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Abstract

Phylogenetic hybridization and phenotypic fingerprinting were applied to the analysis

of bacterial communities in wastewater treatment systems. These approaches \vere aimed

at (i) developing monitoring tools able to foresee operational problems, and (ü) providing

the rationale to ûptimize the operation ofbioreactofs. The work presented is intended tü first

describe the community found in two reactors treating pulp and paper mill effluent, and

second evaluate the possibilities of these techniques with respect to the development of new

monitoring tools.

Phylogenetic membrane hybridization showed that the bacteria! communities were

dominated by Alpha and Seta Proteobacteria, a structure probably linked to the low F:M

ratio. Other important factors determining the community structure were the proportion of

COD in the high molecular weight fraction, the sludge age, phosphate addition, and the

concentration of specifie compounds (alcohols, phenols, volatile fatty acids) in the influent.

The community structure partly determined the sludge characteristics demonstrating its

potential value in the assessment of reactor performance. The results obtained by

phylogenetic membrane hybridization suggest that the probes used in a monitoring tool

would not need ta be targeted ta the species lever to provide relevant information. However,

they aIse suggest that the technique is more sensitive to changes in population density as

opposed to changes in bacteria! metabolism.

Phenotypic fingerprinting measured a smaller difference between the communities

of the two reactors studied than what was measured by phylogenetîc membrane

hybridization. However, differences in heterotrophic activities observed between the !Wo

communities were linked to differences in influent composition.
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Résumé

Les techniques d'hybridation phylogénétique et de profilage phénotypique furent

appliquées à l'analyse des communautés bactériennes dans les systèmes de traitement des

eaux usées. Ces approches expérimentales ont pour double but Ci) de développer des outils

capables de prévoir les problènles d'opération et (ii) de fournir les bases théoriques pour

l'optimisation des bioréacteurs. Le travail présenté dans ce mémoire a comme premier

objectif de décrire les communautés bactériennes de deux réacteurs traitant des effiuents

d'usine de pâtes et papiers; et comme second objectif d'évaluer les possibilités des

techniques en ce qui concerne le développement de nouveaux outils permettant le suivi des

réacteurs.

L'hybridation phylogénétique sur membrane a démontré que les communautés

bactériennes étaient dominées par les Alpha et les Seta Protéobactéries, une structure

probablement reliée au faible ratio F:l\1. Les autres facteurs importants dans la détermination

des structures des communautés étaient: la proportion de DCa dans la fraction à poids

moléclaire élevé des composées, l'âge de boue, l'addition de phosphate, et la concentration

de certains composés (alcools, phenols et acides gras volatiles). La structure phylogénétique

de la communauté déterminait partiellement les caractéristiques des boues démontrant ainsi

son lien avec la performance du réacteur. Les résultats obtenus par hybridation

phylogénétique suggèrent que les sondes utilisées pour le suivi des réacteurs n'auraient pas

besoin d'être dirigées au niveau de l'espèce pour fournir des informations pertinentes.

Cependant, ils suggèrent aussi que la technique est plus sensible aux changements dans la

densité des populations bactériennes plutôt qu'aux changements dans le métabolisme

bactérien.

Le profilage phénotypique des communautés mesura une différence plus petite entre

[es comunautés des deux réacteurs de l'étude comparativement à la différence mesurée par

hybridation phylogénétique. Cependant, les différences observées dans les activités

hétérotrophiques des deux réacteurs étaient reliées aux différences dans la composition des

eaux usées traitées.
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Chapter 1. Introduction

1.1 Context

The field of wastewater treatment was primarily developed by engineers. Since the

beginning, about a century aga, the water specialists tried ta build devices and reactors with

increasing efficiency of removaI of biochemical oxygen demand (BOO), pathogens and

toxicants. In the 1930's the raie of bacteria was acknowledged, but it took another thirty

years ta recognize the contribution of numerous microbial genera to the treatment systems

(Dias and Bhat 1964~ Pike and Carrington 1972). Over the last 20 to 30 years, this man­

made ecosystem composed ofbacteria and protozoa became the subject of increasing interest

by microbiologists. The importance of understanding the ecological interactions occurring

in this community in order to maintain the optimum performance of these systems is now

recognized. This understanding should aIso provide the rationale for the design of treatment

systems with enhanced performance.

In Quebec and Ontario, environmentai regulations conceming rnill effluents in the

pulp and paper industry became stricter at the end of 1995 and the beginning of 1996,

respectively. For example, the prOvincial governments enforced daily and monthly limits of

discharge in receiving waters for BOO, total suspended solids (TSS), pH, total phosphorus,

chloroform, toluene, phenol and toxicity. This forced pulp and paper mills to instaIl

wastewater treatment systems.

The challenge with these newly installed systems is to keep them optimally

performing, which is strongly dependent on the ecological balance of the community. For

example, an overgrowth offilamentous bacteria leads ta bulking and foaming, and ultimately

causes an increase in BOO and TSS discharges. Similarly, systems are dependent on the

activity of adsorbable organic halide (AOX) degraders and resin acid degraders ta remove

these toxicants.

Classical strategies of process control which are currently used involve the

monitoring ofbiomass activity and performance. Periodic microscopic examinations are aIso

performed to control the floc structure as weIl as the density of filaments. Ho\vever, all the

information concerning the structure of the bacteria! community is not used.

1
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Classically, two approaches have been used in ecology to describe communities.

They are referred to as taxonomie and functional analysis. The former classifies organisms

based on their phylogenetic relatedness and the "taxon" used can be defined at any

phylogenetic level. The latter classifies the organisms in terms of their function in the

ecosystem. It is important to keep in mind that taxons of the same phylogenetie level never

overlap, while representatives ofa single functional group can be found in many taxons.

In the field of rnicrobial ecology, information about microbial communities \Vas

obtained by the use ofvarious cultivation media. The functionaIity of the bacteria recovered

was related to the medium used. Altematively, non-selective media were used and isolated

baeteria were identified to obtain the taxonomie structure of the communities. Since these

methods require bacterial growth, the time requirements are too great for process control.

In addition, they are also inaccurate because sorne cultivation techniques will preferentially

enrich specifie bacteria (Wagner et al. (993). To circurnvent these problems, Biolog

microtiter plates were recently used to obtain heterotrophic functional data on wastewater

treatment communities (Victorio et al. 1996). To obtain taxonomie community structures,

molecular biology techniques were developed (Wagner et al. 1993; Wagner et al. 1994a~

Manz et al. 1994; Kampfer et al. 1996; De Los Reyes et al. 1997; Snaidr et al. 1997) taking

advantage of the classification of organisms based on their ribosomal RNA sequence

(Woese 1987). From the taxonomie works, the following prediction was made:

"Population shifts could serve as early indicators for upcoming

malfunctions so that corrective measurements could be made in time."

Wagner et al. 1993.

In spite of these developments, no study concerning the variation over time in bacterial

community structure as determined by phylogenetic hybridization has been published to date.

Without that information the above prediction remains hypothetical. Therefore, there is a

need to assess these changes and verify the validity ofWagner and co-workers' affirmation.

This information would aIso he useful in the identification of potential areas of development

for the new techniques.

2
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1.2 Objectives

Based on the context elaborated above, the objectives of the project are defined

below:

1- T0 evaluate the taxonomie community structure as a source of

information to diagnose wastewater treatment systems.

2- T0 evaluate the precision of the phylogenetic membrane

hybridizaticn assay (see Section! .3), identif)' parall1eters :t.ffecting

it and propose improvements.

3- To characterize the bacteria! community and its variation over one

year in a pulp and paper wastewater treatment system, using the

techniques of phylogenetic membrane hybridization and

phenotypic fingerprinting.

4- To deternùne the main process variables that influence changes in

the taxonomie baeteria! community strueture and ta model these

changes based on the proeess variables.

5- To compare ta.xonomie data (obtained by phylogenetic membrane

hybridization) to heterotrophic functional data (obtained by

phenotypic fingerprinting) .

3
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1.3 Approaches

Two strategies can be used in taxonomie analyses. The first one is a bottom-up

approach. In this approac~ specifie species or genera (great phylogenetic depth) are chosen

and detected in the bacterial community. In the second approach~ called top-do~ phyla1

(shallow phylogenetic depth) are detected in the bacterial cornmunity. The phyla with

positive results may be investigated in more detail in subsequent studies. Since the

taxonomie information on hacteria! commurlity of pulp and paper waste\vater treatment

system is limited, a top down approach was chosen.

The technique selected to obtain the taxonomie baeterial community structure was the

phylogenetic membrane hybridization. By this technique, total community RNA is extracted~

bound to a membrane and hybridized with 165 and 23S rRNA targeted probes. The bacteriaI

communities of two ditTerent reactors treating pulp and paper effluent were then monitored

over a one year period using this technique. This partially achieved objective three.

The precision required in an analysis is always dependent on the level of signal of the

phenomenon measured. Therefore, to achieve objective two, the level of variation in the

community structure obtained by phylogenetic membrane hybridization for a single sample

was determined and compared to the level of variation over one year.

To achieve objective four, forty-three process variables were identified for their

possible interaction with the bacterial community. Changes in the taxonomie community

structure were modeled on changes observed in sorne process variables. Performance

variables such as outgoing COD. sludge volume index (SVl) and specifie oxygen uptake rates

(SOUR) were aIso modeled using the taxonomie eommunity data. These modeling exercises

were used to aehieve objective one.

[n the pulp and paper industry, there is interest in development of community

diagnosis tools based on phenotypie fingerprinting. AIso, this technique provides

heterotrophie functional information on the community which is not necessarily linked to the

taxonomie structure (Buyer and Drinkwater 1997). Therefore~ samples were also anaIyzed

lIn this thesis, the nomenclature proposed by the Oligonucleotide Database Project
(Alm et al. 1996) is followed to deseribe the main bacterial lineages even if the terms
kingdom Borneman and Triplett 1997), phylum (Ludwig et al. 1997) and class (Gonzâlez and
Moran 1997) were used in the literature.

4
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by phenotypie fingerprinting and these data were then compared with the taxonomie structure

to provide insight on the relative nature ofboth types of data.

5
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Chapter 2. Literature Review

2.1 Introduction to wastewater treatment

2.1.1 History and objectives ofwastewater treatment

At the beginning of the 19111 century, many major cities were facing epidemics of

various diseases..0\5 drin..lcing '.vater was thought to be the ,Source ùfinfec,;liùus agt:nts, James

Simpson had the idea around 1830 to treat it by sand filtration (Sterritt and Lester 1988).

Twenty years later, John Snow suggested that most of the microbiological contamination of

the water supply originated from eesspits and buriaI grounds (Sterritt and Lester 1988).

Hence, the importance of treating the sewage water was also recognized.

By 1860, sewage treatment systems eonsisting of preliminary sedimentation of coarse

material followed by irrigation on agriculturalland were installed~ the idea of trickling filters

was barn. However, stagnation in the holding reservoir created odour problems whieh were

solved by blowing air into the water. During this aeration, organic precipitates were

accumulating in tanks. In 1914, Ardem and Loekett discovered that when these deposits

were reintroduced in another batch of sewage before aeration the oxidation proceeded mueh

faster. With subsequent reintroductions, they obtained a dense humus-like materiaI that tbey

eaIled Hactivated sludge" (Sterritt and Lester 1988). Today, aImost all the wastewater

treatment systems in North America are biological. They are still grouped in t\VO major

families: fixed growth (e.g., trickling filters, rotating biological eontaetors) and suspended

growth (e.g., aetivated sludge, aerated lagoons) reactors (Nathanson 1997).

2.1.2 Engineering ofwastewater treatment

Since the focus of this work was activated sludge reactors, trus literature review will

focus on suspended growth, and mainly activated sludge, systems (Fig. 1.1).

6
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Figure 2. 1. Flow diagram ofan activated sludge treatment system. The solid lines represent
the flow of wastewater and the dashed lines represent the tlow of sludge.
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In general, two major units constitute a wastewater treatment facility. The first unit

mechanicalIy removes material from the wastewater. Ofte~ a bar screen extracts the coarse

debris, whereas the smaller particles are sedimented in a primary clarifier. This primary

clarification usually removes 60% ofincoming suspended solids and 35% ofincoming BOO

in municipal systems and produces the primary sludge (Nathanson 1997).

The second unit is the biological reactor. In the activated sludge process, biomass

concentration is equal to 2000 to 4000 mg of biosolids per litre and the \vaste\vater has a

short residence time (hydraulic retention time: HRT) of about six hours (Ramalho 1983).

This reactor is followed by a secondary clarifier in which the biomass (secondary sludge) is

sedirnented and recyc1ed to the reactor. The excess biomass is removed, dehydrated and later

disposed (Ramalho 1983).

For the aerated lagoon process, the biomass concentration is usually relatively low,

around 80 ta 200 mg ofbiosolids per litre. On the ather hand, the HRT is extended ta several

days (Ramalha 1983). There is usually no secondary clarifier following this reactor,

however. a quiescent zone to sediment the biomass is allowed to develop near the outlet. This

creates an anaerobic zone al the bottom which promotes partial digestion of the sludge

(Nathanson 1997).

2.2 Microbial community analysis

The main tasks ofecologists are to survey the populations present in an environment

and to identify the factors impacting on the cammunity. For microbial populations to be

surveyed, they must be detected by sorne means. However, one needs to define the

populations ofinterest before selecting the tools to use. As mentioned in section 1. 1 above,

the two underlying principles of functional and taxonomie analysis can be used (Martinez

1996). The former was pioneered by Sergei N. Winogradsky and Martinus W. Beijerink who

developed selective media while studying biogeochemical cycles (Preseott et al. 1996). A

modem approach to functional analysis is to use the Biolog system, which was originally

developed for identification of pure cultures (Bochner 1989), but has been adapted to total

eommunity analysis (Garland and MilIs 1991).

Taxonomie analysis is based on the identification of baeteria. Since the beginning

ofthe century, this identification relied on phenotypic characteristics as described in Bergey's
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Manual of Systematic Bacteriology, first published in 1923. However, this method of

identification requires isolation of the organisms present in an ecosystem. This represents

one of the greatest limitations since it was shawn that any culture medium preferentially

selects for certain species therefore biasing the observed structure of the community (yiagner

et al. 1993).

Recently, the sequence analysis ofuniversally common genes such as the ribosomal

RNA genes made it possible ta move away from the phenotypic classification and introduced

phylogeny ta microbiology (Woese 1987; Olsen and Woese (993). Taking advantage of

these findings, molecular too[s were adapted to detect bacteria without culturing them

creating the new field of molecular microbiaI ecology (Ak.kermans et al. (995). For

completeness, let us mention that besides their fundamental contribution to taxonomic

analysis, molecular techniques aIso have application in a functional context. These

techniques are discussed in the following section.

2.2.1 Phenotypic fingerprinting

Phenotypic fingerprinting is the terminology developed to describe the technique

using the Biolog microtiter plate to obtain a heterotrophic functional profile of a bacterial

community. The plate developed by Siolog Inc. at the end of the 1980s revolutionized the

field of functional analysis because of its rapidity and the large number (95) of carbon

c:ompounds used (Bochner (989). Biolog based its technology on the reduction of the soluble

and colourless tetrazolium violet to an insoluble purple formazan by the electron transport

chain (ETC). The carbon compound in a specific weIl, if utilized, provides the reducing

power ta the ETC and enables colour development.

Garland and MiUs (1991) were the first ta use this test panel ta characterize

heterotrophic communities in soil, hydroponic and freshwater environments. For instance,

they were able to differentiate various habitats based on the fingerprint of the inhabiting

micrabial community. Knight and ca-workers (1997) used the technique to study the change

in a soil community amended with heavy metaIs. They showed that even when the microbial

biomass level was not affected by metal contamination, changes in total actÏ\.ity and pattern

ofcarbon utilization still occurred.
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Phenotypie fingerprinting was introduced to the study of pu1p and paper wastewater

treatment microbial communities by the team of the Pulp and Paper Centre at University of

Toronto (Fulthorpe et al. 1993; Fulthorpe and Allen 1994; Victorio et al. 1996). Fulthorpe

and Allen (1993) used the technology to screen an isolate collection based on the ability of

the isolates to utilize chloroaramatics. On the other hand, Victorio and co-workers (1 996)

used the technology to praduce true community phenotypic tingerprints. This last study

demonstrated that the "Bio[og GN" plate '.vas able to differentiate bep.veen bacterial

communities treating municipal and pulp and paper wastewater. Their work also suggested

that the technique could be used to detect the steady state ofa reactor as weIl as its process

upsets.

Although attractive, the technique aIso has sorne limitations and deficiencies. In soil

environments, the reproducibility seems to be low (Knight et al. (997) and the fingerprints

are very sensitive to cell density (Kidd Haack et al. (995). The detection system May also

have variable taxie effects on the bacteria present in a community. At least one tetrazolium

salt (CTC) was found to be taxic to sorne members of natural communities (Ullrich et al.

1996).

Other limitations are related to the interpretation of the heterotrophic profile. First,

it was thought that the method was cultivation independent. However, it was demonstrated

that the organisms grow inside the weIl (Smalla et al. 1998) and that fast growers might be

advantaged (Verschuere et al. 1997). Second, it is usually hard to relate differences in

heterotropruc activity profiles ta functional differences (Bossio and Scow 1995; Garland et

al. 1997). Third, it was suggested from work on artificial communities that the technique,

although based on phenotypic characters, could be more sensitive ta the taxonomic structure

of the community (Garland et al. 1997). However, this daim was not substantiated when

taxonomie structures and phenotypic fingerprints were compared for natural communities

(Buyer and Drinkwater 1997; Palojarvi et al. 1997; Lawley and Bell 1998).
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2.2.2 MolecuIar techniques

The adaptation ofmolecular tools to the anaIysis afbacterial communities created the

field of Molecular Microbial Ecology. These tools can be divided into t\va main families.

The first family uses the polymerase chain reaction (PCR) technology whereas the second one

uses hybridizatian technologies. These methods are reviewed in the following sections.

2.2.2. 1 prR-hl1sed me,hndç

Since its invention by Kary B. Mullis (Saiki et al. 1985; Mullis and Faloona 1987),

PCR has revolutionized biology. It is now used in microbial ecology to study the various

components ofa community. In funetional analysis, PCR is used to amplify genes of interest.

One of the most interesting applications is the use of reverse transcriptase-PCR (RT-PCR).

By this technique, the mRNAs of a specifie gene present in a community are converted to

DNA. This specifie fragment of cDNA is then amplified and analysed. For example, this

technique was used to detennine the level ofexpression of the dmpN gene (eoding tàr phenol

hydroxylase) in a biological reaetor treating phenol (Selvaratnam et al. 1995).

The primary application ofPCR in taxonomie analysis is to assist in cloning of rDNA

fragments from the community. The fragments amplified by universal primers are then

cloned and analysed by a restriction enzyme defining operational taxonomie unit (e.g., Moyer

et al. 1994) or by sequencing (e.g., Borneman and Triplett 1997). This is useful to obtain a

global picture of the taxonomie diversity present in a habitat. This kind of global survey is

extremely important since the amount of information on global rnicrobial diversity is very

limited (Amano et al. 1995; Palleroni 1997; Dykhuizen 1998).

