 5 to 7 bands (Figure
3-1). Fragment size ranged from 150 bp to 6000 bp. No bands were ever detected in a
REP or ERIC blank run, and the laboratory strain K12 always amplified and consistently
produced identical banding patterns. Neither REP nor ERIC primers were able to generate
fingerprints for all isolates. ERIC primers had a higher rate of non-amplification, and

generating non-matching fingerprints than REP primers.

98



SOOI I3 A S e T IN e a2 e

Figure 3-1: Rep-PCR fingerprints of biosolids-isolated E. coli generated by ERIC primers.
Lane 2 contains the negative control (blank) and lane 3 contains the positive control
(laboratory strain K12). Lanes 4 through 7 and 9, 11 and 12 contain fingerprints from
sampling event 1; lane 10, sampling event 3; lane 5 and 16, sampling event 5; lane 15,
sampling event 4; 14,17, 19 to 21; sampling event 6; lanes 22, 24 and 25, from sampling
event 7; lane 23 from sampling event 8. Lanes 1, 8, 18 and 26 contain a 1 kb molecular
size marker.
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3.3.2 Primary Clarifier
The primary clarifier yielded the fewest isolates, but the greatest strain richness
(Table 3-1) and the largest number of unique fingerprint types. Four fingerprint types were

repeatedly detected in the primary clarifier (Figure 3-3).

3.3.3 Secondary Clarifier

Secondary clarifier E. coli ecology (in terms of strain richness, Shannon diversity
and strain evenness) yielded values intermediate to those calculated for the primary
clarifier and the biosolids (Table 3-1). Twelve fingerprint types were detected at multiple

sampling events (Figure 3-4), 3 of these at 5 or more sampling events.

3.3.4 Biosolids

Biosolids-isolated E. coli were amplified using 2 sets of primers, REP and ERIC.
These primer sets yielded distinct fingerprint patterns, however, the results drawn from
each are compatible.

Using REP primers, each sampling event was found to include 0 to 2 unique
fingerprint types. In 3 cases, a fingerprint type was detected at only 1 sampling event. The
remaining 133 isolates were detected at between 2 and 12 separate sampling events. These
results are illustrated in Figure 3-5. The dendrogram used to construct Figure 3-5 is shown
in Figure 3-2.

Using ERIC primers, 0 to 4 unique fingerprint types were detected at each sampling
event. Most fingerprint types were recovered from between 2 to 5 sampling events, as
shown in Figure 3-6. ERIC primers consistently generated more fingerprint types, showed

greater diversity, and greater strain evenness than REP primes (see Table 3-1).
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Figure 3-2: Dendrogram of biosolids isolates (shown in brown) (with clones excluded)
(n=50) and the laboratory strain K12 (shown in red) (n=2). Super-clusters A, B, and C are
outlined in blue; a single unclustered isolate is present between super-clusters B and C.
Grey dashed lines show the 60 and 80% similarity cut-offs.
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Table 3-1: Basic ecological parameters calculated for E. coli isolated from pulp and paper
mill primary clarifier (REP primers), secondary clarifiers (REP primers) and biosolids
(amplified with both REP and ERIC primers). Note that the top portion of the table
(labeled TOTAL) refers to calculations made including all fingerprints for a given matrix,
while the bottom portion of the table (labeled AVERAGED) refers to calculations made
using data from sampling events where n>5 and includes average values and standard
deviations. n— sample size; S — strain richness, number of distinct fingerprints present in
the sample matrix; E — strain evenness; H — Shannon Index of Diversity.

Parameter Primary Secondary Biosolids Biosolids
Clarifier Clarifier (with REP) | (with ERIC
TOTAL n 50 83 91 84
S 30 29 17 29
E 0.89 0.91 0.82 0.92
H 3.03 3.06 2.32 3.09
AVERAGED n 10.0+/-59 | 6.0+/-0.6 56+/-1.9 5.5+/-2.0
S 7.5+/-3.5 4.8+/-0.9 8.9 +/- 1.8 93+/-33
E 0.96 +/-0.02 | 0.94 +/- 0.11 | 0.88 +/- 0.07 | 0.95 +/- 0.04
H 1.85+/-0.48 | 1.48 +/-0.23 | 1.45+/-0.26 | 1.57 +/- 0.34