Such cloning studies are tedious and labour-intensive. Therefore, at least three

alternative strategies were developed to do the analysis without cloning the PCR products.

The tirst one is known under the acronym ARDRA, which stands for amplified rDNA

restriction analysis (Massol-Deya et al. 1995). By this technique, the peR produets are

digested with a restriction enzyme and resolved by agarose electrophoresis. However, since

a single rDNA fragment ean produee multiple bands, this technique does not provide

information on the genotypie diversity present.
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The second strategy involves the use of denaturing gradient gel electrophoresis

(DGGE) to resolve the fragments amplified by PCR. As they migrate through the gel, the

PCR fragments melt according to their sequence which reduces their mobility. Therefore,

fragments of the same size can form bands at various levels in the gel and the number of

fragments is a certain measure of the genotypic diversity of the community. This technique

was used to study the microbial community in the water column of a Danish fjord. rDNA

and rRNA molecules were PCR amplified and] since fragments were present in the rR-NA

sample and not in the rDNA, it was concluded that a numerically small population of very

active bacteria was present at the thennohalocline (Ramsing et al. 1996).

The third strategy is called terminal restriction fragment length polymorphism. [n this

technique either the 5' or the 31 primer is radioactively labelled before peRo The amplified

products are then digested by a restriction enzyme and resolved in a sequencing gel. Liu and

co-workers (1997b) used it to compare the communities found in aquifers, municipal

aetivated sludge systems and termite guts. They found that the aquifer and activated sludge

communities were similar, whereas the termite gut community was significantly different

from the two others.

Even ifthey are powerful, PCR-based techniques require great care when used since

biases may be introduced at every step. In the tirst step of nucleic acid extraction the

difficulty in achieving uniform celllysis is a possible bias (picard et al. 1992). The PCR step

itselfcan introduce various biases such as the production of chimeric fragments ~[eyerhans

et al. 1990~ Cariello et al. 1991; Liesack et al. 1991) and the unbalanced representation of

genotypes present (Krawiec and Riley 1990; Reysenback et al. 1992; Cole and Saint-Girons

1994~ Farrelly et aL 1995; Wilson and Blitchington 1996). Because of all these biases, the

PCR-based methods should not be used to determine in situ microbial community structure

(Snaidr et al. 1997).
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2.2.2.2 Hybridization-based methods

Two distinct hybridization methods are available. First, hybridization could be

performed on membrane-bound extracted nucleic acid. Second, hybridization could be

directly performed on the sample and visualized under the microscope. The techniques are

called respectively membrane and in situ hybridization. In tms study, membrane

hybridization was used.

The hybridization-based methods can he used ln bath functional and taxonomie

analyses, and the probes can be targeted to either DNA or RNA (Akkermans et al. 1995).

Since the work presented here mainly used the phylogenetic membrane hybridization

technique and since the relevant studies are reviewed in section 2.3, tbis section will ooly

focus on the interpretation of the quantitative ta.xonomic data that has been developed in the

literature.

Before discussing the interpretation, the methods will be described briefly. During

membrane hybridizatio~ the bulk community nucleic acids (DNA or RNA) are extracted and

immobilized on a membrane. If the extract is to be submitted to many probes, replica

membranes are prepared (Stahl et al. 1988; Raskin et al. 1997). The membranes are then

hybridized with either radioactively- or nonradioctively-labelled probes targeted to the rRNA

or the rDNA and the signal is quantified. The aSsay is then standardized by relating the

specifie population probe signal to a universal or eubacterial probe (Stahl (995).

In in situ hybridization, the nucleic acids are not extracted. CeUs are fixed and

permeabilized to allow the probes to enter the cell freely. In fact various permeabilization

methods are necessary to ensure permeabilization of all types ofbacterial cells (Roller et al.

1994; De Los Reyes et al. 1997). Fluorescently-labelled probes confer fluorescence on the

hybridized bacteria, which are then visualized microscopically. The standardization is

similar ta membrane hybridization. A universal or a eubacterial probe is used in conjunction

with a population specifie probe. The general probe identifies the perrneabilized bacteria or

the total community individuals (Wagner et al. 1993). The specifie population data are

expressed as a ratio ofthis total community individual count. In addition, a fluorescent DNA

stain such as DAPI (4',6-diamidino-2-phenylindole) is used to determine the degree of

permeabilization in the community (Wagner et al. 1993).
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For the interpretation, let us tirst discuss the simplest case: in situ hybridization.

Because there is a visual inspection of the bacteria! community, this technique informs on the

number ofindividuals, their morphology and their spatial location (Amann 1995). Based on

these data, it is possible to express the population density in terms of individuals, and also

in terms ofbiomass. In addition, the technique may be complemented by a quantification of

the hybridization signal for each individual, providing information on the rRNA content of

this individual (Wallner et al. 1995). Therefore, it becomes possible to determine the specifie

activity of a population on a biomass basis, data more appropriate ta incorporate into

wastewater treatment models.

On the other band, membrane hybridization data cannot be directly related to biomass

since genome copies, cell size and RNA content vary greatly according ta the species and the

specifie growth rate (Krawiec and Riley 1990~ Cole and Saint-Girons 1994). For instance,

when membrane and in situ hybridization were compared, the former had the tendency ta

detect proportionally more Beta Proteobaeteria. This bias correlated well with the larger size

of the bacteria ofthis group as observed microscopically (Wagner et al. 1993). Therefore,

to draw a proper conclusion about the biomass density, one would need to know the size of

the individual cells in the specifie population as weil as their specifie rRNA content (Stahl

et al. 1988~ Wagner et al. (993). However, since the rRNA content varies with the activity

ofan individual, the population structure as determined by membrane hybridization is often

considered the metabolic contribution of the population of interest to the total activity of the

community (Stahl et al. 1988; Raskin et al. (997).

2.3 Microbial commuoities ofwastewater treatment systems

In the pulp and paper industry, calls are constantly made to continuously improve the

performance of wastewater treatment systems (Munkittrick et al. (997). For this industry,

objectives like mill closure are particularly challenging for treatment facilities. AIso

challenging is the permanent optimum operation of the reactor. Sînce the microbial

community is central to the function of wastewater treatment systems, the development of

powerful tools for community analysis as weil as the understanding of the community

dynamics is critical to its proper manipulation.

14



•

•

In that context, four important areas concerning the treatment ofwastewater in pulp

and paper are reviewed here. The microbial diversity section reviews the most pertinent

works for the research presented in tbis thesis The other sections present areas of prime

interest for the industty. Contrasting with the microbial diversity section, the investigations

primarily used classical culture techniques. Hawever, it is possible to see how a molecular

approach could be used to complement these early studies. For the mast part, they also

represent the only infow.ation availab!e on the microbial corrununity of waste\vater treatment

systems in the pulp and paper industry.

2.3.1 The microbial diversity

Befare any in-depth analysis of a microbial ecosystem, it is important to investigate

the diversity of microorganisms present. This is essential to relate organisms to the various

processes observed in the ecasystem. This diversity survey can be defined in terms of

taxonomy or functions. These t\vo complementary approaches were used to study wastewater

treatment systems. In this section, knowledge about the bacterial diversity in wastewater

obtained by classical or molecular methods is revie\ved.

2.3.1.1 Taxonomie andfunctiona/ diversity ofcu/tllrab/e bacteria

2.3.1.1.1 Municipal wastewater treatment systems

The first taxonomie studies suggested that a single genus was responsible for the

consumption of BOO. Zoog/oea was thought ta he the only genus able to farm floc under

aerobic conditions, hence the ooly genus positively selected in treatment systems (Butterfield

1935). However, subsequent studies demonstrated that many organisms can flocculate in

presence of oxygen (Tischer et al. 1962; Dias and Bhat 1964). Results from the culture

studies suggested that the treatment system communities were dominated by Gram negative

organisms of the genera Achromobacter, Aerobacter, A/caligenes, Comamonas.

Flavohaeterium. Pseudomonas and Zoog/oea. The Gram positive genera present were

Bacil/us, Brevibacterillm, Corynebacterillm (Dias and Bhat 1964; Pike and Carrington 1972;

Sterritt and Lester 1988).
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Besides this taxonomic informatio~ sorne aspects of functional diversity were also

studied. In 1972, heterotrophic functionality was introduced to wastewater treatment analysis

(Pilee and Carrïngton 1972). Various growth media were used to enumerate populations of

single carbon source utilizers frOID laboratory scale reactors. This result showed the

influence ofthe sludge age on the abundance ofcitrate utilizers, gluconate utilizers and starch

hydrolysers.

2.3.1.1.2 Pulp and paper wastewater treatrnent systems

In terms oftaxonomy, the results for puIp and paper seemed to be similar to what was

observed in municipal systems. Fulthorpe and co-workers (1993) reported that 80% oftheir

isolates from a lagoon system treating bleached kraft mill eftluent (BK.NŒ) were Gram

negative orgarnsms. The analysis of their isolate collection showed the presence of the

genera Acidovorax, Acinetobacter, Ancy/obacter, Comamonas, K/ebsie/la, Methy/obacterium

and Pseudomonas. K/ebsie/la is probably constantly seeded in reactors since it is very

abundant in pulp and paper effluent (Liss and Allen 1992). A:otohacter "vas reported in

lagoon systems and "vas found to be present in the wood room effiuent of a Canadian pulp

mill (Knowles et al. 1974; Bruce and Clark 1994; Clark et al. 1997). It is thought that, in

pulp and paper lagoon systems, K/ebsiel/a and Azotobacter are responsible for dinitrogen

fixation (Bruce and Clark 1994; Clark et al. 1997).

Liss and Allen (1992) also studied a lagoon treating BKME, but used a functionai

approach. It was found that the obligate anaerobes constituted 400/0 of the culturable bacteria

(on plate COllOt agar with 30% mill etlluent) in deposited sludge as opposed to 10% in the

water column. Also, the psychrophiles (growth at 1QOC) increased by two orders of

magnitude over the winter months. Finally, a reduction of the culturable population ofboth

anaerobes (40%) and aerobes (65%) was observed when softwood was used to produce the

pulp instead ofhardwood. These observations suggested that sorne of the changes observed

in the performance of the reactor were related to the change in bacteTÎJ.l populations.

Using phenotypic fingerprinting it was found that pulp and paper activated sludge

communities had a greater ability to consume cellobiose, malonic acid, uronic acid,

bromosuccinic acid and chlorolignins compared to communities in municipal systems.
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Meanwhile, the latter metabolized dextrin, t-hydroxybutyric acid, succinamic acid and amine

acid to a greater extent. These characteristics were useful in differentiating the communities

ofboth types of systems (Victorio et aL 1996).

2.3.1.2 Taxonomie diversity as observed by molecular methods

In the field of wastewater treatment, molecular tools were tirst used in a taxonomie

approach to survey the bacterial diversity. Since it has long been recogruzed that the

proportion of culturable bacteria is relatively low (pike and Carrington 1972; Wagner et al.

1993; Kampfer et al. 1996), the tirst works done used in sitll hybridization assessed the

validity of the data obtained by cultivation. It was found that culture methods tended to

preferentially select for mernbers of the Gamma Proteobacteria (Wagner et al. 1993~ Wagner

et al. 1994b~ Manz et al. 1994; Kampfer et al. 1996) which invalidated any taxonomic

population structure obtained by cultivation. In faet, German municipal wastewater treatment

systems analysed by in situ hybridization were dominated by Proteobacteria (60-75%).

Within this phyluIl4 the Beta subphylum represented about 40~/O of the bacteria, whereas the

Alpha and the Gamma subphyla usually represented 10-25% (Wagner et al. 1993~ Wagner

et al. 1994b; Manz et al. 1994; Kampfer et al. 1996). By cultivation, the community

dominancy had been attributed to the population ofGamma Proteobacteria.

Phylogenetic hybridization is used to give a less biased view of the community

structure. However, it is restricted ta the groups that are already represented in culture

collections. To identify new rRNA genotypes, PCR-based amplification and clonîng was

used. Two studies found groups that were not originally thought to be present in activated

sludge. Bond and co-workers (1995) cloned sequences affiliated ta Rhodocyc/us and

planctomycetes from a laboratory scale activated sludge sequencing batch reactor, while,

Snaidr and co-workers (1997) cloned sequences aIse affiliated to the planctomycetes and to

the genera C/ostridium, Eubacterium, and Acrobacter. The last genus is part of the Epsilon

Subgroup of the Proteobacteria and include human pathogens. The presence in the

cammunity of sequences belonging to that group was confirmed by in situ hybridization.

This is a good example of a "full-cycle rRNA analysis" through which a sequence is isolated

and its presence is confirmed in the original community (Amann et al. 1995). This is in fact

an actualization ofKoch's postulates in the context ofmolecular microbial ecology.
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Even if all these techniques are extremely useful to gain new insights in wastewater

treatment systems, isolation of bacteria is still imperative. Our knowledge of microbial

biodiversity is still very limited and one cannot hope to resolve an ecological system without

studYÎng the physiology of its constituents (Amann et al. 1995; Palleroni 1997).

2.3.2 Filamentous bulking and foaming

Central ta the design of activated sludge systems is the optimum contact of the

biomass with the wastewater and their separation in the secondary clarifier. Changes in the

physico-mechanical properties of the floc may affect these two processes. These changes

give rise to two types of problems: bulking and foaming. Bulking, characterized by poor

sludge settlability, is of primary interest since 40-50% of all activated sludge plants suffer

from it periodically (Blackbeard et al. 1986). Similarly, it was reported that foaming,

characterized by the formation ofa thick chocolate-like layer at the surface of the reactor, had

affected 66% of USA activated sludge plants surveyed in 1990 (Pitt and Jenkins 1990) and

51% of the Australian plants (Seviour et aL 1990). From an economic and an environmental

point of view, understanding the biological basis of these two problems is very desirable.

2.3.2./ Fi/amen/Dus bu/king

Overproduction of exopolysaccharides or the proliferation of filamentous bacteria

above a critical population density increases the buoyancy of the floc which settles slower

(Jenkins et al. 1993). This condition of the sludge is called bulking due to the increased

volume of"settled" sludge in the settIability test (i.e., the sludge volume index or SVI). In

the clarifier, the settled sludge does not thicken (compact) weIl at the bottom and this last unit

gets overloaded, increasing TSS discharge. Since exopolysaccharide or slime bulking is

mainly due to unbalanced growth caused by specifie environmental conditions such as high

C:N ratio, this section will only focus on filamentous bulking.

From a biological point of view, the understanding of filamentous bulking started

with Eikelboom t s description of the organisms involved (1975). He constructed an

identification key of various filaments present in activated sludge based on their
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microscopically observable characteristics. Twenty-six types of filamentous bacteria were

identified, but a vast majority ofthem remain to be taxonomically described (Wagner et aL

1994a; Blackall et al. 1996).

The use of Eikelboom's identification key had the advantage of facilitating the

description ofbulking events. It made it possible to study the kinetics of the arganisms in

cause and link it with the environmental conditions. Eventually, it was suggested that the

filaments causing bulking can be classified in four groups: aerobic buHdng (SpherotUus

flatans, Type 021 N, Type 0961, etc.), low F:M ratio bulking (Jvlicrothrix parvice/la, Type

0092, Type 0041, etc.), nutrient deficiency bulking (Type 021N and Thiothrix, etc.), high

organic acid bulking (Thiothrix, Type 021 N, Nostocoida limicola, etc.) (Wanner and Grau

1989; Jenkins et ai. 1993).

ln pulp and paper systems, bulking is mainly due (680/0) to high VFA concentration

(Richard 1997). However, this finding contradicts a survey dane by the same author ten

years ago which showed that low F:M ratio bulking (49%) was the main cause (Richard

1991; Richard 1997). The difference was interpreted by the author ta be due ta the increased

use of readily biadegradable additives such as starch which are easily fermented before the

wastewater treatment system. The second main cause of bulking (13%) is nutrient

deficiency. This is usually related to the difficulties involved in optimizing nutrient addition,

especially phosphorus, to pulp and paper effluent (Richard and Cummins 1997).

Although the development of identification keys \vas useful in studying bulking in

activated sludge systems, there are general limitations to tbis approach. First, the

physiological characteristics of the fiIamentous bacteria involved are variable, and depend

on the environmental conditions (Wagner et al. 1994a). At times, this makes the

identification very difficult, even by highly trained personnel. Second, nonfilamentous

grO\\1h has alsa been described for sorne of the filaments such as Helascominobacter

hydrosis (van Veen et al. 1973), Spherotilus natans (Mulder and Deinema 1992) and

N/icrothrix parvicella (Foot et al. 1992). Their detection prior to the onset ofbulking could

lead to a better understanding of the cause and an earlier correction of the system operation.

Here, malecular approaches could be beneficial in both increasing the accuracy of

identification and detecting unusual growth fonns (Wagner et ai. 1994a).
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Molecular studies of the filamentous bacteria also showed that sorne types were

highly polyphyletic and the subgroups greatly differed in their growth requirernents. For

example~ Type 1863 was tirs! thought to be related to Acinetobacter spp., a rnember of the

Gamma Proteobaeteria subphylum (Wagner et al. 1994a; Rossetti et al. 1996; Biackaii et al.

1996). However~ a culture of properly identified Type 1863 was isolated by micro

manipulation from an Australian plant and was found~ on the basis of the 165 rRNA gene

sequence, te be related ta the Cytophaga-Ffavonacferium phylum (Blackall et al 1qQ6)

These findings demonstrated that a molecular approach is becoming very important ta fully

resolve the complexity ofbulking problems.

2.3.2.2 Biologicalfoaming ofactivated sludge

Biological foaming is characterised by the accumulation of a thick chocolate-like

foam at the surface of activated sludge reactors. This foam is stabilized by the presence of

certain fùamentous bacteria that tend ta tloat. It causes reduction in treatment efficiency

since it impairs proper contact of the biomass and the wastewater and can cause an increase

in total suspended solids (TSS) discharged to the receiving \vater if it reaches the clarifier.

[n addition~ for municipal systems, it may be hazardous for the health of the human

population living in the vicinity of reactors since floating pathogens can be windblown

(Blackall et al. 1988).

The biological foaming of activated sludge is usually produced by various Gram

positive bacteria. The main species reported is Gordonna amarae (formerly Nocardia

amarae; Klatte et al. 1994; Ruimy et al. 1994) and Microthrix parvicel/a. However, other

genera that have been reported to cause foaming include Nocardia, Mycobacterium,

Rhodococcus, and Tsukamurella (Blackall et al. 1989~ Seviour et al. 1990; Jenkins et al.

1993). The common property of these genera is the presence of myeolic acid in their cell

wall, making it hydrophobie (Minnikin 1982). [t is thought that in sufficient numbers the

filaments increase the hydrophobicity ofthe floc enough to attract it to the air-water interface

of the bubbles introduced for aeration (van Niekerk et al. 1987). The floc is then driven to

the surface of the reactor. Indeed~ microscopie studies have shown that a majority of the
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filaments are transferred to the foam during an upset (pitt and Jenkins 1990). A membrane

hybridization study arrived at the same conclusion showing that the mixed Iiquor contained

9% ofGordonna rRNA whereas the foam contained 130/0 (De Los Reyes et al. 1997). Still

not understood are ail the factors involved in the positive selection of foam-causing

filamentous bacteria. It seems that method ofwater withdrawal, the temperature (above 20

OC) and sludge age (above six days) are al! important (Pitt and Jenkins 1990~ Cha et al. 1992).

2.3.3 AOX removal

AOX is the acronym for Adsorbable Organic Halides, a general measurement of the

chlorinated organic compounds found dissolved in water. As they were implicated in pulp

and paper effluent toxicity (Luthe et al. 1992; Leach and Thakore 1975), they should be

specifically removed from the wastewaters. These compounds are primarily produced in the

chlorine bleaching stage orthe kraft pulp production. Therefore, the change from elemental

chlonne as bleaching agent to chIenne dioxide and hydrogen peroxide helped to reduce the

discharge of AOX. Hewever, mills often rely on the performance of their waste\vater

treatment system fer the final removal which ranges tram 15 to 70% (Stuthridge and

McFarlane 1994). Unfortunately, variable removaI rates are achieved. Better control over

the microbiology and the mechanisms involved should increase the reliability and the

performance of treatment systems.

From a process point ofview, hydraulic retention time is the only operation variable

having a significant impact on AOX removal (Hall and Randle 1994). However, process

modifications have been proposed to increase removal. For example, pH prehydrolysis was

found to increase the AOX removal by 13% (Zheng and Allen 1997) by chemical

reorganization of poorIy degradable congeners into more degradable ones (Zheng and Allen

1996; Zheng and Allen 1997). Another proposed process modification is to retain (20 days)

a portion of the retumed activated sludge (RAS) before its reintroduction into the reactor.

It was demonstrated that this strategy could increase the removal of AOX by 10%. The

formation ofsulfide and the increase in density of facultative organisms were correlated with
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the increased removaL It was suggested that a dual mechanism by which chemical

dehalogenation as well as the presence ofa more actively dehalogenating population might

be at work (Liu et al. 1997a).

Various bacteria have been found to be able to dehalogenate (for recent reviews, see

Mohn and Tiedje 1992, and Copley 1997). Organisms indigenous to BKME treatment

systems from the genera Aeromonas, Ancylobacter, Chryseomonas, Flavimonas,

A1ethylohacterium and Pseudomonas have been associated \vith this function (Fulthorpe and

Allen 1995; Buitr6n and GonzaJez 1996). However, it seerns that the properties ofisolates

fall short at explaining the capacity of activated sludge at mineralizing chloroorganics.

Usually, activated sludge has degradation rates of chlorophenols an order of magnitude

higher than those of the rate of pure cultures (Buitrôn and GonzaIez (996). It appears aise

that the substrate range does not always correlate with the ability of an organism to be

effective in situ. Methylobacterium CPl3 had a smaIler chlorophenel range than

Pseudomonas PI, but was more efficient at removing AOX from mill effluents (Fulthorpe

and Allen 1995). Taken together, these findings suggest that either sorne indigenous AOX

degraders have not yet been isolated, important microbial interactions in the activated sludge

consortia were lacking in pure cultures or co-metabolism is aIso important for degradation.

ln situ studies using molecular technologies could be useful at resolving sorne of these

possibilities.

For the in situ study of chlorophenol degraders, molecular strategies have only been

used in functional analysis. One of the best examples of such studies was the use of reverse

transcriptase PCR (RT-PCR) to characterize the transcription of dmpN gene (coding for

phenol hydroxylase) in situ. It was shown that the transcription was dependent on the phenol

and oxygen concentration (Selvaratnam et al. (995). In a sequencing batch reactor, the

maximum transcription occurred immediately after the start of the aeration period. This

result aIso suggested that reactor operations can be used to manipulate the physiology of the

organisms involved.
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2.3.4 Resin acid removal

Resin acids are wood extractives mainly found in coniferous trees (Fengel and

Wegner 1985). They are tricyclic diterpenes and are usually classified in two categories: the

abietanes and the pimaranes. Abietanes are compounds with an isopropyl substituent at C­

13, whereas pimaranes have both methyl and vinyl substituents at C-13 (Fig. 2.2~ (Liss et al.

1997). They are very acutely toxie compounds with LCso to rainbow trout of 0.4 to 1.7 ppm

at pH 7 (Lee et al. 1990). Their concentration in sofhvocd pulp mil! effluent cao range frem

1000 ppm for kraft and sulfite mills ta 10,000 ppm for mechanical mills (Liss et aL 1997);

therefore, approximately 100% removal efficiency is necessary.

Whereas biosorption and air oxidation are removal mechanisms of resin acids, the

major process is biological oxidation (Liss et al. 1997). AIthough aerobic treatment facilities

usually achieve 80 to 100% removals, Iower degradation efficiencies are encountered. This

encouraged the recent efforts to gain insight inte the diversity of organisms able to utilize

resin acids. These works showed that resin acid degradation is shared by phylogenetically

distant organisms. Alcaligenes xylosoxidans. Comamonas lestosteroni (tvlorgan and

Wyndham 1996), Sphingomonas sp., and Zooglea ramigera (Lvlohn 1995) have been iselated

on abietic acid. Pimaranes are usually the mast recalcitrant group of resin acids in pulp and

paper wastewaters, and this is consistent with the failure to isalate organisms that are able ta

utilize these compounds as sole carbon and energy source.

Other studies demonstrated that resin acid dregradation IS not a constitutive

physiological state. Glycerol-grown cultures exhibited a lag period of two to four hours

before starting to degrade DRA, and de novo protein synthesis was required as demonstrated

by the lack of degradation iftetracycline was added at the same time as DHA (Bicho et al.

1995). In addition, presence of sugars in the gro\\tth medium may enhance degradation in

sorne cases (Mohn 1995).
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Figure 2.2. Chemical structure of the (a) abietanes and (b) the pymar~nes .
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Even with tbis phylogenetically diverse collection of isolates, Mohn (1995) reported

I.lxl06 propagules/mL and a degradation rate of6 Jlmol/mg ofprotein/hour, numbers falling

short at explaining all the resin acid removal in the system under study. A molecular

approach aiming at measuring the in situ activity and abundance of resin acid degrading

organisms is being developed to resolve this discrepancy (Muttray and ~[ohn 1998b).

However, it is aIso necessary to have more protocols used for the isolation of novel bacteria~

especially candidate pymarane degraders.

2.4 Conclusion

This review clearly shows the wide phylogenetic diversity found in wastewater

treatment systems. It also shows the link bet\veen this diversity and the possible occurrence

of problem situations. However, the lack of unbiased and quick methods to assess the

microbial community made it impossible to incorporate these data in reactor control and

diagnosis. The recent development of molecular microbial ecology and phenotypic

fingerprinting resulted in new relevant information on in situ microbial communities. This

information is a good complement to the previous culture studies. Because of the rapidity

ofobtaining the community information, it is possible to foresee reactor monitoring tools that

would include them. However, temporal data on the variation in microbial communities are

still lacking. These are very important in the development of these tools since they would

be the comparative baselines ta any diagnosis strategy. This is the basis of the work

described in this thesis.
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Chapter 3. Materials and Methods

3.1 Sampling

For molecular analysis, the biomass of the wastewater treatment systems was sampled

once a week every Wednesday morning for one year. A 10 mL sample of mixed liquor was

flash Îrozen in iiquid nirrogen, transport~d tu lh~ laburatory in liquid nitrùgen and kèpt at

- 70°C until analysis. For phenotypic fingerprinting, a 200 mL sample of mixed liquor was

obtained on certain Wednesdays and transported on ice to the laboratory and analyzed within

24 hours.

For the biochemical analysis of the wastewater, 24 hour composite-samples (sampled

every 15 min.) ofinfluent and effluent were taken at 8 a.m. the same day as the biomass was

sampled. The samples were transported on iee to the laboratory and were kept either at 4°C

if the samples were to be analyzed within 5 days or at - 20°C if they were ta be analyzed

later. The wastewater samples taken for \'FA phenol and aleahol analysis were preserved

by adding few drops of 400/0 NaOH to 50 ml ofsample.

3.2 Wastewater analysis

3.2.1 80D5

BOOs was determined aceording ta the method of Greenberg and eo-workers (1992).

The wastewater was diluted in BOO buffer (65 flM KH2P04, 125 J.lM K2HP04, 148 J.lM

N~HP04' 32~~Cl, 91 flM MgS04 ·7 &0, 1.5 J.lM FeC~·6 ~O, 364 J.l~1 CaC~) sueh

that, after tive days, the dissolved oxygen (DO) would be at least 1 mgIL and the DO uptake

would be at least 2 mgIL. A BOO bottle was filled with wastewater/buffer mixture,

inoculated with approximately 250 Jlg of solids from Reaetor 1 (see Chapter 4), and the DO

was read immediately using a YSA model 54A DO meter. After five days of incubation at

20°C, the DO was read again. The DO uptake was finally expressed for the undiluted

wastewater.
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3.2.2 COD

COD was detennined by the Hach Dichromate COD Reagent Low Range (0-150 mg/L)

or High Range (0-1500 mgIL) kits according to the manufacturer's instructions (Hach

Company). A 2 mL aliquot ofwastewater sample was introrluced in a COD tube which was

then digested for 2 hours at 150°C and cooled ta room temperature. The COD was

determined by analysis with a Hach model DR2000 spectrophotometer at wavelengths of420

nm (l.ow Range) or 620 nm (High Range)

3.2.3 COD fractions

Four cao fractions (particulate COD, COD> 1000 ~, COD 500-1000 MW, COD

< 500~ were determinerl. Total COD was defined as the COD of the unfiltered sample,

and the soluble COD was defined as the cao ofthe sample after filtration through a 0.45 Ilm

filter (soluble fraction). Particulate COD was obtained by differentiating the total COD and

the soluble COD.

Ta obtain the molecular weight fractions, the rvœs (Amicon Inc.) system was used to

ultrafilter 1 ml of the soluble wastewater fraction 45 min. at 1000 x g in a Sorval model

SS-34 rotor (Dupont Instrument me.). A YC05 membrane (Amicon Inc.) was used to obtain

the fraction smaller than 500 MW and a ThIl membrane (Amicon Inc.) was used to obtain

the fraction smaller than 1000 MW. The COD of these two fractions was determined with

Hach Dichromate COD Reagent Law Range kit (see section 3.2.2). The COD> lOOO rv1W

was obtained by subtracting the COD less than 1000 MW from the soluble COD. COD

500-1000 MW was obtained by subtracting the COD smaller than 500 MW from the COD

less than 1000 MW. AlI analyses were performed with two independent replicates.

3.2.4 VFA and alcohol determinatioD

The concentrations of 5 volatile fatty acids (VFA) and 4 alcohols (Table 3.1) were

determilJed as described below. The concentrations were converted to BODs equivalents

(Pitter and Chudoba 1990) and the total concentration ofVFA-BODs and alcohol-BODs were

reported.
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• A 5 mL aliquot of sample wastewater was spiked with 1-Butanol (internai standard)

and acidified to pH 2-3 with 6 N Hel. The mixture was then centrifuged at 4000 x g for 10

min. to remove particulate matter. The clear supematant was then analyzed by gas

chromatography using a model HP5890 GC (Hewlett-Packard Company) equipped with a

DB-WAX column (J&W Scientific) and an FID detector.

Table 3.1. Phenolic compounds, aIcohols and VFA determined in wastewater by
chromatography and their BOD5 equivalence.

Compounds BOOs equivalents· Compounds
(g BOOslg)

BODsequivalents1

(g BOD/g)

•

Phenolic Compounds

Acetosyringone

Acetovannilone

o-Cresol

rn-Cresol

p-Cresol

Dihydroconiferyl Alcohol

4-Ethylguaiaco1
Guaiacol
4-Hydroxybenhaldehyde

4-Methylguaiaeol

Phenol

Syringaldehyde

Syringol

Vanillin
Vanillyi Aleohol

l (pitter and Chudoba 1990)

0.97

0.97

1.70

1.70

1.44

1.22

0.94

1.40

1.08

0.90

1.81

1.02
0.97

1.02
1.02

Alcohols

Methanol

Ethanol

VFA

Acetic Acid

Butyric Acid
Formic Acid

Isovalerie Acid

Propionic Acid

0.85

1.27

0.65

0.89

0.20

1.29

0.93
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3.2.5 Phenols detennination

The concentration of 15 phenolic compounds (Table 3. 1) was determined by the

method described below. The concentrations were converted to BODs equivalents (Pitter and

Chudoba 1990) and the total concentration of phenolic BODs was reported.

A 5 mL aliquot ofwastewater sample was buffered with 0.5 mL ofaqueous sodium

bicarbonate (1 M) and spiked with 4-isopropylphenol and hexachlorobenzene as surrogate

recovery standard and internai standard, re~pectively The phenols were then derivatized with

100/0 pentachlorobenzoyl chloride in toluene to forro the corresponding esters. Pyridine was

added to catalyze the reaction. After 10 min. reaction rime, the sample was extracted with

hexane (5 min. shaking). The hexane layer was extracted with 1 M NaOH to remove the

excess reagent. The hexane extract was analyzed by gas chromatography using a model

HP5890 GC (Hewlett-Packard Company) equipped with a D8-1 column (l&W Scientific)

and an ECD detector.

3.2.6 Chloroform determination

The chloroform concentration was determined according to the V.S.EPA Protocol

8260B (U.S. Environmental Protection Agency 1996). A 5 mL aliquot ofwastewater sample

was spiked with surrogate standards (toluene, 4-bromotluorobenzene and 1,2-dichloroethane)

and internal standards (bromochloromethane and 1,4-difluorobenzene), and introduced in a

model HP7695 purge and trap concentrator equipped with a tenaxlsilicalcharcoal trap

(Hewlett-Packard Company). The sample was purged with helium (35 mUmin.) for Il min.

at 30°C. The trapped compounds were desorbed at 255°C for 2 min. and analyzed by gas

chromatography/mass spectrometry using a model HP5890 Ge equipped with a HP-VOC

column (Hewlett-Packard Company) and a model HP5972A mass spectrometer (Hewlett­

Packard Company).
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3.2.7 Residual nutrient concentration

To determine the residual ammonia concentratio~ a 100 ml aliquot of wastewater

sample was adjusted to pH 10 and the ammonia was measured with an Orion model EA940

electrometer equipped ",,;th an Orion model 93-12 ammonia selective electrode.

Residual phosphate concentration was determined by the Hach Reactive Phosphorus

Test 'N Tube kit according to the manufacturer's instructions (Hach Company). A 5 ml

aliquot of \vaste\vater sample ,vas acidified \vith 2 ml 5.25 N of HzSO4 and potassium

persulfate (as provided in the kit) was added. After a 2 min. reaction time, 2 ml of 5 N

NaOH and ascorbic acid (as provided in the kit) were added to the solution. The

concentration of phosphate was determined at a wavelength of 890 nm with a Hach model

DR2000 spectrophotometer.

3.2.8 Suspended solid concentration

A 100 ml aliquot of mixed liquor was filtered on a preweighed Whatman 934/AH

glass fiber tilter. The tilter was dried at 10Soe for 1 hour and cooled to ambient temperature

in a desiccator before weighing. The suspended solid concentration was calculated from the

difference in weight of the tilter before and after filtration. Analyses were performed in

duplicate.

3.2.9 Specifie oxygen uptake rate

Specifie oxygen uptake rate (SOUR) was determined according to the method of

Greenberg and co-workers (1992) immediately after sampling of rnixed liquor. A BaD

bottle was filled with mixed liquor aerated by 1 min. shaking in a flask. Dissolved oxygen

(DO) was read every 30 sec. for 10 min. using a YSA model 54A DO meter. The SOUR was

obtained by dividing the slope of oxygen uptake by the mixed tiquor suspended solid

concentration.
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3.2.10 Sludge volume index

Sludge volume index (SV!) was determined according to the method of Greenberg

and co-workers (1992) immediately after sampling. A Nalgene Settlometer (2 L) was filled

with mixed liquor. The solids were allowed to settle for 30 min. before the sludge volume

was read. SV! was obtained by dividing the sludge volume by the suspended solid

coneentration.

3.2.11 Sludge level in clarifier

The sludge level in the clarifiers was determined every Wednesday morning at the

same time with a Siudge Judge (Wheaton Ine.). The Sludge Judge was introdueed vertieally

into the clarifier trom the surface to the bottom. Precautions were taken 50 the rotating arms

were at a right angle ta the location where the sludge level was taken.

3.2.12 On-Hne probes

Influent flow, retumed activated sludge (RA.S) flow. wasted aetivated sludge flow

(WAS), temperature, pH, and eonduetivity were recorded on-line by specifie probes. The

data were extraeted from the mill reeording system by averaging the value from 8 a.m. the

day before biomass sampling until 8 a.m. the day of sampling.

Chloride tank level was aIso reeorded on-line. The level was recorded at 8 a.m. daily.

If the tank level decreased at least one day during the week prior to the biomass sampling,

it was eoncluded that the biomass had been chlorinated and a "'1" was reported in the variable

chlorination, otherwise a "0" was reported.

Ammonia and ammonium polyphosphate (phosphorus source) tank levels were also

recorded on-Line. Nutrient addition was ealeulated from the ditference of the level at 8 a.m.

the day before biomass sampling and the level at 8 a.m. the day of sampling.
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3.2.13 CalcuIated parameters

Four parameters describing the reaetor conditions were calculated based on equations

described below.

3.2.13.1 Hydrau/ic retention time

The hydraulic retention time (HRT) is defined as the time that the wastewater passes

into the bioreaetor (Jenkins et al l qq)) However; the c1assical expression of the HRT doe~

not take iuto account the effect of recirculating the wastewater to the reactor via the RAS

flow. The HRT formula below corrected this inconsistency.

HRT = V _(_1 _( : )2)
Q, Q,. Q,

where Vis the volume of the reactor, 0 is the influent flow and 0 is the RAS flow.
-1 -,.

3.2.13.2 Recircli/ation lime

The average rime beween two successive introductions of a single floc (recirculation

time) depends on the influent flow, the RAS flow and the sludge settling velocity. The

equation below defines the recîrculatîon time (R 7)

NIc
RT = _aSo ,.-,.

where M is the mass ofsludge in the clarifiers and S is the solid concentration in the RASc r

line.

3.2.13.3 Sludge age

Sludge age is traditionally calculated based on the mass of sludge in the system and

the wasting rate at the rime of calculatioo. Therefore, the calculated sludge age can vary by

more than one day in 24 hours, and does oot represent the true age of the sludge in the
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• reaetar. It is important ta have an accurate and reliable measurement of sludge age because

it is a relevant parameter affecting the physiology of the bacteria (Jenkins et al. 1993).

Vaccari and co-workers (1988) proposed an algorithrn to calculate the sludge age that takes

inta account the sludge production and is therefore a more accurate representation of the true

age ofthe sludge in the reactor. The algorithm tirst calculates the net sludge production rate

(K) and the average sludge production rate (P) since the last time the sludge age was

cakulated.

M-M
K = a

t

P=K+W

where J'vI is the actual mass of sludge in the treatment system, Mo is the mass of sludge in

the treatment system the last rime the sludge was calculated, t is the time since the sludge

age was last calcuJated, and W is the mass of sludge wasted or lost in the effluent per unit of

time since the sludge age was last calculated.