102




| Strains Detected: Primary Clarifier
with REP Primers
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Figure 3-3: Rep-PCR fingerprints were generated for E. coli isolated from pulp and paper
mill primary clarifier effluents and sludges using REP primers. Isolates sharing >80%
similarity (cosine correlation) and visually identical fingerprint patterns were grouped into
clusters. Fingerprints sharing >80% similarity but showing at least a 1 distinct band
difference were grouped into separate clusters. The detection of these clusters was plotted
for sampling events between June 2004 and January 2005. Clusters are marked as either
present or absent in a particular sample, the graph does not indicate the proportion of any
strain. Note that the yellow bars are used to denote the presence of fingerprint types that
were detected only once.
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Strains Detected: Secondary Clarifiers
with REP Primers
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Figure 3-4: Rep-PCR fingerprints were generated for E. coli isolated from pulp and paper
mill secondary clarifier effluents and sludges (isolates from the 2 clarifiers were pooled)
using REP primers. Isolates sharing >80% similarity (cosine correlation) and visually
identical fingerprint patterns were grouped into clusters. Fingerprints sharing >80%
similarity but showing at least a 1 distinct band difference were grouped into separate
clusters. The detection of these clusters was plotted for sampling events between June
2004 and January 2005. Clusters are marked as either present or absent in a particular
sample, the graph does not indicate the proportion of any strain. Note that the yellow bars
are used to denote the presence of fingerprint types that were detected only once.
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Figure 3-5: Rep-PCR fingerprints were generated for E. coli isolated from pulp and paper
mill biosolids using REP primers. Isolates sharing >80% similarity (cosine correlation)
and visually identical fingerprint patterns were grouped into clusters. Fingerprints sharing
>80% similarity but showing at least a 1 distinct band difference were grouped into
separate clusters. The detection of these clusters was plotted for sampling events between
June 2004 and May 2005. Clusters are marked as either present or absent in a particular
sample, the graph does not indicate the proportion of any strain. Note that the yellow bars
are used to denote the presence of fingerprint types that were detected only once.
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Strains Detected: Biosolids with ERIC Primers
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Figure 3-6: Rep-PCR fingerprints were generated for E. coli isolated from pulp and paper
mill biosolids using ERIC primers. Isolates sharing >95% similarity (cosine correlation)
and visually identical fingerprint patterns were grouped into clusters. Fingerprints sharing
>95% similarity but showing at least a 1 distinct band difference were grouped into
separate clusters. The detection of these clusters was plotted for sampling events between
June 2004 and May 2005. Clusters are marked as either present or absent in a particular
sample, the graph does not indicate the proportion of any strain. Note that the yellow bars
are used to denote the presence of fingerprint types that were detected only once.
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3.3.5 Physical and Chemical Characteristics of Mill Effluents

Primary and secondary effluents generally showed stable temperature, pH and
conductivity (as illustrated in Figure 3-7 and Figure 3-8). Large declines in temperature
and conductivity in late December were associated with a 2 week mill maintenance
shutdown. Conditions subsequently stabilized until on-site pulping activities were
eliminated in late January, 2005 — altering effluent composition significantly and
decreasing effluent volume to less than half of its previous flow. At this point, conditions
varied as the effluent treatment system as its operators gained familiarity with the new

effluent conditions.

3.3.6 Stability of E. coli Populations in Biosolids

E. coli collected the summers of 2003, 2004, 2005 were pooled and analyzed and
compared with isolates collected during the mill shut (shown in ). Two fingerprint types
were isolated during all 4 sampling events; a further 4 fingerprint types were isolated at
multiple sampling events. Post-restructuring isolates have a higher strain richness and

greater diversity than isolates collected at any of the other sampling events (Table 3-2).
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Temperature, pH, Conductivity Profile: Primary Clarifier Effluents
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Figure 3-7: Daily average temperature, pH and conductivity measures for the primary
clarifier effluent outflow (bioreactor cell 1 inflow) between May 1, 2004 and April 6, 2005.
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Temperature, i, Conductivty Profile: Secondary Clarifier Fffiuents
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Figure 3-8: Daily average temperature, pH and conductivity measures for the secondary
clarifier effluent outflow (mill effluent outflow) between May 1, 2004 and March 7, 2005.
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Strain Detection: Biosolids with REP Primers
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Figure 3-9: Rep-PCR fingerprints were generated for E. coli isolated from pulp and paper
mill biosolids using REP primers. Isolates sharing >80% similarity (cosine correlation)
and visually identical fingerprint patterns were grouped into clusters. Fingerprints sharing
>80% similarity but showing at least a 1 distinct band difference were grouped into
separate clusters. The detection of these clusters was plotted for sampling events between
June to August 2003 (DSO), June to January 2004 and May 2005. Clusters are marked as
either present or absent in a particular sample, the graph does not indicate the proportion of
any strain. Note that the yellow bars are used to denote the presence of fingerprint types
that were detected only once.
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Table 3-2: Basic ecological parameters calculated for E. coli isolated from pulp and paper
mill biosolids and amplified with REP primers. 2003 refers to isolates collected between
May and August 2003; 2004, May to August 2004; DS 16, December 29, 2004 during a
mill shut; and 2005, May 2005. N — sample size; S — strain richness, number of distinct
fingerprints present in the sample matrix; E — strain evenness; H — Shannon Index of