From these initial calculations, four cases may arise and the proper equation of the

algorithm is selected to calculate the sludge age (A).

Case 1: No sludge was wasted or lost over the period t (W=0) .

(Ao+t)*Mo (" Mo)A= + 1--
M M

Case 2: There was no net sludge production (W=P).

NIa ( NIa) (- ~~/)A=-+ A-- a
W a W

t

2

•
Case 3: Exactly twice as much sludge is wasted as was produced (W= 2P) .
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Case 4: [fnone of the above conditions hold~ the following equation is used.

A= (A -~) . ( M)(- f) +~
o P+K Mo P+K

3.3 R..l\fA probing and quantification

RNA probing and quantification was performed in four steps. First, the RNA was

extracted and the integrity was evaluated by agarose gel electrophoresis. Second~ replica

membranes were produced by blotting the community RNA on a nylon membrane along with

positive control reference RNA. Third, the membranes \vere hybridized with population­

specifie probes and eubacterial probes (Table 3.2). Fourth, the radioactive hybridization

signal was detected byautoradiography, digitized and quantified by densitometry. The water

used to make the solutions was always distilled and deionized water treated ovemight with

DEPC at 37°C and autoclaved. The glass\vare used ta manipulate solutions in contact with

RNA was baked overnight at 180°C. Pipette tips and microcentrifuge tubes were kept

RNAse free as much as possible.

3.3.1 Culture conditions

The control organisms (Table 3.3) \vere cultured in TY broth (0.50/0 tryptone, 0.3%

yeast extract and 0.044% CaC12·2 H20 ) at either 30°C or 37°C. The organisms were

barvested in mid log phase at an optical density at 600 nm of 0.5 and were kept at -70°C

until RNA extraction.

3.3.2 RNA extraction

A 10 ml aliquot ofmixed tiquor (2000-5000 mgIL ofsolids) or 50 ml of pure culture

was centrifuged at 12,000 x g in a Sorval model Re-SB centrifuge (Dupont Instrument Ine.)

for 10 min. at 4°C. The biosoLids were resuspended in 1 mL of Trizol Reagent (Life

Technologies Ine.; Isothiocyanate-phenol buffer) and introduced in a 2 ml vial with 1 g of

glass-beads (100 J.lm; washed three rimes with nitric aeid and baked overnight at 180°C).
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The vial was beaten twice for 2 min. in a mode12876 beater (Bronwill Scientific lnc.) and

centrifuged for 2 min. in an Eppendorf microcentrifuge. The supernatant was removed to a

microcentrifuge tube. Fresh Trizol (1 mL) was introduced into the vial, and the biosolids and

the vial was beaten once more for 2 min.. After centrifugation, the supematant (Trizo1) was

paoled with the first portion and 0.2 volume ofchloroform was added ta separate the aqueous

and organic phases and precipitate the proteins. The mixture was centrifuged for 20 min. and

the aqueous phase was transferred ta a new microcentrifilge tube RN A was precipitated by

adding 0.6 volume of isopropanol and incubating on ice for 15 min.. RNA was pelleted by

centrifugation for 20 min., washed with 70% ethanol and air-dried. The RNA was dissolved

in water and kept frozen at - 70°C until analysis.

3.3.3 Gel electrophoresis

Agarose gels were used to analyze the quality ofextracted RNA. The gels were made

up of T AE buffer (40 mM Tris-acetate and 1 mM EDTA) and 0.8% agarose and were

subjected to an electrical field of 80 V (Sambrook et al. 1989). Since deteriorated RNA

(sheared or enzymaticaily degraded) can affect the accuracy of quantitative membrane

hybridization (Raskin et al. 1996; see aIso Appendix II), only intact RNA samples (i.e.,

samples with definite bands and 235: 165 bands ratio equal ta 2) were used for quantification.

3.3.4 RNA blotting

The RNA blotting protocol was modified after Stahl and Amann ( (991) and Raskin

and co-warkers (1996). The RNA samples (100 IlglmL) were denatured by adding 3 volumes

of 5% glutaraldehyde in 50 mM sodium phosphate (pH 7.0) and incubating the mixture 10

min. at 65°C. The denatured RNA samples were then diluted about 50 times in dyelpoly A

blotting solution (1 Jlg/mL ofpolyadelinic acid and 0.00020/0 bromophenol blue). This last

solution (100 JlL) was slo! blotted in triplicate on a positively-charged nylon membrane

(Biorad Zeta-Probe GT membrane) using the Biodot SF vacuum blotter (Biorad lnc.).

Replica membranes were produced ifmany probes were used for hybridization. The nucleic

acids were fixed to the membrane by exposure to 120 ml ofUY in a Stratalinker model1800

UV-crosslinker (Stratagene !ne.).
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• 3.3.5 S'-End probe labeling

The 5'-end ofthe oligonucleotide probes were labeled with 33p. The probes (10 pmol),

T4-polynucleotide kinase (4 U) and [y_33p]ATP (10 pmol) were diluted in 10X polynucleotide

kinase buffer (100 mM MgCI2J 50 mM dithiothreitol, 700 mM Tris-HCI, pH 7.6). The final

reaction volume was 15 ilL. The reaction mixture was first incubated 30 min. at 37°C, then

10 min. at 75°C. For hybridization, the reaction mixture was completely transferred to 5 mL

ùf hybridization buffer ta gh..-e a final probe concentration of 2 pmoL'mL.

Table 3.2. Probes used in this study.

Probe Name1 Abreviate Target Group
dName

Probe Sequence (5' to 3')2 References

Eubacteria GCTGCCTCCCGTAGGAGT (Amann et al. 1990)

Eubaeteria ACCCGACAAGGAATTTCGC (Amano et al. 1995)

Alpha Proteobaeteria CGTTCGYTCTGAGCCAG (Ivlanz et al. 1992)

Beta Proteobaeteria GCCTTCCCACTTCGTTT (Manz et al. (992)

CGACGTTYTAAACCCAGCTC (Amano et al. 1995)

Gamma Proteobacteria GCCTTCCCACATeGTTT

Cywphaga- TGGTCCGTGTCTCAGTAC

FJavobacterium cluster
~lanz et al. 1996)

(Roller et al. 1994)

(Manz et al. (992)

(Fry et al. 1997)

(Giovannoni et al. 1988)GWATTACCGCGGCKGCTG

Gram-positive Bacteria AAGGGGCATGATG

Gram-positive Baeteria TATAGTTACCACCGCCGT

\\ith high GC content

UniversaJ

Universa1

S-*-Univ-0519-a-A-18 UNI 16

L-*-Univ-2576-a-A-20 UNI23

S-O-Bact-033S-a-A-L8 EUB16

L-O-Baet-1933-a-A-19 EUB23

S-Sc-aProt-oO 19-a-A-17 ALF16

L..sc~bProt-l027-a-A-l7 BET23

L-Sc-gProt-1027-a-A-l7 GAM23

S-Sc-Cfc-0319-a-A-l8 CFC16

S-P-Grps-1200-a-A-13 GPB16

L-P-Grps-190 l-a-A-18 HGC23

S-*-Ecol-00 19-a-A-L7 EC(alf) 16 Escherichia coli

S-*-Ecol-0319-a-A-IS EC(cfc)16 Escherichia coli

CGTTCAATCTGAGCCAT

TGGACCGTGTCTCAGTTC

This Study

This Study

•

1 Probe names follow the convention of the Oligonucleotide Database Projeet (ODP: Alm et al. 1996) which is S or L
for small or large subsunit rRNA as the target; lener(s} designating the taxonomic levei target D-Domain. K-Kindom.
P-Phylum. Sc-Subclass. O-order. F-Family. G-Genus. S-Species. Ss-Subspecies. St-Strain. *-Undefined taxon: letters
designating the target group of the probe: nuc1eotide position (E. coli numbering) in the target where 3' end of the
antisense probe binds: letter designating the version of the probe (a. version 1: b. version 2: etc.)~ A or S indicating
whether the probe is identical to the antisense (template) strand or to the sense (nontemplate) strand; number
indicating the length in nucleotide of the probe.
Z K= G or T; W = A or T; Y = C or T
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3.3.6 Hybridization and washing

A total of eleven probes were used in this work (Table 3.2). The hybridization

protoeol was modified after Manz and eo-workers (1992) and Raskin and co-workers (1996).

The membranes were introdueed in hybridization bottles model HB-OV-~ (Hybaid Ine.)

with 5 mL of hybridization buffer (0.9 M NaCI, lOX Denhardt's solution, 5 mM EDTA,

0.5% (WN) SOS, 100 ug/mL sonicated salmon sperm DN~ 50 mM NaHP03, varied

concentration offormamide, pH 7.2). After a prehybridization of 1 heur at 46°C in a model

Micro-4 hybridization aven (Hybaid lne.), radioaetively-Iabeled oligonucleotide probes were

added to the hybridization buffer to a final concentration of 2 pmoVmL and the membranes

were hybridized at the same temperature for 12 hours. Probing stringency was introduced

in both the hybridization and washing steps by varying the formamide concentration in the

hybridization buffer and the NaCI concentration in the washing butfer (Table 3.3). After

hybridization, the membranes were washed 15 min. at 48°C in the same boule three times

\-vith 15 ml of washing buffer (20 mM TRIS-Hel, 5 mM EDTA, 0.0 1% SDS, vaned

concentration ofNaCI, pH 8.0).

3.3.7 Detection and quantification

The radioactive probe signal was detected by exposure of the hybridized membrane

to a Biomax rvfR autoradiographie film (Eastman Kodak Ine.) ta obtain a signai within the

dynamic range of the film. The films were then digitaIized with the model Gel Print 2000i

digitalizing system (Genomic Solutions lne.) and the signais were quantified by densitometry

using Scion Image for Wmdows, a public domain software developed by the National

Institute ofHealth (USA) and available on the Internet at http://rsb.info.nih.gov/nih-image/.

The probe signal was the average signal obtained from the three replicates on the membrane.

The relative target rRNA abundance was obtained by dividing a specifie probe signai by the

signai of the eubacterial probe targeted to the same rRNA subunit and correcting for

ditference in signal of the two probes for the positive control rRNA.
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• Table 3.3. Control organisms and hybridization conditions used in this study.

ProbeName Target Group Control Organisms1 Hybridization
Conditions1

Formamide NaCl
(0/0) (mM)

S-*-Univ-D519-a-A-18 Universal AlI Eubacteria 30 60
Trametes versicolor ATCC 20869

L-*-Univ-2576-a-A-20 Universal AlI Eubacteria 15 250
Trametes versicolor ATCC 20869

S-O-Baet..Q338-a-A-18 Eubacteria AlI Eubaeteria 25 LOO

L-D-Baet-1933-a-A-19 Eubacteria Ali Eubacteria 15 250

S-Sc-aProt-oO 19-a-A-17 Alpha Proteobacteria Sinorht:ohfllm meli/uti Rm 1021 *~ 20 160
.t/eth.v/osmlls tricosporium OB3b

L-Sc-bProt-ID27-a-A-17 Beta Proteobacteria Ralstonia eutropha ATCC 17699* 35 ~o

Comamonas testosteroni ATee 11996

L-Sc-gProt-l027-a-A-17 Gamma Proteobaeteria Escherichia coli DH5a* 35 ~o

Pseudomonas putida ATCC 17~85

S-Sc-Cfc-0319-a-A-18 (vtophaga- Cytophaga johnsonae ATCe 29589* 35 40
Flavobacterium cluster

S-P-Grps-l200-a-A-13 Gram-positive Baeteria Stap/zylococcus epidermidis ATee 12228 10 380
Arthrobacter sp. ATCC 21920*

L-P-Orps-190 l-a-A-18 Gram-positive Baeteria Arthrobacter sp. ATeC 21920* 25 100
\Vith high GC content

S-*-Ecol-DO 19-a-A-17 Escherichia coli NA"' 15 250

S-*-Ecol-G319-a-A-18 Escherichia coli NA 35 ~o

1 Organisms used to test the specificity of the probes.
l Concentration of fonnamide in the hybridization buffer and NaCI in the wash buffer (see text).
) * indicates the organisms used for positive control in the quantitative membrane hybridization assay.
~ NA: Not Applicable.
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3.4 Phenotypic fingerprinting

An aliquot of mixed liquor (1 00 ml) was centrifuged 15 min. at 8000 x g. The

biosolids were resuspended in 100 ml of sterile saline (0.8% NaCI) and blended for 1 min.

The large debris were removed by centrifuging the mixture at 350 x g for 5 min. in model

GLC-2 bench-top centrifuge (Dupont Instrument Inc.) and the supematant was kept in a

sterile flask. The debris \-vere resuspended in saline, blended, centrifuged again and the

supematant was pooled \-vith the previous one. The biomass in the pooled supernatants was

washed tbree times by centrifuging 15 min. at 8000 x g and resuspending in 100 mL saline.

The biomass was resuspended in phosphate buffered (0.1 M potassium phosphate) saline,

dispersed by a cell hamogenizer and the opticai density (00) at 600 nm was adjusted ta 0.3.

The Biolog GN (Table 3.4) plate was inoculated with ISO flL and incubated in the dark at

30°C. After 24 hours, the plates were read at 595 nm in a Biorad mode13550-UV microplate

reader.

3.5 Statistical analysis

AlI the statistical analyses \-vere performed with SAS/STAT ver. 6. 12 for Windows

(SAS Institute Inc. 1989) and SASIETS ver. 6.12 for Windows (SAS Institute Inc. 1993).

Principal components analysis (Rencher 1995) was carried out on the correlation matrix using

the PRINCOrvIP procedure of Si\S/STAT. The scores were standardized ta the unit variance

prior to plotting. Correlations were calculated using the CORR procedure ofSAS/STAT.

Empirical modeling was performed in two steps. First, autocorrelations and cross­

correlations (Box et al. 1994) were calculated using the A.RTh1A procedure of SASIETS.

Second, from the sample cross-correlation estimates, partialleast-squares regression (PLS)

models were fitted using the singular vector decomposition (S'VU) algorithm (Nlanne 1987;

Hoskuldsson 1988) ofthe PLS procedure of SAS/STAT. This regression method was chosen

because ofits robustness with respect to colenearity of the data and high ratio of the number

of variables to the number of observations. The number of latent variables (orthogonal

projections ofindependent variables) to be used was determined by the leave-one-out cross­

validation procedure, using the minimum predicted residual SUIn of squares (pRESS; Shao
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1993). The final model was obtained by itera~vely eliminating variables with a variable

importance in the projection (VIP) criterion smaller than 0.8 (\Vold 1994).

Table 3.4. Compounds in the Biolog GN plates ordered according to their location in the plate.

# Compounds # Compounds # Compounds

1 a:~Cyclode~trin 33 Xylitol 65 L-Alanine

2 Dextrin 34 TvlèllLyl pyruvUlè GG L-A1anyl~glycine

3 Glycogen 35 Mono~rnethyl succinate 67 L-Asparagine

4 Tween40 36 Aceùc acid 68 L-Aspartic acid

5 Tween 80 37 cis~Aconitic acid 69 L-Glutamic acid
6 N~Acetyl-D~galaetosamine 38 Citric acid 70 Glycyl-L~aspartic acid

7 N~Acetyl-D-glucosamine 39 Fonnic acid 71 Glycyl~L-glutamie aeid
8 Adonitol 40 D~Galaetonie acid lactone 72 L~Histidine

9 L-Arabinose 41 D~Galacturonic acid 73 Hydro~"Y~L-proline

10 D-Arabitol 42 D-Glueonic acid 74 L-Leucine

11 Cellobiose 43 D-Glucosaminic acid 75 L-omithine

12 i-Erythritol 44 D-Glucuronic acid 76 L-Phenylalanine

13 D-Fructose 45 a:-Hydroxybutyric acid 77 L-Proline

14- L-Fucose 46 ~-Hydroxybutyric acid 78 L-Pyroglutamie acid

15 D-Galaetose 47 y-Hydroxybutyric acid 79 D-Serine
16 Gentiobiose 48 p-Hydroxyphenylacetic acid 80 L-Serine

17 a:-D-Glucose 49 [taconie acid 81 L-Threonine

18 rn-Inositol 50 a:-Ketobutyric acid 82 o.L-Camitine

19 a:-D-lactose 51 lX-Ketoglutaric acid 83 y~Aminobutyric acid

20 Lactulose 52 a:-Ketovaleric acid 84 Urocanic acid

21 Maltose 53 o.L-Lactic acid 85 [nosine

22 D-Mannitol 54 Malonie acid 86 Uridine

23 D-Mannose 55 PropiOIùe acid 87 Thymidine
24 D-Melibiose 56 Quinic acid 88 Phenylethylamine

25 ~-Methyl-D-gIueoside 57 D-Saeeharie acid 89 Putrescine

26 D-Psicose 58 Sebaeic acid 90 2-Aminoethanol

27 D-Raffinose 59 Suecinic acid 91 2.3 -Butanediol

28 L-Rhamnose 60 Bromosuccinie acid 92 Glycerol

29 D-Sorbitol 61 Succinamie acid 93 DL-a:-Glycerol-phosphate

30 Sucrose 62 Glueuronamide 94 Glueose-l-phosphate

31 D-Trehalose 63 Alaninamide 95 Glueose-6-phosphate

32 Turanose 64 D-Alanine
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Chapter 4. Results

The primary objective of the study is to evaluate, from an industry point ofview, the

utility of phylogenetically characterizing bacterial cornmunities to control and diagnose

wastewater treatment systems. First, it was necessary to follow the bacteria! community in

time and demonstrate that the commumty profile was not random., but related to changes in

reactor conditions. Second, the relationship between the community profile and the

performance of the reactor had to be made. Third., the technique was aIso compared to other

community characterization techniques (phenotypic fingerprinting) that are currently being

developed.

The results are presented in three sections. Section 1 describes the monitoring and

behaviours oftwo bioreactors treating pulp mill effluent from the Domtar Cornwall facility,

Reactor 1, the main bioreactor, was followed for thirteen months. Reactor 2, a pilot

bioreactor, was followed for five months. Section 2 describes the weekly sampling of

biomass in the!Wo reaetors. Total community RNA was extracted and the abundance offive

phylogenetically-defined bacteria! populations was determined by membrane hybridization.

Section 3 presents phenotypic fingerprints of the bacteria! communities obtained at seven

ditferent dates for Reactor 1 and four different dates for Reactor 2.

Principal component analysis (PCA) and partialleast squares (PLS) regression were

used for exploratory purposes, in order to investigate the relationships between reactor

conditions, phylogenetic community structure and phenotypic fingerprint. First, PCA was

used to visuaIize the differences between the two reactors according to the type of data.

Second, the bioreactor conditions and behavior data., and the probe responses were used as

potentia! explanatory variables to build empirical regression models with the PLS method.