Diversity.
2003 2004 DS 16 2005
N 22 18 10 20
S 8 6 5 9
E 0.83 0.90 0.91 0.92
H 1.72 1.62 1.47 2.03
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3.4 Discussion

E. coli populations are found in the gastrointestinal tracts of warm-blooded animals.
These populations are typically dominated by a single Rep-fingerprint type, with several
non-dominant, distinct fingerprints detected in much lower concentrations (127). This
pattern is quite distinct from what was detected in the effluent treatment system and
biosolids of a pulp and paper mill. These industrial populations are not clearly dominated
by any single Rep-fingerprint type. Rather, several distinct fingerprint types are detected at

repeated sampling events over long periods of time.

3.4.1 Primary Clarifier

The primary clarifier is an area of particular interest as it was identified as an area
of significant in-mill coliform and E. coli growth by Gauthier and Archibald (63).
Unfortunately, the success rate isolating E. coli from primary clarifier effluents and rejects
was low. Other researchers have had similar problems isolating E. coli from this sample
matrix, and have suggested that these difficulties may be due to the presence of a high
number of interfering microorganisms (122). Primary clarifier effluents and sludges are
estimated to harbour 100 to 1000 times more coliforms than E. coli (63).

The primary clarifier is an area where all mill wastewaters are pooled and mill fibre
is added. The chemical and physical characteristics of primary clarifier effluents are
influenced by changes in the inputs. As a result, conditions in the primary clarifier are less
stable than conditions in the secondary clarifiers.

Despite the variable conditions and the constant input of new strains of E. coli,

several identical fingerprint types were detected at both the same and repeated sampling
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events. This pattern of detection is suggestive of in-mill growth. A high number of
unique strains, or strains detected only at a single sampling event, were also detected in this
sample matrix. These results are suggestive of differential survival; many fingerprint types
enter the primary clarifier, but only a core group of strains survives and multiplies, while
other strains pass through the system, unable to compete. This model is supported by the
jackknife analysis calculations in Chapter 2. A third (36.2%) of primary clarifier-isolated
E. coli could be correctly reassigned to their source group. These isolates would constitute
part of the core E. coli population.

Both total and averaged strain richness, strain evenness and Shannon index of
diversity values were consistently high. These results are representative of a diverse E. coli

population composed of many strains, with no single strain being particularly dominant.

3.4.2 Secondary Clarifier

The study site used 2 secondary clarifiers. However, the 2 clarifiers acted as a
single functional unit: they received effluents that had undergone AST, contributed RAS to
re-seed the AST, and contributed WAS to the biosolids. For the purposes of this study,
isolates from both secondary clarifiers were pooled.

During AST, pH was adjusted, and nutrients were added. As a result, the physical
and chemical conditions were more stable in the secondary clarifier than the primary
clarifier.

While unique strains were detected in this secondary clarifier, they were detected
less often and in fewer numbers at each sampling event than in the primary clarifier. The
detection of identical fingerprint types both within a single sampling event and at multiple

sampling events was consistent with in-mill growth. The repeated detection of identical
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fingerprint types was more pronounced than in the primary clarifier; however this may
have been due to the much larger sample size of secondary clarifier isolates. Many of the
fingerprint types that were detected at multiple sampling events were distinct from those
seen in the primary clarifier. These fingerprint types may have been added at the AST. As
discussed in Chapter 2, 61.8% of secondary clarifier isolates could be correctly reassigned
to their own source using jackknife analysis. Less than 10% of secondary clarifier isolates
were mistaken for primary clarifier isolates. This suggests that the core E. coli populations
in primary clarifier and secondary clarifier habitats are distinct from each other.