The statistical analyses and the relevant raw data are presented in Section 4.
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4.1 Conditions and behaviors of the two Cornwall reactors

4.1.1 Reactor 1

Reactor 1 is a 25,000 m3 reactor treating about 100,000 m 3 per day of integrated

hardwood bleached kraft pulp and paper mill effluent (reactor influent). It is divided ioto

four cells. During the rime ofthe study, the reactor was operated in step-feed mode, meaning

that aIl the biomass was returned to the tirs! cell, but the influent was equally partitioned

benveen the fust arld the third cell. A. total of forty-three variahles were used ta monitor the

reactor during the time of the study (Table 4.1).

The tirst group of variables described the characteristics of the influent wastewater.

The wastewater entering Reactor 1 had a usual COD:BOOs ratio of about three (Table 4.1).

Alcohols (90°,.fa methanol and 100/0 ethanol) and VFA (73% acetate, 230/0 formate and 4%

propionate) composed a total of 450/0 of the BODs in equal proportions. The COD was

mainly composed of high molecular weight and low molecular weight soluble compounds.

The second group of variables described the operation of the bioreactor. They

represent factors that can be manipulated by the operators. Reactor 1 was operated at an F:M

ratio (BOOs) of 0.28 KglKg/day and a sludge age of Il days on average (Table 4.1). The

yearly average temperature of Reactor 1 was 30 oC (Table 4.1). From mid Oecember until

the end of March, the temperature averaged 25 oC, whereas from mid June until mid

September, the temperature averaged 36 oC (data not sho\vn). Bet\veen these periods, a

steady increase (lVlarch to June) or decrease (September to December) was observed.

Ammonia and phosphate were added to the system in a target BOD:N:P ratio of 100:5: 1.

However, the mill usually added slightly more ammonia and slightly less phosphate. The

average observed ratio over the year ofthis study was 100:5.8:0.73 (Table 4.1).
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• Table 4.1. Variables 1 descnbing influent characteristics, bioreactor operation, sludge
characteristics and the final effluent characteristics for the two Cornwall reactors.

Variables Units Reactor 1 Reactor 2
Average S02 Average SO

Influent Characteristics

COD mg/L 640 141 6287 1843

BOOs mg/L 211 49 1122 482

COO:BOOs 3.07 0.36 5.98 1.30

Alcohols (BOOs)3 mgIL 43.8 13.8 1.4 1.3

VFA (BOOs)3 mgIL 47.6 19.1 326.5 296.1

Phenols (B005)3 mgIL 3.7 1.6 N.A.~

Particulate COD ~/o Total COD 17 8 N.A.

COD> 1000 rvrw 0/0 Total COD 47 8 N.A.
COD 500-1000 MW 0/0 Total COD 12 5 N.A.
cao < 500 ivfW % Total COD 25 7 N.A.
TSS mgIL 59 26 N.A.

Conductivity uS/cm 1435 207 N.A.

Absorbance (280 nm) 2.17 0.65 N.A.

Bioreactor Operation

Temperature oC 30.8 4.7 29.2 3.0

pH pH 7.5 0.6 8.7 0.2

F:M Ratio (B005)5 KglKglDay 0.28 0.08 0.27 0.12

F:M Ratio (COOrt KglKglDay 0.60 0.15 0.84 0.65

Sludge Age Day 11.3 2.7 44.9 13.3

Hydraulic Retention Time hour 5.4 0.4 37.1 9.9

Recirculation Time7 hour 6.8 1.7 N.A.
Chlorination8 Day 0.32 N.A. N.A.

1 Average of one observation per week during the time of the study
2 SO: Standard Deviation
3 Alcohol, VFA and Phenol concentrations were determined by gas
chromatography and converted to BOOs equivalent prior to the summation (See
Chapter 3).
.J N..~.: Not Available
5 The sludge concentration is expressed in terms ofMLSS thraugh the table
6 COOr: COD removed
1 Recirculation Time: Average time period between twa successive introductions

• of a floc in the fust cell of the reaetor
8 Chlorination is a binary variable ofvalue 1 when the reactor was chlorinated
during the week before sampling. The fraction represents the proportion ofweeks
where chlorination was applied.
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• Table 4.1 (continued). Variables describing influent characteristics, bioreactor
operation, sludge characteristics and the final effluent characteristics for the two
Cornwall reactors.

Variables Units Reactor 1 Reactor 2

Average 50 Average SO

Bioreactor Operation (continued)

Dissolved O2 (Cell 1) mgIL 2.39 1.81 3.59 2.05

Dissolved 02 (Ce1l2) mglL 2.62 1.35 3.64 1.73

Dissolved O2 (Cell 3) mg/L 1.76 1.11 N.A.
Dissolved O2 (Ce114) mgIL 2.24 1.52 N.A.
Average added NH3-~ mg/L 12.3 3.3 11.0 27.7

BOOs:N1o mg:mg 5.7 2.1 N.A.
Average added PO.t-p9 mg/L 1.5 0.5 7.2 6.3
BOOS:plO mg:mg 0.73 0.21 N.A.
COD removal % 71.4 5.7 45.6 16.7

BOOs removal % 96.3 1.7 93.4 47.8

TSS removal 0,'0 63.4 37.1 N.A.

Sludge Characteristics
SOUR III mg 0lg/hour 8.8 2.7 13.4 6.3

SOUR 2 12 mg 0lglhour 8.6 3.3 8.0 3.8

SOUR 1:SOUR 2 1.1 0.3 1.5 0.6

Sludge level in clarifier Feet 1.76 0.73 1.47 0.68

SVI mUg 80 26 141 61

Effluent Characteristics

COD mg/L 186 66 3421 1507

BOOs mg/L 8 5 74 44

TSS mg/L 18 8 87 43

Chloroform flgIL 2.0 12 N.A.

NH3-N in last cell mg/L 1.6 1.7 8.6 17.5

PO/--P in last cell mgIL 0.4 0.2 5.4 5.5

9 Average added nutrient = Mass ofnutrient added in one day divided by the flow.
10 BODs is fixed ta 100 mg and the nutrient is expressed accordingly.
Il SOUR 1: SOUR in the tirst cel1 of the reactor
12 SOUR 2: SOUR in the last cell of the reactor
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The third group of variables describes the sludge. The SOUR a measure of the

respiration activity, averaged 8.8 mg O:!g/hour in the first cell and 8.6 mg 0/glhour in the

last cell. However, the SOUR difference bev.veen cells is greater than what is suggested by

the above averages since the SOUR I:S0UR 2 ratio averaged 1.1 (Table 4.1). The SV!

averaged 80 mL/g during the time of the study (Table 4.1) which is weIl below the bulking

level of 150-200 mUg often reported for systems experiencing bulking (Jenkins et ai. 1993).

In fact, bulking \vas not observed i.."l Reaetor 1 during the course of the study even if fihunents

ofType 021 N, 0914 and Thiothrix were observed (data not sho\vn).

The fourth group ofvariables described the treatment system effluent. The averaged

BOOs and TSS were respectively 8 and 18 mgIL. The chloroform concentration average 2

~gIL. AlI these data were well under Ontario limits for 1996-97.

4.1.2 Reactor 2

Reactor 2 is a 5 m] pilot reactor treating a high COD charged pulp mill effluent which

was pretreated anaerobically. The reactor is divided in two cells of equaI volume. During

the course of the study, it \vas operated in plug-flow mode, meaning that ail the influent

entered the first cell. Twenty-seven variables were used to monitor the reactor (Table 4. 1).

The influent of Reactor 2 differed trom the influent of Reactor 1, having a much

higher COD concentration, and an unusually high COD:BODs ratio (Table 4.1). The aIcohol

concentration was much lower than in Reactor 1 influent, but the VFA concentration was

higher. A strong sulfurous odour was aIso detected. These characteristics were probably due

ta the anaerobic pretreatment of the wastewater.

The operation of Reactor 2 aIso differed from the operation of Reactor 1. The

operating pH of 8.7, the average sludge age of45 days and the average hydraulic retention

time (HRT) of 37 hours were ail unusually high for such a conventional activated sludge

system (Table 4.1).
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Figure 4.1. Standardized scores biplot of PCA for (a) influent characteristics and reactor
operation~ Cb) phylogenetic community structure~ and (c) phenotypic fingerprint. Symbols
designate the reaetor (1: Reactor 1; 2: Reactor 2) and the dates CA, B, C~ D: February; E~ F,
G: August). The variability accounted for by the PC is indicated in brackets.
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The sludge characteristics showed a SOUR in the first cell much higher than in

Reactor 1. This higher SOUR was probably due to the presence ofhydrogen sulfide in the

influent. The SV! was aIso higher even if filaments were not observed in this reaetor during

the course of the study. The rea50n was not identified.

The characteristics of the effluent showed slightly worse performance of Reactor 2

as compared to Reaetor 1. The BODs and the TSS were 74 mgIL and 87 mgIL, respectively.

The average ammonia and phosphate residual concentrations were aise higher in Reactor 2

effluent (Table 4.1).

For most of the variables used to describe them, Reactor 1 and 2 are very different

(Table 4.1). The differences in influent and operation can be quickly visua1ized in the Fig.

4.1a. The dates were included in the analysis only if phenotypic fingerprinting was

performed. The first principal component clearly differentiated the two reactors.

4.2 Phylogenetic community structure

4.2.1 Reactor 1

The phylogenetic community structure was determined using five probes CALF 16:

Alpha Proteobaeteria, BET23: Beta Proteobaeteria, GAA123: Gamma Proteobacteria, CFC 16:

Cytophaga-Flavobacterium Clu5ter, GPB 16: Gram Positive Bacteria) and followed for 13

months (Fig. 4.2). The averages probe response during that period showed that probes

ALF16 and BET23 targeted the most abundant fractions ofrRNA in the bacteria! community

(Fig. 4.3). In absolute terms, the response ofthese two probes aIso varied the most (Fig. 4.3).

Probe GAM23 targeted a population of intermediate rRNA abundance, whereas probes

CFe 16 and GPB 16 targeted ta populations of low rRNA abundance.
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Probe responses varied independently from each other, except for three statistically

significant correlations (Table 4.2). Negative correlations were obtained between probe

GAM23 and probes ALF16 and BET23, suggesting competition between the population

targeted by probe GAM 23 and the populations targeted by probes ALF16 and BET23. A

positive correlation was observed between probes CfC16 and GPB 16.

Table 4.2. Matrix of correlations among the probe responses for Reactor 1
(above diagonal) and Reactor 2 (below diagonal).

Probes ALFl6 BET23 G.Atv123 CFC16 GPBl6

ALF16 -0.05 -0.46 *1 0.05 0.26

BET23 0.21 -0.32 * 0.04 0.05

GAM23 -0.10 -0.30 -0.14 -0.23

CFC16 0.47 * 0.07 0.30 0.31 *

GPB16 -0.17 -0.20 0.22 0.01

l *: rndicates significant correlations (p < 0.05).
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Figure 4.2. Time profile over 13 months of the phylogenetic community structure of Reactor
1 as determined by membrane hybridization with probes ALF16 (Â), BET23 (~ ), GAiv123
(. ), CFC 16 (e) and GPB 16(.). Ticks are set at a seale of one week.
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Figure 4.3. Average phylogenetic community structure as determined by membrane
hybridization for Reaetor l (_) and Reactor 2 (c::=J). Error bars indicate the temporal
standard deviation (Reactor 1 n = 52; Reaetor 2 n =20).
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4.2.2 Reactor 2

In Reactor 2, the phylogenetic community structure was followed for 5 months (Fig.

4.4). The community structure in this reactor was much different from Reactor 1 (Fig. 4.3).

The proportion ofrRNA targeted by probes ALF16 and BET23 was lower in the community

of Reactor 2, while the populations targeted by probes GAM23, CFC 16 and GPB 16 were

more abundant. The response of probe GPB 16 varied the most. These differences in

phylogenetic bacteria! community structure between Reactors 1 and 2 (Fig 4 3) are also

apparent in the coordinate plot of the principal component analysis (Fig. 4. 1b). The

correlation analysis between the probe responses showed ooly one significant correlation

(Table 4.2). The correlation coefficient between the response of probes ALF 16 and CFC 16

was 0.47 suggesting a mutualistic interaction.

4.2.3 Presence of Gram positive bacteria with high Ge content

Ta investigate further the phylogenetic affiliation of the rRNA hybridizing to probe

GPB 16, the fus! community RNA sample of each month was hybridized with probe HGC23

(Fig. 4.5). Ooly a weak hybridization signal, probably due to non-specifie binding, was

obtained when probe HGC23 was used ta hybridize RNA extracted from activated sludge

from the two reactors. It was possible ta detect 1010 cells of Arthrobacter sp., a species

within the Gram positive high Ge cluster, amended to about 60 mg of activated sludge before

extraction (Fig. 4.5). Assuming a concentration of 1010 bacterial cells/mg of activated sludge,

tbis indicates a detection limit of approximately 10/0 .
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Figure 4.4. Time profile over 5 months of the phylogenetic community structure of Reactor
2 as determined by membrane hybridization \vith probes .A.LF 16 (.), BET23 (. ), GA1\123
(. ), CFC 16 (. ) and GPB 16(.). Ticks are set at a scale of one week.
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Figure 4.5. Autoradiogram ofblot of total community RNA from Reactor 1 and Reactor 2
hybridized with (a) probe EUB23 and Cb) HGC23. Arthrohacter sp. cells were added to
activated sludge sample of October 1996 from Reactor 1 before RNA extraction Ccells +
sludge).
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a) Probe EUB23

Reactor 1
September 1996

December 1996

January 1997

February 1997

March 1997 '

April 1997

May 1997

June 1997

July 1997

August 1997

April 1997

June 1997

July 1997

Arthrobacter sp.
Pure culture

109 cells + sludge

1010 cells + sludge

10 11 cells + sludge

1012 cells + sludge

;?:':~~'-;ii:~;~:~:~';~~%!f;;'~~f.t-~~.~~\
, ." ..".:_:.. : . --, /:~2: .

b) Probe HGC23

Reactor 1 Reactor 2
~ "7~i~. :"·C_i1.;~-,.:: ~~ .-:';';'"!~-.~~~.~- ,. _ - -

September 1996::~~i,~['~~(,:wr:.\:',L: ,;-~ '. ,'~' ."",~\ January 1997
"~~:L1./.:' ~ .!t-·

October 1996 February 1997

November 1996 March 1997

December 1996 April 1997

January 1997 'J June 1997
.,.~":$...-~tljl

February 1997 '"';~:.~':~; July 1997

March 1997 ' Arthrobacter sp.
April 1997 Pure culture

May 1997 ',. . ,.. 109 cells + sludge
4:;l.'t.-r~~~:; ~s~',±i~~;~- ~~~.. "I~ .~";I~ ~ _ ~~~t=!il

June 1997 .i·· :::~:):!~~~à_1~~~~t~~<\,*-}~~f~'1!~;~~?~::,t;:~?~ 10 10 ceIls + sIudge

July 1997 1011 cells + sludge

August 1997 1012 cells + sludge
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4.3 Community phenotypic fingerprinting

The two reactors were compared with respect to their phenotypic potential using the

Biolog GN plate. Phenotypic fingerprints of Reactor 1 were taken seven times, four times

during the cold season (February 1997) and three times during the warm season (August

1997). Reactor 2 was analyzed four times in February 1997. The phenotypic fingerprints of

the two reactors are shown in Fig. 4.6.

To assess the differences between the two reactors; a principal component analysis

was performed on the profiles. Fig. 4.1 c shows the biplot of the tirst two principal

components of this analysis. Whereas the tirst principal component (pC 1) did not contrast

the two reactors, the second principal component (pC 2) provided the highest scores for the

samples from Reactor 1. However, the distance bet\veen the t\vo reactor samples even with

respect ta PC 2 is small.

The carbon compounds related to the difference observed in the PC 2 of the principal

component analysis of the phenotypic fingerprints (Fig. 4. 1c) were identified by correlating

the PC 2 scores and the compound responses. It was found that the community of Reactor 1

was relatively more active toward certain sugars, whereas the community of Reactor 2 was

relatively more active toward VFA (Table 4.3). However, the difference in activity was

greater for the sugars (Fig. 4.6) compared to the difference in activity toward the VFA.
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• Table 4.3. Phenotypic differences between the Reactors 1 and 2 bacterial
communities as the carbon compound response correlated with PC 2 (Fig. 4.1c).

•

Carbon Compounds

Sugars
N-acetyl-D-glucosamine
adonitol
L-arabinose
D-arabitol
L-fucose
D-galactose
m-inositol

Cl-D-Iactose

D-melibiose
D-raffinose
L-rhamnose

Volatile fatty acids

acetic acid
D-galactonic acid lactene

Cl-hydroxybutyric acid

Cl-ketebutyric acid

Cl-ketevaleric acid
succinamic acid

Amine acids and Nucleosides
D-serine

uridine
thymidine

Community Greater Activity

Reactor 1 Reactor 2

+
+

+

+
+

+
+

+

+

+

+

+

+

+
+
+

+

+

+

+
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Figure 4.6. Average phenotypic fingerprint for the community of Reactor 1 (n=9) and the
community ofReaetor 2 (n=4). The numbers identifying the carbon compounds (x-axis) are
the same as in Table 3.2. White bars indicate the carbon compounds correlated with PC 2
(Fig 4.1c; Table 4.3).
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4.4 Evaluation of phylogenetic community structure data

The information provided by the phylogenetic community structure as determined by

membrane hybridization was evaluated using three criteria: (i) its precision, (ii) its level of

determination by the reactor conditions, that is whether the probe responses vary randomly

over rime or they are related to changes in reactor, and (iii) the information it provided on the

sludge and effiuent characteristics. The first criterion was analyzed by comparing the average

coefficient ofvariation arnong replicates and the average coefficient ofvariation in time The

second and third criteria were analyzed by building regression models of the phylogenetic

community structures on the reactor conditions and behavior, using the PLS method.

4.4.1 Precision orthe membrane hybridization assay

An important factor to consider in the development of a new monitoring tool is its

precision. To evaluate the precision of membrane hybridization among replicates, five

activated sludge samples were taken at the same time and their RNA was extracted in

parallel. The nucleic acid samples were then probed independently. The coefficient of

variation (CV) \vas determined for each probe. The average CV and their standard deviation

among the probes are reported in Table 4.4. This procedure was performed twice during the

course of this one year study.

Similarly, ta quantify the temporal variability, the average CV was computed using

the weekly phylogenetic community structures. To compute this CV, five equidistant

temporal points were considered around the time at which the replication studies were

performed. More than one scale was used to select the rime points of the temporal data

points (Table 4.4) since scale can affect the variability observed (Dutilleul 1998).
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Table 4.4. Variability ofphylogenetic membrane hybridization at various scales using five probes.

Scale of First Half of the Year Second Halfof the Year
Variability1 (10/23/96) (3/12/97)

Average CV Standard Theoretical Average CY Standard Theoretieal
CY 2 Error R2 cy! Error R2

Replieas 14.2 2.1 N.A.3 19.7 5.7 N.A.

Every day N.O.] N.D. N.O. 29.7 7.0 0.56

Every 7 days 25.3 3.4 0.69 24.0 ~ ? 0.33.J._

Every 14 days 24.8 5.2 0.67 21.0 7.6 0.12

Every 28 days 21.6 .., ~ 0.57 24.0 5.7 0.33_ . .J

1 One measurement was taken five times at the seale indicated. The range of the smaller scale faIls
always at the middle of the range of the larger scale.
2 Average coefficient of variation for probes ALF16, BET23, GAM23, CFC16 and GPBI6.
J N.A.: Not applicable, N.D.: Not determined

The average CV for the replieation study ranged between 14 and 20% (Table 4.4).

On the other hand~ the temporal average CV was found ta vary between 21 and 300
/0. The

temporal variability observed did not seem to be affeeted by the scale used, except at the

daily scale for which variability appeared slightly higher than the others (Table 4.4).

The following ratio:

Temporal Variability - Arnong Replicates Variability
Temporal Variability

is defined as the theoretical R2
• It could be associated with the signal-ta-noise ratio. In this

study, the theoretical R2 was found ta be between 0.3 and 0.7.
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4.4.2 Regression models of Reactor 1

Regression modeling had three objectives. It was used to determine (i) if the

phylogenetic community structure varied randomly, (ii) the most important reactor

parameters influencing the community structure, (li) if the community structure could be

related to reaetor performance.

./../.2./ Phylogenetic community stnlc/ure

The modeling of the variation of phylogenetic community structure was perfarmed

in three steps. First, ail the variables were submitted to autocorrelatian analysis. Second,

cross-correlation analysis was carried out between the variables describing reactor conditions

(influent characteristics and reactor operation) and the probe responses phylogenetlcally

describing the baeterial populations. Third, the probe responses were regressed on the reactor

condition variables using the PLS methad.

Before submitting the data ta regression analysis, the variables were analyzed for

autocorrelation. Only four variables (Temperature, Average added PO'/--P, COD> 1000

MW and COD < 500 ~ were found to be autocorrelated, but the maximum

autocorrelation coefficient was 0.65. AIl the other variables were not found to be

autocorrelated (data not shawn).

When the PLS regression was applied directly to the variables without further

analysis, the cross-validation criterion (minimum in PRESS) used to determine the number

of latent variables CLV) ta use in the model indicated that no LV should be included in the

mode! (Le., no model was obtained). This first regression attempt may have failed because

possible delayed effects of the reactor conditions on the bacterial community structure were

not considered. To detect them, cross-correlations between reactor conditions variables and

probe responses were performed. Significant cross-correlations at various time delays (lai)

were observed between baeterial population and reactor data (data not shown). However, in

2The lag period is defined as being the time elapsed between the collection of two
successive samples. In our case, a sample was taken every seven days. Therefore, the
tirst lag equals seven days (i.e., sampling time unit).
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the case of bulking, a baeterial community can take up to three sludge ages (4.9 lags) to

reintroduce steady state (Palm et al. 1980). On that basis, cross-correlations at lags greater

that 5 were not considered. With this procedure, significant cross-correlations at lags 0, 2,

and 3 were detected (Table 4.Sa).

When the results from the cross-correlation analysis were considered, the cross­

validation cnterion indicated that four LV should be included in the model (Table 4.5). The

average R2 of the model was then 0.53. Interestingly: the R 2 is higher for probes ALF16:

BET23 and GAM23 and lower for the two other probes (Table 4.5b). Ordering the data by

importance ofvariables (i.e., VIP eriterion) showed that the model was mainly dependent on

lagged variables, most ofthem by two or three sampling time unit (Table 4.5b). Arnong the

first ten variables, only one was simultaneous (Iag 0) and arnong those with a VIP greater

than one, ooly 28% of them were simultaneous.

The most important variables in the PLS model were: high molecular weigth cao
(COD> 1000 MW), particulate cao, average added phosphate, sludge age and alcohol

concentration. Arnong the variables ranked relatively low were temperature and the average

added ammonia. The pH and VFA concentration are totally absent fram the final model

-/. -/.2.2 Sludge and effluent characteristics

T0 evaluate the diagnosis potential of the information provided by the phylogenetic

community structure, the sludge and etlluent characteristics were regressed on the probe

responses the reactor condition variables. Regression models for the sludge characteristics

are reported in Table 4.6. Those for effluent characteristics are reported in Table 4.7.
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• Table 4.5a PLS regression1 ofprobe responses on the influent characteristics and
operation parameters for Reaetor 1: importance of each parameter.

Rank Model Variables Lag VIP2

Variables with VIP > 1 correlated with community at lag 2 or 3

1 COD> 1000 rvtW 3 1.50

2 Particulate COD 3 1.48

4 Average added PO/--p 2 1.39

5 Sludge Age 3 1.29

6 COD 500-1000 tv1W ~ 1.28-1

7 Alcohols (BOOs) 3 1. 15

8 Absorbance (280 nm) 3 1.15

9 Conductivity 2 1.14

10 BOOs 2 1.13

Il F:M Ratio (BOOs) 2 1.10

13 Phenols (BOOs) ~ 1.08-1

15 BOOs:N 2 1.06

17 Temperature 2 1.02

Variables with VIP> 1 correlated with community at lag 0

3 Average added PO/--P 0 lAI

12 Oissolved O2 (Cell 4) 0 1.09

14 Conductivity 0 1.08

16 BOOs:N 0 1.04

18 Oissolved O2 (Cel1 2) 0 1.01

Variables with VIP < 1 correlated with community at lag 2 or 3

19 Average added NH3-N 2 0.99

20 COO <500 MW 3 0.95

21 BOOs:P 2 0.94

Variables with VIP < 1 correlated with community at lag 0

22 Oissolved O2 (Cell3) 0 0.92

23 TSS 0 0.91

24 BODs:P 0 0.85

25 Oissolved O2 (Cell 1) 0 0.81

1 Regression model cbaraeteristics
Number of latent variables: 4
Portion ofvariation extracted from independent variables: 57.5%• Average model R2

: 0.53
2 VIP: Variable Importance in the Projection
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• Table 4.5b. PLS regression of probe responses on the influent characteristics and
operation parameters for Reactor 1: regression coefficients L for each parameter.

Madel Variables ALFI6 BET23 GAM23 CfCI6 GPBI6

Model R2 0.66 0.53 0.61 0.36 0.48

Variables with VIP> 1 correlated with community at lag 2 or 3

COD> 1000 lVIW 11 II -25 -9 -9

Particulate COD -21 - t l 20 l l ! !

Average added POol3._p -9 -13 17 -5 -Il

Sludge Age 10 a -5 -15 -20

COD 500-1000 MW -7 6 -6 9 13

Alcohols (BOOs) -14 -8 13 4
..,
.)

Absorbance (280 nm) -13 -4 5 7 8

Conductivity -6 -5 3 -2 -4

BOOs -8 -5
..,

0 -2.,)

F:M Ratio (BOOs) -4 -4 1
..,

-5-.,)

Phenols (BODs) -3 6 -10 4 6

BODs:N -8 -2 0 4 4

Temperature Il 12 -20 0
..,
.)

Variables with VIP > 1 correlated with community at lag a
Average added PO/·_p -Il -13 22 -5 -la
Oissolved O2 (Cell 4) -4 -9 12 0

..,
-.)

Conductivity 1 -2 2 -8 -Il

BOOs:N -10 -5 10 2 1
Oissolved 0 1 (Cell 2) -2 -7 7 -1 -4

Variables with VIP < 1 correlated with community at lag 2 or 3

Average added NH]-N 4 -4 2 -la -15

COD <500MW -6 -8 13 -4 -8

BODs:P 3 6 -14 a 2

Variables with VIP < 1 correlated with community at lag 0

Dissolved O2 (Cel1 3) -1 -5 5 -1
..,

-.)

TSS 6 2 -7 -9 -12

BODs:P -5 2 a ..,
4~

Dissolved O2 (Celll) 4 -2 -1
..,

-4-~

L Coefficients are multiplied by laD.
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The regression models describing the SOUR and the SVI had an R2 of 0.4 and 0.7,

respectively. Among all the explanatory variables included in these regressions, probes

ALF16 and GAM23 ranked among the fust ten with respect to their VIP (Table 4.6)

indicating a relationship between community structure and sludge characteristics. For SOUR

this relationship is understandable since different bacteria consume or are inhibited by

different compounds which influence their respiration rate (e.g., Goodall and Peretti 1998~

Bro\\n et al. 1990; \'olskay and Grady 1990).

Table 4.6. Importance of variables in PLS regression models describing sludge characteristics
based on influent chracteristics, reactor operation and probe responses in Reactor 1.

PLS Regressions Influent and Operation Variables1 Probes

LV2 Variability R2 Rank Variables VIP4 Rank Variables VIP
ExtractedJ

SOUR 1, SOUR 2 and SOUR l/SOUR 2

2 24.9% 0.42 1 Recirculation Time 2.7 7 .A..LFI6 1.4

2 F:M Ratio (BOD s) 1.8 8 GAM23 1.4

3 Dissolved 0., (CeLl4) 1.7 15 CfC16 1.1
4 Alcohols (BOD5) 1.6 18 BET23 1.0

5 BODs 1.6 30 GPB16 0.6

svr and Sludge Level in Clarifier

3 31.30/0 0.71 1 Recirculation Time 1.8 4 GAM23 1.6

2 F:M Ratio (BOOs) 1.7 6 ALF16 1.5

3 Chlorination 1.6 21 BET23 1.0

5 Particulate COD 1.6 27 GPB16 0.8
7 BOOs 1.5 29 CfC16 0.6

1 Variables with the tive highest VIP ofthis category are reported.
2 LV: Number of Latent Variables used.
3 Percentage ofvariability extracted from the independent variables by the LV.
~ VIP: Variable Importance in the Projection.
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The chlorinatioD, recirculation time, and probe GAM23 had positive regression

coefficients relating them to SV! (data not shawn). As shown in Fig. 4.7, the SV! curve

followed up to a certain degree Cr =0.41) the response of probe GAM23 probably due to the

pressure on fiIamentous bacteria of within the Gamma Proteobacteria lineage. However,

such a causal interpretation should not be applied to chlorination and recirculation rime.

Local svr peaks prompted chlorination (Fig. 4.7). Similarly, because of reduced thickening,

an increase in SVI increased recirculation time. Therefore, the last two variables do not

influence SVI, but they are rather influenced by it (see the conceptual model in Chapter 5).

The R2 of the models describing the effluent characteristics ranged from 0.5 to 0.9

(Table 4.7). Contrary to the regression models describing the sludge characteristics, no probe

response was among the ten most important variables in these models (Table 4.7). The lower

ranking of the probe responses was aIso generally true for the sludge characteristics

indicating that neither the sludge characteristics nor phylogenetic community structure

provided with relevant information about the erouent. This is probably an effect of the near

steady state of the reactor and of the control of SVI by chlorination which prevents an

increase in TSS in the efiluent.
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Figure 4.7. Variation in Reaetor 1 ofprobe GAM23 response (.)! SVl (0) and chlorination
(1 1) during 13 months in 1996 and 1997.
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Table 4.7. Importance ofvariables in PLS regression models describing effluent characteristics based on influent chracteristics, reactor
operation, probe responses and sludge characteristics in Reactor 1.

PLS Regression Influent and Operation Variables' Probes Siudge Characteristics

LV2 Variability R2 Rank Variables VIP" Rank Variables VIP Rank Variables VIP
Extracted3

BOO and TSS
3 31.10/0 0.62 1 COD < 500 MW 2.0 12 BET23 1.2 19 SVI 0.9

2 BOD~ 1.8 17 GPBI6 1.0 23 SOUR 1 0.9
3 COD 1.7 27 ALFI6 0.7 26 SOUR 2 0.8

4 Absorbance (280 om) 1.6 29 CfC16 0.7 38 SOUR I/S0UR 2 0.5
5 Conductivity 1.5 34 GAM23 0.6

COD

2 26.00/0 0.86 1 COD 2.3 15 BET23 0.9 13 SVI 1.0
2 BOD j 2.1 22 GAM23 0.7 19 SOUR2 0.9

3 Absorbance (280 nlll) 2.0 23 ALFI6 0.7 21 SOUR 1 0.8

4 Phenols (BOOs) 2.0 25 GPBI6 0.6 3D SOUR I/S0UR 2 0.4

5 Conductivity 1 8 37 CFCI6 0.2

Chloroform

2 23.9 % 0.50 1 Temperature 2.3 13 GAM23 1.4 4 SVI 1.8

2 cao 500-} 000 MW 2.2 22 GPBI6 LI 20 SOUR 1 1.1

3 VFA (BOOs) 1.9 23 BET23 1.0 28 SOUR2 0.8

5 Phenol (BOOs) 1.7 25 ALFI6 1.0 30 SOUR I/SOUR 2 0.6

6 BOOs 1.7 39 CFCI6 0.1

1 Variables with the five highest VIP ofthis category are reported.
2 LV: Numher of Latent Variables used.
3 Percentage ofvariability extracted from the independent variables by the LV.
.. VIP: Variable Inlportance in the Projection.
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4.4.3 Regression model of Reactor 2 phylogenetic community structure

Fourteen variables describing the conditions ofReactor 2 were investigated for their

influence on the phylogenetic baeterial community structure. A cross-correlation analysis

was performed and variables were found ta be correlated at either lag aor lag 1. The probe

responses were regressed on these variables using the PLS method.

The model explaining the phylogenetic community structure ofReactor 2 had an R2

of0.46 (Table 4.8). Probes GPB 16 and .J.\.LF16 had the hig..hest level of determination with

an R2 of 0.61 and 0.58, respectively. On the other hand, the performance of the model in

explaining the response of probe BET23 is poor with an R2 0fO.27.

According to the model, the VFA concentration, the phosphate concentration in the

last cell and the sludge age are the most important explanatory variables. Their time curve

corresponded with the response ofprobe GPB 16 (Fig. 4.8), which is the probe response with

the highest level of determination.

Table 4.8. PLS regression1 of probe responses on the influent characteristics and operation
parameters for Reactor 2.

Rank Madel Variables Lag VIP! Regression Coefficients3

ALF16 BET23 GAM23 CfC16 GPBI6

Madel R2 0.58 0.27 0.44 0.41 0.61

VFA 0 1.27 -1 -3 -21 "" 26-.J

2 Alcohols 0 1.08 -3 "" -18 -4 21-.)

3 PO./·_P (last cell) 0 1.04 -16 4 -13 -10
4 Sludge Age 1 1.04 14 -2 -9 Il 16

5 COD 0 0.95 -10 -2 -Il -10 Il

6 Dissolved O2 (tirst cell) 0 0.86 II 1 8 10 -7
7 F:M ratio (COOr) 1 0.84 12 1 6 la -4

1 Regression model cbaracteristics
Number of latent variables: 2
Portion ofvariation extracted from independent variables: 81.0%
Average model R2

: 0.46
2 VIP: Variable Importance in the Projection
3 Regression Coefficients were multiplied by 100
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Figure 4.8. Variation in Reactor 2 of probe GPB 16 response (. ), VFA concentration (0 ),
phosphate concentration the in last cell (6 ) and sludge age (0 ) during 5 months in 1997.
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Chapter 5. Discussion

5.1 Conceptual model of wastewater treatment systems

To investigate the inter-influence of reactor variables and the phylogenetic

community structure, empirical regression models were built. The analysis was based on a

theoretical understanding ofwastewater treatment systems described in the conceptuaI model

presented in Fig. 5.1. Before discussing the results, this conceptual model will be introduced.

The primary factors impacting on the bioreactor are the influent characteristics. The

entire operation of the reactor is dependent on variables such as the BODs loading. For

example, the BODs loading will influence the rate of nutrient addition to maintain a constant

residual concentration (Fig. 5.1, Arrow 1). Together, the influent characteristics and the

reactor operation change the microbial community and the sludge characteristics (Fig 5.1,

Arrow 2) . For example, methanol would enrich for methylotrophic bacteria and ionie

strength would affect the floc stability (Zita and Hermansson 1994). The microbial

eommunity itselfchanges the floc properties (Fig 5.1, Arrow 3). For example, an overgrowth

of filamentous bacteria leads to bulking. The sludge characteristics aIso influence aIso the

operation (Fig 5. 1, Arrow 4). For example, during a bulking event, chIonne is often added

to kill the filaments. Because they extend outside the floc, the filamentous bacteria are more

affeeted by chlorine than the other bacteria embedded in the floc (Jenkins et al. 1993).

Together (Fig. 5. 1, Arrow 5), these parameters determine the characteristics of the eftluent

at the outiet of the treatment system.
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Figure 5.1. Conceptual model of the influences in a biologlcal wastewater treatment system.
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5.2 Phylogenetic community structure

A theory in microbial ecology suggests that microorganisms, like macro organisms,

maximize their growth rate (r-strategists) or their energy conservation (K-strategists)~ but not

bath (Andrews and Harris 1986). Zavarzin and co-workers (1991) suggested that the

Proteobacteria, which have probably evolved in evolutionary pockets, may have

taxonomically differentiated according to this biological theory. They proposed that the

Gamma Prateobaeteria tend ta be more r-strategists (fast gro,vers ,vith lo\v substrate ~ffinity),

whereas the Alpha and the Beta Proteobacteria tend to be more K-strategists (slow growers

with high substrate affinity). It seems that this understanding of the Proteobacteria may

explain the phylogenetic community structure observed in Reactors 1 and 2. As discussed

above, the low F:M ratios of the two reactors would primarily select for K-strategic

microorganisms, or the Alpha and Beta Proteobaeteria according to Zavarzin and co-workers

(1991) proposai. Dominance ofAlpha and Beta Proteobacteria in the two reactors (Fig. 4.3)

agrees with the Zavarzin theory. These results are aIso in agreement with the bacteria!

community structure reported for a German municipal system with a low F:M ratio of 0.1

kg/kg/day (Wagner et al. 1993).

Bacterial rRNA affiliated ta the Gram positive bacteria with high GC content was not

detected in the systems studied (Fig. 4.4) even ifabout 100/0 ofcommunity rRNA in Reactor

1 and 25% in Reactor 2 were affiliated to the Gram positive bacteria. This result contrasts

with in situ hybridization studies of municipal \vastewater treatment systems reporting lOto

35% ofGram positive baeteria with high Ge content (Manz et al. 1994~ Wagner et al. 1994b~

Kampfer et al. 1996; Snaidr et al. 1997). On the other hand, two independent cloning studies

of municipal systems did not report any clones belonging to this group (Bond et al. 1995 ~

Snaidr et al. 1997), even if they had been observed by in situ hybridization (Snaidr et al.

1997). The authors commented that their nucleic acid extraction techniques could have had

a low yield for Gram positive bacteria with a high Ge (Snaidr et al. 1997). This possibility

seems unlikely in our study for two reasons. First, the addition ofA rthrobacter sp. cells to

activated sludge before extraction made it possible to deteet a signal from probe HGC23

(Fig. 4.4). Second, similar RNA extraction techniques were utilized by another laboratory
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to succesfully extraet RNA from bacteria belonging to the Gram positive high Ge lineage

in activated sludge (De Los Reyes et al. 1997). Therefore, the relative abundance of Gram

positive bacteria with a high GC was probably low. However, to further substantiate this

hypothesis, a study by in situ hybridization would be necessary.