Ecological comparisons between the primary and secondary clarifiers were best
examined using averaged values to reduce the effects of sample size on the calculated
values. Strain richness was lower in the secondary clarifier than in the primary clarifier.
Any single sample from the primary clarifier would contain more strains than would be
detected in a similar sample from the secondary clarifier. High strain evenness values
suggest that strain distribution was fairly (but not entirely) equal. Shannon index of
diversity values were much lower in the secondary clarifier than the primary clarifier. This
can be explained by the large number of E. coli inputs to the primary clarifier. Few of
these strains survive primary clarification and competition against AST microbes to be

detected in the secondary clarifiers.

3.4.3 Biosolids

Biosolids isolates were analyzed with 2 primer sets — REP and ERIC. Both primers
detected similar patterns: the repeated detection of identical fingerprints at a single
sampling event, and at multiple sampling events. These results suggest in-mill E. coli

growth, and the presence of a fairly stable E. coli population in biosolids. The similar
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results obtained using both primer sets suggests that the MST method employed offered a
sufficiently high level of discrimination between strains.

ERIC primers were more descriptive, but more difficult to reproduce. They
consistently yielded a greater number of fingerprint types than REP primers. This was
unexpected, as REP primers contain deoxyinosines (bases which will bind to any other
base, A, T, G, or C) and fingerprints are amplified using a lower annealing temperature
(resulting in less primer specificity). Other researchers report variable result for these
primers: ERIC was more reproducible than REP (114); ERIC was more sensitive to
suboptimal conditions than REP (165); and ERIC and REP generated comparable, but not
identical results (127).

Both total and averaged Shannon index of diversity values were lower in biosolids
than in either the primary or the secondary clarifiers. This was not expected as biosolids
were composed of both primary and secondary sludges and should contain fingerprint types
from both of these matrices. However, an examination of the results shows that only a
subset of the fingerprint types detected in each of these sample matrices actually
contributes to the E. coli population in biosolids. It may be that clarifier E. coli populations
are reduced by the mechanical pressure and hot, desiccating conditions characteristic of
dewatering. Biosolids E. coli populations may be composed of strains that have survived
these conditions; a subset of strains that are: more resistant to desiccation; more tolerant of
hot temperatures; more resistant to mechanical stress; or more closely associated with large
particles that shield them from adverse conditions. The high concentrations of E. coli in

biosolids may be due to the regrowth of relatively few survivors. Regrowth of E. coli and
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fecal coliforms has been recorded in manure (184; 185), composted sewage sludges (61;

193; 200) and pulp and paper mill biosolids (12).

3.4.4 Stability of E. coli

While mill conditions tended to remain relatively stable over time, the mill studied in
this research project underwent several large-scale structural changes during the study
period.

In 2003, the mill generated 125 000m>/d of wastewater which included effluents
from: kraft (chemical sulfate) pulping, kraft bleaching (elemental chlorine free), fine
papermaking, post-consumer boxboard fiber recycling and storm effluent. By 2004, the
on-site post-consumer recycling facility had closed, and this waste stream was eliminated,
reducing wastewater volume to 100 000m>/day. The change in effluent composition was
such that there was difficulty achieving the required settling, particularly in the secondary
clarifiers. Cleaner rejects from a mill producing corrugated cardboard from new and
recycled fibres were shipped on-site and shoveled into the primary sump to increase the
fibre content and improve the settling. In February of 2005, the mill eliminated all on-site
pulping activities, this included: the woodyard, chipping, chip piles and pulping.
Wastewater volume was further reduced to 50 000m>/d. Changes in effluent composition
were visible (primary clarifier effluents changed from a dark, cloudy tea colour to a chalky
white, and secondary clarifier effluents changed from pale tea colour to completely
colourless).

On a much smaller scale, in December of 2004 there was a mill shut for

maintenance. Effluent temperatures decreased, pH and conductivity were also affected. E.
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coli were detected in the chlorinated feed water (perhaps due to decline in chlorine residual
as the water was relatively stagnant in the hoses and pipes).

The changes in the physical and chemical composition of the effluents could affect
the composition of the mill-E. coli population.

This question was examined by pooling biosolids isolates collected the summers of
2003, 2004 and 2005 and also comparing them to isolates collected from the mill shut (DS
16). The samples from the summer of 2003 and 2004 can be considered to represent the
mill at a steady state as the effluent treatment systems were stable, and had been for some
time. The samples collected from the summer of 2005 were collected in May, 2 months
after the large scale restructuring occurred. The mill was still adjusting effluent treatment
conditions, and the system was not stable.

An examination of Figure 3-8 shows that there are 2 fingerprint types that were
detected under all 4 sets of operating conditions. It is interesting to note the presence of a
new fingerprint type in the DS16 samples which was also detected in the 2005 samples, but
had not been detected prior to that event. Furthermore, there is a greater number of
fingerprint types in the biosolids in 2005, including a new fingerprint type, unseen prior to
the restructuring but detected afterwards.

The post-restructuring E. coli population in the biosolids showed the highest level
of diversity (by the Shannon Index of Diversity). The values for strain evenness were
lowest for the 2003 samples, and slightly higher for 2004, DS16 and 2005. Strain evenness
describes the similarity in abundance of different strains. This suggests that the mill-E. coli

community is composed of several strains with similar abundances.
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There are no firm guidelines on developing experimental and statistical designs to
assess the diversity of a microbial population (132). In this case, strain evenness and the
Shannon diversity index were calculated as in (169) and (163). The small population sizes
(< 25) may mean that the results are skewed, and that certain fingerprint types were not
detected, but were in fact present in the biosolids. Larger sample sizes would help to
resolve this issue.

The apparent increase in strain diversity has important implications for the mill.
Under normal operating conditions, effluent conditions are fairly constant and distinct E.
coli populations seem to survive and multiply in the primary and secondary clarifiers and
the biosolids. However, when the system was perturbed, new fingerprint types of E. coli
had an opportunity to begin growing within the mill. In terms of the safety of the land
application of biosolids, if mill-£. coli populations can be shown to be non-pathogenic, and
the mill system has non-detectable levels of other microbial pathogens, it is likely to
maintain this status quo and pathogenic microorganisms would find it difficult to establish
a niche. However, when the system is disturbed, new strains of E. coli are able to colonize
the mill, there could be no guarantee that new strains of E. coli or other pathogenic

microorganisms would not be able to colonize the mill.

3.5 Conclusions

Rep-PCR was able to detect intra-specific genetic variation among E. coli isolated
from the effluent treatment system and biosolids of a pulp and paper mill. ERIC primers
tended to generate more complex banding patterns than REP primers, which may have
increased the discriminatory power provided by the ERIC primer set. However, ERIC

primers were less effective at generating reproducible fingerprints than REP primers.
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E. coli with highly similar fingerprint patterns (>80% similarity) were isolated
repeatedly over the 8-month study period from each environment examined. These
findings are consistent with the presence of self-sustaining E. coli populations in the
primary clarifier, the secondary clarifiers and the biosolids. These results provide further
support for the existence of widespread in-mill E. coli growth throughout the effluent
treatment system and in the biosolids. Growing E. coli do not accurately represent a threat
of enteric disease or fecal contamination, and should not be used as an indicator of the
microbial safety of pulp and paper mill biosolids.

E. coli populations in biosolids seem to be fairly stable, as some strains with very
similar fingerprint types (>80% similarity) were repeatedly isolated from the biosolids over
a three-year time period. These results suggest that under normal operating conditions, few
new strains are able to successfully colonize the effluent treatment system and biosolids.
Mill strains may be able to competitively exclude other strains of E. coli, including
pathogenic strains, much like what occurs in the mammalian intestine. However, large-
scale changes to the effluent treatment system do affect these in-mill populations, and may
open new niches for colonization. Large-scale changes at the study mill resulted in the
detection of new fingerprint types and an increase in Shannon index of diversity values
more than 2 months after the changes began to be implemented.

The microbial ecology of pulp and paper mills remains poorly understood. Much
work remains to improve our understanding of the structure and dynamics of the
communities extent throughout the mill water and wastewater systems. The question of the

survival of strains or genetic traits (i.e. pathogenicity factors, resistance factors) and the
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competitiveness of pathogenic strains within the pulp and paper mill habitat remains
unknown.

In established effluent treatment systems ‘normal mill flora’ seem to be stable and
resistant to colonization by new strains. Results from this study are consistent with in-mill
E. coli growth rather than fecal loading. Frequent monitoring of such E. coli populations
does not seem to offer any improved understanding of the microbial risks posed by
biosolids. Following large-scale alterations to the effluent treatment system, the E. coli
populations may change; some post-alteration monitoring would be prudent to undertake at

such times to ensure that no pathogenic strains have successfully colonized the system.
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Chapter 4 Thesis Summary

4.1 Conclusions

Pulp and paper mill biosolids have demonstrated excellent potential as a soil
conditioner. However, the presence of high levels of E. coli and other indicators of fecal
contamination in the absence of any known fecal input has been a cause of confusion and
concern. This research project was aimed at: 1) identifying the sources of E. coli detected
in pulp and paper mill biosolids; 2) examining the ecology of biosolids E. coli; and 3)
determining the effects of large-scale system changes on the biosolids E. coli population.
The results presented in this thesis have led to an improved understanding of the
populations of E. coli in pulp and paper mill effluent treatment systems and biosolids. This
study provides useful information for mill operators, land applicators and regulators.