5.3 Evaluation of the pbylogenetic community structure

5.3.1 Precision of the membrane bybridization assay

As mentioned, the first important parameter to evaluate in developing a new tool is

its precision. Two definitions can be used for precision. First, the precision is defined by

the variability of a measurement among replicates and represents the reliability of the

technique. Second, the precision is defined in relation to the amplitude of the phenomenon

to measure. It delimits the minimum amplitude of the phenomenon that would be detected

by the technique. The signal-to-noise ratio is used to investigate this relationship.

In our study, the average CV among replicates was found to range between 14 and

20% (Table 4.4). For environmental samples, tbis is usually considered as acceptable.

Wallner and co-workers (1995) reported an average CV of200/0 when working with the same

probes by in situ hybridization on activated sludge samples. Similar variability was aIso

reported with membrane hybridization (Raskin et al. 1996). Thus, the technical precision

encountered in this study corresponded weil with other studies. The origin of this variability

arnong replicates was not specifically investigated in this study. It could have been sample

heterogeneity or analytical variability. Ho\vever, since 60 mg (at least 10,000 flocs) of

activated sludge were used ta extract rRNA and since a cell of the reactar studied is

considered completely mixed, it seems unlikely that sample heterogeneity was the major

source ofvariability with respect to replication.

The precision of the membrane hybridization assay compares favorably with that

reported by other laboratories. However, this precision has ta be evaluated in terms of the

expected signal. The theoretical R2 between 0.3 and 0.7 (Table 4.4) showed ~ relatively low

signal-to-noise ratio (R2 ranges from 0 to 1). These figures could be seen as lower

boundaries since Reaetor 1 did not experience any major disturbances at the rime of sampling
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for the replication studies (10/23/96 and 3/12/97), which minimize the temporal variability

ofthe microbial community structure. However, since activated sludge reactors are usually

maintained at near steady state and the temporal variability of the microbial community

structure would be expected to be low, the low theoretical R2 observed suggests that, in order

to be useful, the precision of the community structure evaluation has to be improved. A

possible improvement would be increasing the sampling effort. This would require

molecular techniques demanding fewer manipulations since they are the limiting factor of

the sampling effort (Raskin et al. 1997). The use of flow cytometry with in situ hybridization

(Wallner et al. 1995) or the development ofmuitiple probe microchips (Guschin et al. 1997)

represent steps in this direction.

5.3.2 Validity of the phylogenetic community structure information

The average level of determination (R2) obtained by the model describing the

microbial community of Reactor 1 was 0.53. This Rl may seem low, but it is common in

modeling of environmental data (e.g., Payette et al. 1996). It is also in the range predicted

by the variability analysis (see section 4.4.1). Thus, the community structure as determined

by membrane hybridization is not randomly distributed, but is determined by the reactor

conditions. It is therefore a source of information on the bioreactor.

From an operational point ofview, the quality of the effluent and the performance of

the bioreactors are important parameters. It is therefore very important to evaluate the

phylogenetic community structure data in these terms. In a diagnosis strategy, the

community structure should provide valuable information to maintain optimal bioreactors

perfonnance. In the conceptual model (Fig. 5. 1), the performance of the system is associated

with the quality of the effluent and the sludge characteristics since their deterioration will

lead to degradation of the effluent quality. Although it was not possible to detect any

relationship with the eftluent characteristics (Table 4.7), the model describing the sludge

characteristics suggests they were determined in part by the phylogenetic community

structure since two probe responses ranked among the ten most important variables (Table

4.6). Therefore, foreseeing the evolution of the bacteria! community would help predict the

73



•

•

evolution of sludge charaeteristics even for common variables such as SOUR and SV!.

These two lines of evidence demanstrate that the phylogenetic cammunity structure is

valuable in a bioreactor monitoring strategy.

5.3.3 Phylogenetic depth required

In developing molecular tools ta diagnose wastewater treatment systems, it is

important to determine the phylogenetic depth to which the probes should be targeted. T!üs

has technical and economical implications. A technique targeted at tao shallow a leveI (e.g.,

phylum) may be compromised in resolution, whereas a technique targeted at too deep a leveI

(species) would be prohibitively expensive due to the large number of probes required. The

work presented here does not daim to resolve this question~ but it gives certain indications.

Interestingly, the highest R2 values were obtained for the Alpha, Seta and Gamma

Proteobaeteria (Table 4.5b). They are the three most abundant populations in the community

ofReaetor 1 (Fig. 4.3). This suggests that the coarse description ofthese populations at the

phylum Ievel is able ta detect the major events occurring in the community. This may

contrast with the high phylogenetic diversity observed within the Seta 2 Proteobacteria in

activated sludge floc by in situ hybridization (Amann et al. 1996). Such diversity implies a

high enough variability within the Beta Proteobaeteria to render the changes at the phylum

level random. However, the diversity within the Beta 2 Proteabacteria was visualized on

bacteria sharing various combinations of three probe target sites presupposing their close

phylagenetic relatedness. Sînce clasely related organisms may share similar metabalisms

(Stackebrandt 1991), it is probable that these genotypically diverse bacteria could have been

phenotypically similar and would therefore react similarly to the surraunding environment.

Therefore, a description ofthe baeterial community at the species or the subspecies level may

not be necessary ta develop an effective molecular tool to monitor it.

The SVI model is a good example of diagnostic information provided by the

phylogenetic community structure. SV! was positively intluenced by the Gamma

Proteobaeteria population. Identification of the filaments in Reaetor 1 during 1996 and 1997

revealed the presence of Thiothrix sp. and Type 02lN which are members of the Gamma
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Proteobacteria lineage (Wagner et aL 1994a). This explains the relationship between the

response ofprobe GAM23 and the svr (Fig. 4.7). Although the relationship could have been

stronger with probes targeted directly to the rRNA of the filamentous bacteria, this result

indicates that hybridization at the species level is not absolutely necessary to obtain relevant

information on the community since the probe used here are targeted at the phylum level.

Although the results suggest that probes targeted ta a very deep phylogenetic level

are not necessary to develop an effective monitoring toot, the probes used in this study do not

allow the straightforward interpretation which would be possible at deeper levels. A

compromise strategy wouId be to identify significant phylogenetic levels for monitoring. For

example, the filaments Type 021 N and Thiothrix sp. are phylogenetically c1osely-related

(Wagner et al. 1994a). A single probe detecting them should be enough for proper diagnosis.

In addition, a nested approach in which probes are targeted to different levels might be

envisioned (Wagner et al. 1996).

5.3.4 Foreseeing operational problems

The striking observation about the model of the microbial community of Reactor 1

is the higher importance of lagged variables (Iag 2 or 3) over simultaneous variables (lag 0).

How can this be interpreted? The classical interpretation of the phylogenetic membrane

hybridization is that the relative abundance in rRNA of a given population is a function of

the density of this population and its cellular rRNA content (related to its metabolism).

Therefore, the phylogenetic membrane hybridization measures the relative metabolic

contribution of a population to the community (Stahl et al. 1988).

Many environmental conditions can affect the cell rRNA content such as its specific

growth rate (Herbert 1961), the growth temperature CVeldkamp (976) and nutrient

concentration (Minkevich et al. 1988). These factors change the rRNA content very rapidly,

in the order of a few hours. At the scale of our sampling (i.e., every week), changes

occurring over a few hours would be perceived simultaneously (Iag 0) in the data. Therefore,

simultaneous variables are probably factors affecting the rRNA content of a cell.
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On the other band, changes in population densities should occur over a much longer

rime. For a reactor with a sludge age of Il days, these changes should occur in at least one

sludge age (1.6 lag). Therefore, variables lagged by two or three sampling time unit are

probably related to changes in the bacterial density of bacterial populations. This

interpretation could aIso explain why no important variables were found to be lagged one

sampling time unit.

Based on the previous interpretations, the mode' suggests that, at the scale of

sampling and the average sludge age ofReactor 1, the phylogenetic membrane hybridization

mainly detected changes in population densities. This conclusion slightly contrasts with the

c1assical interpretation. However, the cellular rRNA content in the natural environment is

probably more constant than in pure culture. On a cel1 mass basis, the rRNA content

observed in pure culture cao increase by lOto 50 fald from resting to exponentially growing

cells (Herbert 1961). However, a recent study of a resin acid degrader showed that the

change in cellular rRNA upon exposure to resin acids was five times lower if the organism

was in activated sludge compared ta pure culture (Muttrayand Mohn 1998a). ln another

study, a culture of Nitrosomonas europaea completely inhibited for nitrification by

Nitrapyrin maintained its rRNA content for at least a few days after the addition of the

inhibitor (Wagner et al. 1996). These observations substantiate the validity of the conclusion

that phylogenetic membrane hybridization could be more sensitive ta changes in bacterial

density than changes in rRNA content.

This conclusion is critical for understancling the capabilities of the phylogenetic

membrane hybridization in a monitoring and diagnosis strategy. Sïnce mast conventional

aetivated sludge bioreactors are operated at sludge ages ofbetween five to ten days (Jenkins

et al. 1993), and since a sampling scale smaller than a few days might not be possible

economically, the study ofReactor 1 was probably close ta the reaI monitoring. Therefore,

generalizing the results obtain~ it may be that phylogenetic membrane hybridization cannot

be predictive. The ability ta monitor a variety of populations is certainly an advantage over

the CUITent methods. However, the suggestion of Wagner and co-workers (1993) that

molecu1ar taoIs could foresee operational problems cloes not seem to apply ta the technique

used in this study.
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Ta foresee operational problems, a technique should foresee changes in community

structure. Therefore, because the density of a population is the balance between its net

specifie growth rate and the sludge age of the reactor at steady state, the molecular tool

should inform on the metabolic status of the organisms present in the reactor. Since in situ

hybridization can measure independently the cellular rRNA and the bacterial density, this

technique seems more promising if foreseeing operational problems is desired.

5.4 Major factors influencing the phylogenetic community structure

5.4.1 Reactor 1

The model describing Reactor 1 provided information on the relative importance of

the reactor conditions at influencing the phylogenetic community structure. Mechanisms

mediating the effects of the most influential variables are discussed here. The variable with

the highest VIP was high molecular weight COD (COD> 1000 MW). This is surprising

since this fraction is usually not consumed (Jokela et al. 1993; Bullock et al. 1996).

However, it could make unavailable to the biomass degradable compounds. In pulp and

paper effluent, the COD higher than 1000 MW is mainly composed of aggregates of lower

molecular weight compounds (Jokela and Salkinoja-Salonen 1992). Aggregating degradable

compounds could somehow hide them from bacteria! consumption. Since the aggregation

ability is a function of the chemical structure of the compound, it is not constant from

compound ta compound and it can drive the selection of certain populations.

The variable with the second highest VIP was Particulate COD. A positive regression

coefficient related tbis variable and the Gamma Proteobacteria. This relationship could

describe seeding of the reactor since Gamma Proteobacteria like K/ebsiella sp. were found

to be abundant in the wastewater of pulp and paper mills (Liss and Allen 1992). To further

substantiate this hypothesis, the particulate matter in the reactor influent should be

hybridized. The results from the model would predict the predominance of Gamma

Proteobacteria.
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Sludge age was the variable with the fourth highest VIP. The presence of sludge age

among the most influential variables is not surprising. Certain treatment systems such as

nitrifying bioreactors require a strict range of sludge age to operate (Jenkins et al. 1993).

The growth rate also affects the competition between organisms. For example, the acetate

uptake rate of Zoog/oea ramigera and filament Type 021N is a function of their growth rate.

This change in uptake rate was one ofthe factors affecting the competition between these two

organisms in a chemostat (van Niekerk et al. 1988).

The average added phosphate was the only variable simultaneously affecting the

phylogenetic community structure that ranked in the ten most influential variables. This

suggests that (i) the biomass was limited by the phosphate addition and (ii) the phosphate

concentration directly affect the cellular rRNA content of the microorganisms. Phosphorus

limitation has been shown ta occur in pulp and paper wastewater treatment systems "vith

residual concentration as high as 4 mg/L in the effluent (Richard and Cummins 1997). ln

Reaetor 1, the average residual of 0.4 mg/L and the average BOD:P ratio of 0.7 (Table 4.1)

were consistent with phosphorus limitation.

When nitrogen is the limiting nutrient in dual-substrate limited conditions. an

increase in nitrogen concentration causes an increase in cellular rRNA content (Minkevich

et al. 1988). Recently, a similar relationship was found for a strain of Acinetobacter

johnsonii in carbon-phosphorus dual-substrate limited conditions (Frank et al. 1998).

Because all the filtered (0.45 flm) BODs (data not shown) and 96% ofthe total BOOs was

consumed in Reactor 1, the biomass is in dual substrate limitation which could expIain the

model. In such conditions, change in phosphate concentration would change the cellular

rRNA content of the baeteria.

Temperature ranked seventeenth in the model with respect to VIP. This contrasts

with observations made in other pulp and paper wastewater treatment systems. Difference

in the abundance ofpsychrophiles (growth at 1aOC) between the warm and the cold seasons

was reported for a lagoon treating bleached kraft mill effluent (Liss and Allen 1992). In the

same system, PCR amplification revealed the presence of the genes dhlB (coding for

haloalkanoic acid dehalogenase) and mmoX (coding for soluble methane monooxygenase)
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during the WarIn season, but not during the cold season (Fortin et al. 1998). These

observations suggest a shift in the hacteria! community structure. This shift was not apparent

in the data presented here (Fig. 4.2), which is consistent with the regression model. Changes

may have occurred at phylogenetic depth deeper than the phylum explaining the lack of their

detection. Alternatively, the changes in temperature ofReactor 1 between the cold and the

warm seasons may have not been enough to prompt a drastic change in phylogenetic

community structure. The lagoon system previously mentioned experienced a temperature

of25°C during the warm season and 13°C during the cold season. The average temperature

of the cold season is at the low end of the mesophylic spectrum (Prescott et al. 1996). On

the other band, the temperature observed for Reaetor 1 (35°C during the warm season, 25°C

during the cold season) were weIl in the range tolerated by mesophiles. Therefore, drastic

changes in the phylogenetic community structure might not have occurred between the warm

and the cold seasons.

5.4.2 Similarities behveen the two models describing community structure

The regression models describing the phylogenetic community structure of Reactors

1 and 2 showed similarities in the important variables chosen to build the models. First

similarity, the sIudge age is ranked fifth in the model of Reactor 1 and fourth in the model

of Reactor 2. These two independent results with sludge age suggest that it plays a major

role in the selection of the populations in the bacteria! community. This is probably due to

the influence of the growth rate of baeteria on their competitive ability (van Niekerk et al.

1988). It is aIso consistent with the importance of the sludge age in the occurrence of

filamentous bulking and foaming (Jenkins et al. 1993).

Second similarity, the concentration of certain specifie compounds seems important

in the two models. The alcohol concentration ranked seventh in the model of Reactor 1

(Table 4.5a) and the VFA concentration ranked first in the model ofReactor 2 (Table 4.8).

In Reaetor 2, it seems that the VFA concentration was responsible for the high increase in

relative abundance of Gram positive bacteria in February and March (Fig. 4.8) suggesting

that they might be the primary consumers in this system at least at high concentration. The

importance of easily degradable compounds in determining the phylogenetic community

structure would have to be considered in designing a monitoring and diagnosis strategy.
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Third similarity, the phosphate concentration ranked third in the two models. This

suggests that the two reactors were phosphate limited at least for part of the study. If the

supply of phosphate is sufficient, its concentration would not have influenced the bacteriaI

community. Molecular techniques could help in optimizing nutrient addition. For example,

the high importance ofphosphorus addition in the model explaining the community structure

of Reaetor 1 remained even ifwere inc1uded in the model only the observations where 1.8

mg-PlL added to the system (data not sho\vn). This suggests that for a proper operation of

the system, at least 1.8 mg-PIL should be added.

5.5 Phenotypic tingerprinting and contrast with phylogenetic hybridization

Besides the ta"<onomic molecular approach used in this study, other methods are

being developed to use data information on the microbiaI communities \vithin treatment

systems in a monitoring and diagnosis strategy. One of these techniques is the phenotypic

fingerprinting with Biolog microtiter plates. Because the two techniques are developed in

paralIel for pulp and paper bioreactors, it is important to determine the relative quaIity of the

information provided by phylogenetic hybridization and phenotypic fingerprinting.

However, the nature of the information provided by the Biolog assay is still unresolved.

While it was argued that phenotypic fingerprinting may be more sensitive to changes in

taxonomic structure (Garland et al. 1997), it was found that the technique would miss

differences bet\veen bacteriaI cornrnunities detected by fatty acid determination (taxonomic

analysis~ Buyer and Drinkwater 1997; Palojarvi et al. 1997).

Based on the conditions of the reaetors, the twO bacteriaI communities should he

different (see section 4.1). This difference is obvious when the phylogenetic community

structures ofthe !wo reactors are compared (Fig. 4.1h). However, the PCA of the phenotypic

fingerprints did not show the same difference (Fig. 4.1c). While the PC l did not

differentiate the communities ofthe two reactors, the average distance between them in terms

ofPC 2 was smaIl suggesting they were similar with respect to their heterotrophic potentiaL

The cIi1ference between phenotypic fingerprinting and phylogenetic membrane hybridizatien

is consistent with the findings obtained by fatty acid analysis (Buyer and Drinkwater 1997;

Palejârvi et al. 1997). 1t aIse reinforces the interpretation that Biolog assay is a measure of

the community heterotrophic potential.
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The interpretation above is aIso in agreement with the kind of differences found

between the two communities. The responses ofa total of20 compounds were significantly

correlated with the PC 2 (Table 4.3). The community ofReaetor 1 was relatively more active

toward certain sugars compared to the community of Reactor 2. In contrast, the community

ofReaetor 2 was relatively more activity toward certain VFA. These differences in activity

are consistent with the anaerobic pretreatment of the wastewater flowing inta Reactor 2 and

its ~jgher VFA.. concentration.

The difference in distance between the communities of the two reactors as detected

by phylogenetic hybridization and phenotypic fingerprinting suggests that the information

obtained by the two techniques is different. Eventually, the two techniques could be

complementary in a monitoring and diagnosis strategy. For example, difference in

filamentous bacteria could be detected by phylogenetic hybridization whereas difference in

activity toward specifie compounds such as resin acids could be detected by phenotypic

fingerprinting.
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Chapter 6. Conclusion

The primary objective of this work was to evaluate the phylogenetic community

structure as a source of information to monitor and diagnose wastewater treatment systems.

Two lines ofevidence demonstrate the validity of the approach. Ficst, it was shawn that the

fèsponse obtained by phylogeneti~ membrane hybriùizalion was nut random. Sè~und, tht::

phyiogenetic community structure determined the sludge characteristics. Since deterioration

ofsludge charaeteristics such as SVI leads to deterioration of reactor performance, changes

in the community structure should prediet operational problems.

The results presented in this thesis suggest that the molecular tool does not need ta

be targeted at a very deep phylogenetic level. A description at the phylum level was enough

ta ohtain a high level of determination for at least sorne populations in the two reactors,

indicating that major events in these populations were observed. Phylogenetic membrane

hybridization was aIso able to detect the impact of the filamentous bacteria that are members

of the Gamma Proteobacteria on SVl. However, the phylogenetic level used in this study

does not allow the straightforward interpretation which would be possible at deeper levels.