Concentration data and dendrograms described in Chapter 2 showed that all
potential sources examined may contribute E. coli to the pulp and paper mill effluent
treatment system and biosolids. The link between E. coli isolated from forested
environments and industrial sites could not be established with confidence due to the small
sample size. Treated mill process water, storm effluent, mill fibre, and wood chips all
yielded E. coli that generated fingerprints that were highly similar to those detected in the
effluent treatment system and biosolids.

In Chapter 3 highly similar fingerprint types were repeatedly recovered from the
primary clarifier, the secondary clarifiers and the biosolids over an 8-month period. This

data is consistent with the continuous growth of established E. coli populations in these
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habitats. Diversity and strain richness tended to be greatest in the primary clarifier, where
all wastewater streams were pooled. Secondary clarifiers were less diverse and had fewer
unique strains, possibly due to greater stability within this habitat as conditions were less
changeable and the only input was activated sludge treated effluents. Biosolids were
expected to contain fingerprint types from both primary and secondary clarifiers. This was
the case, however the diversity was much lower in the biosolids. Only a subset of primary
and secondary clarifier strains are able to successfully contribute E. coli to pulp and paper
mill biosolids. This may be due to differential survival during dewatering, and subsequent
regrowth of the surviving strains.

Conditions in the effluent treatment system tend to be relatively stable in terms of
temperature, pH and conductivity. However, there are seasonal variations in the
conditions, which are exacerbated by mill activities (i.e. a mill shut in December allows
temperatures in the clarifiers to decrease substantially). During the sampling period, the
study mill was in transition; large scale changes were made to the effluent treatment system
over a 3-year period. As discussed in Chapter 3, while many fingerprint types were
detected both before and after the changes were made, diversity increased after the
changes. New fingerprint types were detected in the biosolids both following the mill shut,

and the large-scale changes.

4.2  Significance of Findings

These research findings provide important information for pulp and paper mill
operators, land applicators and regulators.
Mill operators cannot effectively reduce the concentration of E. coli in their

biosolids by pre-treating or eliminating any single waste stream. However, the risk of
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pathogenic microorganisms gaining access to the system can be minimized by eliminating
or pre-treating mill sewage and storm effluent waste streams.

Most fingerprint types detected in the biosolids shared a high degree of similarity
with fingerprint types recovered from the effluent treatment system or inputs to the mill.
This suggests that all major E. coli inputs were sampled. While the original sources of
some inputs remain unclear (i.e. storm effluent, which may have come into contact with
landwash or wildlife feces), many inputs contained E. coli that did not seem to be of a
recent fecal source (i.e. treated mill process water, mill fibre). At least some part of
biosolids E. coli does not seem to be of fecal origin. The most significant portion of
biosolids E. coli seems to originate from the primary and secondary clarifiers, where E. coli
seems to be continuously growing in established niches. As biosolids E. coli are
demonstrably not (entirely) of a fecal source, and grow within the pulp and paper mill
environment, it is inappropriate to use them as an indicator of the microbial safety of pulp
and paper mill biosolids. Land spreading activities should not be restricted solely on the
basis of high E. coli concentrations.

Pulp and paper mill biosolids should be reexamined following large-scale changes
to the effluent treatment system. Large-scale changes alter the environments in the primary
and secondary clarifiers, and upset the established microbial populations. At such times,

there is an increased risk that pathogenic microorganisms might colonize the system.

4.2 Recommendations for Future Research

While this research supports earlier suggestions that E. coli is not an appropriate
indicator of the microbial safety of pulp and paper mill biosolids, an appropriate indicator

or test remains to be found. Future research could focus on making conventional E. coli,
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coliform, fecal coliform or enterococci tests more discriminatory. A more beneficial route
might be to examine new, industry-specific bacterial or chemical indictors. In the past,
direct pathogen testing has not been feasible. However, new technologies may change this.
For example, micro-arrays could be used to screen a single sample for a large number of
different pathogenic microorganisms.

While E. coli do seem to be growing continuously in pulp and paper mill effluent
treatment systems, little is known about the factors that affect their survival. The
competitiveness of epidemiologically significant E. coli (i.e. pathogenic strains, or strains
carrying antibiotic resistance factors) with established industrial strains merits further

investigation.
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