Despite these positive results concerning phylogenetic membrane hybridization, the

technique has sorne weaknesses. One of them is its precision. If the technique is to be

employed in monitoring bioreactors, it should be able ta detect phenomena with relatively

lowamplitude, because these reaetors are operated in a near steady state. The low signal-to­

noise ratio obtained in this study means that the precision should be improved to maximize

the accuracy and the rapidity of the interpretation. Sïnce these factors have impact on the

rapidity of implementation ofcorrective measurements, they are very important.

A second weakness ofphylogenetic membrane hybridization is its inability to foresee

operational problems. Even if the results showed that the technique was able ta provide

information on the sludge charaeteristics, they aIso suggested that the technique tended ta

detect primarily changes in population densities rather than changes in their metabolisms.

Therefore, the technique monitored the bacteria! community in reaI time and would not

inform on its future development. A technique able to analyze population densities and

metabolism independently might be able to prediet the development of the population.
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The secondary objective of this work was to characterize the bacterial community in

a pulp and paper wastewater treatment system with phylogenetic membrane hybridization

and to determine the main process variables affecting it. The results showed the

predominance of the Alpha and Beta Proteobacteria in two distinct wastewater treatment

systems probably due to their low F:M ratios. The presence of Gram positive bacteria was

also observed, but they were not associated with the high GC lineage as for other systems.

The rest ofthe community '.vas composed ofbacteria members of the Gamma Protecbacteria

and the Cytophaga-Flavobacterium Iineages.

It was found that the main process variables affecting the baeterial eommunity were

high molecular weight COD, particulate cao, phosphorus addition, sludge age and the

concentration of specifie compounds (Alcohol and VFA). The importance of the first two

was surprising and further study should be condueted to fully understand their impact on the

baeterial eornrnunity. The importance of phosphorus addition indicated that the community

was limited by this nutrient. The importance of sludge age was expected since it is already

known that certain system conditions such as nitrification and bulking occur at specifie

sludge ages. The importance of the concentration on specifie eompounds was aiso expected.

[t suggests that the approach of the study could be used to gain insight on the degradation of

organic eompounds in situ.

The tertiary objective of this thesis was to characterize the bacterial community with

phenotypie fingerprinting and compare this technique with phylogenetic membrane

hybridization. The results substantiated the interpretation that phenotypic fingerprinting

measures heterotrophic potential. They also suggested that the difference in heterotrophie

potential observed between the two bacterial communities were linked to the anaerobic

pretreatment of the wastewater flowing in Reactor 2. Beeause phenotypic fingerprinting

measures heterotrophic potential and phylogenetic membrane hybridization measures

taxonomie eommunity structure, the !Wo techniques will probably be complementary in a

monitoring and diagnosis strategy.

Although phylogenetic membrane hybridization is unlikely to be useful in predieting

operational problems, it can generally he concluded that the phylogenetic community

structure is a promising source of information to monitor, diagnose and optimize biological

wastewater treatment systems.
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Appendix 1. Study of Probes Specificity

Introduction

The tirst step in developing a quantitative membrane hybridization assay is to

optimize the hybriclization conditions in arder ta minimize the background hybridization

signai from organisms outsid~ th~ targt:t group. The hybridization conditions wcrc optimized

and the specificity of the probes was then evaluated by hybridizing to a collection of 10

organisms. Dnly the data concerning the specificity of the probes are reported here since the

optimization data are similar to those previously published (Manz et aL 1992; Wagner et al.

1993; Fry et al. 1997; Roller et al. 1994; Manz et al. 1996).

l\Jlaterials and methods

The dissociation curves of the probes were evaluated as proposed by Manz and co­

workers (1992). Briet1y, the fonnamide concentration in the hybridization buffer was

increased incrementally by 5% from 0 to 500/0 and the washing buffer was adjusted to the

same stringency as the hybridi-zation buffer by varying the monovalent salt concentration.

The condit!ons at which 500AJ of the probe-target duplex remained intact (temperature of

dissociation: TJ were considered optimum (Stahl and Amann 1991). The hybridization and

wash conditions as weil as the optimum formamide and monovalent salt concentrations are

described in Chapter 3. The specificity of the probes at their optimum hybridization and

wash conditions was evaluated by hybridizing each probe to a collection of rRNA sarnples

extracted from ten phylogenetically diverse organisms. The hybridization signal was

quantified as described in Chapter 3.

95



• Results

Although the universal probes (UNI16, UNI23) hybridized to all the organisms in the

collectio~ both produced variable signals with different species (Fig 1. 1). The bacterial

probes (EUB 16, EUB23) hybridized with constant specifie signal to all bacterial species

tested and did not react with the non-target eukaryal rRNA (Fig LI). The specificity of the

probes used in this work was relatively high. However, probes GPB 16 and ALF 16 were

found ta have 4.2 and 3.6~;Q average non-target signal, \vruch were the highest of an the

probes tested (Table 1.1).

Table 1. 1. Level of non-target signal for each probe for quantitative membrane
hybridization.

Probe Target Group Non-Target Signal1 (%)

Mean Range

EUB16

EUB23

ALF16
BET23

GAM23

CfC16
GPB16
HGC23

Euhacteria
Euhacteria
Alpha Proteobaeteria
Beta Proteobaeteria
Gamma Proteobacteria
Cy/ophaga-Flavobaclerillm cluster
Gram positive bacteria
Gram positive bacteria with high GC

1.4!

2.3 2

3.6

0.4

0.9
1.9

4.2

1.7

NDl

ND
1.4 - 5.6

0.0" - 3.0

0.0 - 3.8

0.9-4.7
1.2 - 8.8

0.5 - 5.6

•

1 Percentages expressed in relation ta of the target signal.
2 Determined only for Trame/es versicolor ATee 20869.
l ND: Not determined.
0& 0% refers to values < smaller than the 0.5% detection limit.
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Discussion

In phylogenetic hybridization, a certain level of non-targe! hybridization signal is

often reported (Manz et al. 1992; Reyes et al. 1997). However, Td is theoretically the point

in a hybridization curve of a probe that maximizes the TargetINon-Target signal ratio (Stahl

and Amann 1991). Even if the hybridization conditions used here are similar ta the ones

originally used with the probes (Manz et al. 1992; Wagner et al. 1993 ~ Fry et al. 1997; Roller

et al. 1994; Manz et al. 1996), no data were pubtished conceming their level of cross-reaction

with non-target sites, except for probes BET23 and GAM23. These probes have the same

target site and differ by only one nucleotide. The strategy used ta increase the discriminatory

ability between these two probes is ta label one of them and use the other as a competitor

(N(anz et al. 1992). In our work, this succeeded in keeping the non-target signal below 40/0

of the target signal (Fig LI and Table LI). These data are similar to the ones reported by

Manz and co-workers (1992).

Probes GPB 16 and ALF 16 showed the highest Level of non-target signal since they

hybridized with aIl the other rRNA ta a detectable Leve!. This could be due ta the Lack of

mismatch between the probes and the non-target organisms' hybridization site. For example,

Comamonas testosteroni, Staphylococcus epidermidis and Arthrobacter sp. have a maximum

of2 mismatches within probe ALFI6 (Maidak et al. 1994). Ofthese mismatches at least

one is a non~canonical base pair (G:U). In addition, because of their low GC contents and

their short lengths, the optimum hybridization conditions correspond ta a concentration of

formamide of 100/0 for probe GPB 16 and 20% for probe ALF16. These conditions are

among the least stringent among the probes tested here. Nevertheless, probes GPB 16 and

ALF 16 detected their target groups unambiguously since the non-target signal was less than

6% and 90/0 respectively (Fig. LI).

Conclusions

Most of the rime, cross-hybridization signal was observed for each of the probes.

However, the average cross-hybridization signal was less than 5% of the target signal. This

should not extensively impair the precision of the measurements by quantitative membrane

hybridization.
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Figure LI. Autoradiogram of dot blotted control RNA for the probe specificity study. 150
ng (lanes 1) and 15 ng (lanes 2) oftotaI RNA extract were blotted on the membrane and then
hybridized with one of the probes. Probes and organisms are described in Table 3.3 .
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Appendix D. RNA Extraction Optimization

Introduction

When nucleic acids are extracted from bacterial cells, the yield is never 100%.

However, ta determine community structure through quantitative membrane hybridization,

one must assume that yieid is constant from one bacteriai group (0 the next (Stahl i 995).

This assumption is more likely ta be true if the yield is maximized. Due ta the physico­

chemicaI properties of each sampling environment and due to the microorganisms present,

maximization has to be done for each environment (Stahl 1995~ Ward et al. 1995~ Raskin et

al. 1997).

The extraction method affects bath the yield and the quality of the extracted nucleic

acids (Ward et al. 1995). The literature recommendations concerning the quality of nucleic

acids for quantitative membrane hybridization are often confusing. Whereas sorne

researchers do not stress the importance ofworking with intact rRNA (Wagner et al. 1993~

Ward et al. 1995) others argue that deteriorated rRNA (enzymatically degraded or sheared)

is completely unsuitable for quantitative membrane hybridization (Raskin et al. 1997). This

confusion arises from the lack of information concerning site specifie sensitivity to

deterioration. There is aIso limited information on the impact of rRNA quality on the

determination of community structure.

We have investigated the effects of four mechanicallysis methads on rRNA quality

and the measured community structure. The sensitivity of probe specifie hybridization signal

ta rRNA shearing was also investigated.
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Materials and methods

Total community nucleic acid extraction

An aliquot of 10 ml of mixed liquor was eentrifuged and the solids resuspended in

1 ml ofTrizol (Lue Technologies Ine.) as described in Chapter 3. The mixture was subjected

to four mechanical lysis methods at various intensities. In the first method~ the activated

sludge was slurried in a cell hornogenizer. In the second method~ the sludge was sonicated

at an intensity of 350 J.lrn using a VibraceH 250 (Sonie tvraterials Inc) equipped with a

microprobe (model VI A). The samples were sonieated either (i) 3 x 15 sec. or (ii) 6 x 15

sec. with 30 sec. of chilling on ice between pulses. The third method was similar to the

second~ except that 1 g of 100 Jlrn glass-beads (prepared as described in Chapter 3) was

added to the buffer prior to sonieation. The fourth method was by bead-beating as describe

in Chapter 3. The sludge was bead-beaten for either 2 x 2 min., 2 x 2 min. with Trizol being

changed between beatings and pulled after (See Chapter 3)~ or 3 :-.: 2 min. with Trizol

replaeed between beating 2 and 3. Following the extraction protocol~ the nucleic acids were

dissolved in the same volume of buffer and three independent replicate extractions were

done. Nucleic acid quality was evaluated by agarose gel elect!'ophoresis as described in

Chapter 3. Hybridization conditions, signal quantification and community structure

determination were aiso described in Chapter 3.

Hybridization susceptibility ta rRNA shearing

Ta test the hybridization suseeptibility to rRNA shearing, a sample of rRNA was

sonicated at various levels, blotted on a nylon membrane, hybridized~ and the signal

quantitated. The comparative probe hybridization response was used ta determine the

relative probe susceptibility to shearing.

Specifically, a mixture of pure equimalar 165 and 23S rRNA from E. coli rvfRE600

(Boehringer Mannheim) was sonicated at an intensity of470 J.1m for 15 sec., 30 sec., or 120

sec.. A nan-sonicated control was a1so used and ail conditions were done in triplicate. The

samples were blotted, hybridized, and the signal quantified as described in Chapter 3. The

probes used in bath experiments are listed in Table n.l .
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• Table II.l. Probes used in the rRNA extraction and the rRNA
shearing experiments.

Probe Name rRNA Extraction rRNA Shearing

UNI 16 X

UNI23 X

EUB16 X X

EUB23 X X

ALF16 X

BET23 X

GAM23 X X

CfC16 X

EC(alf)16 X

EC(a1f)23 X

Statistical analysis

The ANOVA and the Duncan multiple-stage pairwise comparison (Miller 1981) were

done using the procedure GLrvl ofSAS/STAT v. 6.12 for Windows (Sas Institute Inc. 1989).

Results

•

Nucleic acid extraction

Analysis by agarose gel electrophoresis revealed that the various mechanical lysis

methods ditferentially affected yield and quality of extracted nucleic acids (Fig. n.1). High

molecu1ar weight DNA was obsetved ooly in the bead-beaten extracts (Fig n. 1a). The rRNA

frOID the bead-beaten extracts as weil as from the cell homogenizer extracts seemed less

degraded than the sonicated extracts, since the rRNA appeared to be of higher molecular

weight and the 235/168 rRNA band ratio appeared to be closer to the theoretical2/1 (Fig.
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• IL lb). Yield was evaluated by visual inspection of the agarose gels (Fig n.la) and by

comparing the total16S or 23S hybridization signal of the extraet as determined with probes

EUB 16 and EUB23. It was observed that sonication consistently gave the highest yield of

RNA; however, this technique aIso had the most variable yields (Table 11.2).

Table II.2. Total 16S and 23 S hybridization signal extracted from activated
sludge with trizol in conjunction with four mechanical Iysis methods at
various intensities.

Mechanical Lysis Method Total 16S SignaP Total23S Signall

Slurrying in Cell Homogenizer

Bead Beating

4 min.

4 min. with Trizol Replaced

6 min. with Trizol Replaced

Sonication

45 sec.

90 sec.

45 sec. with Glass Beads

90 sec. with Glass Beads

1.0 ± 0.02

1.6 ± 0.5

1.6 ± 0.4

2.3 ± 0.4

14.0 ± 6.4

6.5 ± 2.6

11.0 ± 0.4

13.1 ±2.3

1.0 ± 0.0

1.8 ± 0.5

1.9 ± 0.3

1.9 ± 0.4

5.6±3.1

3.6 ± 0.4

9.5 ± 0.3

11.8±2.6

•

1 Total Signais are expressed relative to the signal obtained by slurrying in the
cell homogenizer.
2 ± standard error (n=3).
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Figure IL 1 Electrophoresis agarose gel of total community nucleic acids (a) and RNA (b)
extracted from activated sludge with four mechanical lysis methods at various intensities.
Gel (a) was loaded with equal volume and Gel (b) was loaded with equal rRNA mass. Lanes
A: rRNA contrais; Lanes B: Slurried in a cell homogenizer; Lanes C: Sonicated 45 sec.;
Lanes D: Sonicated 90 sec.~ Lanes E: Sonicated 4S sec. with glass-beads~ Lanes F: Sonicated
90 sec. with glass beads; Lanes G: Bead-beaten for 4 min. ~ Lanes H: Bead-beaten for 4 min.
with Trizol replaced; Lanes 1: Bead-beaten for 6 min. with Trizol replaced; Lane numbers
( 1,2,3) represent triplicates.
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An unexpeeted result was obtained when the community structure was determined.

Whereas the four probes gave a community structure totalling about 100% for the cell

homogenizer and bead-beating extracts, the sonicated extracts resulted in community

structures totalling trom 130% to 150% (Table II.3). This difference appeared to he mainly

due to a change in the signal obtained with probe ALF 16 since its signal is about 750/0 for the

sonicated extract and 400/0 for the others.

Table 11.3. Average population density determined by four probes on activated sludge
samples independently extracted br four mechanicaIlysis methods at different intensities.

Mechanical Lysis rvlethod ALF16 BET23 GANl23 CFC 16 Total t

(%) (%) (%) (%) (%)

Slurrying in Cell Homogenizer 3904 ± 7.82 28.2 ± 3.9 23.2 ± 0.1 ~.8 ± 0.6 95.6 ± 12.5

Bead Beating

~min. ~5.1 ± 11.0 32.9 ± 0.9 23.5 ± 0.8 2.8 ± 0.7 104.2 ± 13.4

~ min. with Trizol Replaced ~~.5 ± 7.5 33.8 ± 1.9 22.6 ± 0.6 3.7 ± 0.9 1O~.6 ± 10.9

6 min. with Trizol Replaced 39.3 ± 6.7 33.6 ± 2.9 26.6 ± 0.2 4.+ ± 0.3 103.9 ± 9.9

Sonication

+5 sec. 76.5 ± 1lA 37.8±5.1 19.1±2.6 5.7 ± 004 139.1 ± 19.5

90 sec. 80.1 ± 10.5 41.0 ± 2.3 21.9±3.6 6.3 ±0.7 1~9.3 ± 17.1

""5 sec. \Vith Glass Beads 8104 ± 6.7 ""1.0 ± 3.8 1+.7± 0.8 +.9 ±0.6 1~1.9 ± 12.0

90 sec. \Vith Glass Beads 74.6 ± lIA 31.4±2'+ 17.2 ± 1.0 +.8 :0.6 128.0 ± 15.3

1 Summation of the four probes.
2 ± standard error

Susceptibility of hybridization to rRNA shearing

Four levels ofrRNA shearing, from "intact" to 4'completely sheared" rRNA (Fig. II.3)

were used ta describe the influence of rRNA shearing in the determination of the community

structure after nucleic acid extraction by various lysis methods. It was observed that the

hybridization signais from different probes were not affected the same way (Fig. lIA).

Duncan multiple-stage pairwise comparison was used ta compare the hybridization results

after sonication ofthe sample for 120 sec. (Table ll.4). By this technique, it was possible to
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• distinguish three shearing susceptibility groups (low, moderate, high) for the seven target

sites tested. The first group has a low susceptibility to rRNA shearing. It is comprised ofa

single probe, EC(alf) 16 which ooly lost 8% of signal as compared to the unsonicated-control

rRNA (Table. II.3). The second group bas moderate susceptibility to rRNA shearing. Probes

UNI16, GAM23, and UNI23 are part of that group. On average, they lost 30% of the

unsonicated-control signal. The third group bas a high suscpetibility to rRNA shearing.

Probes EUB 16, ElJB2J, EC(cfc)16 constitute this group which lost, on a"y'erage, 48~~ oftheir

unsonicated-controi signal (Table lIA).

Table rrA. E. coli rRNA hybridization signal after 120 sec. of sonication relative ta
unsonicated rRNA and shearing susceptibility grouping.

Shearing
Susceptibilityl

Probe Names Signal2 Pairwise
Comparison3

Unpaired
Nucleotides-J

Total Consecutive

Low

Moderate

High

EC(alf) 16 0.92 A 4 2

UNI23 0.72 B 7 3

GAM23 0.71 B 6 2

UNII6 0.65 B C 6 ~

.J

EC(cfc)16 0.56 0 C 12 10

EUBI6 0.54 0 E 7 4

EUB23 0.45 E 13 13

•

1 Site sbearing susceptibility group according ta the pairwise comparison.
2 Average relative hybridization signal (unsonicated rRNA equals 1).
3 Duncan multiple-stage pairwise comparison of averages (n=3, a=O.OS; Miller,
1981). Averages with the same letter are not significantly clifferent trom each other.
4 The rRNA secondary structures were obtaines from (Gutell et al. 1993) and (Gutell
1994).
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Figure II.2. Equimolar 168 and 235 E. coli rRNA sonicated for three different times (15 sec..
30 sec., 120 sec.). Lane numbers (1,2,3) represent replicates.
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Figure IL3. Specifie membrane hybridization signal in function of the sonication time for
probes targetted ta the 16S rRNA (solid symbols) and 235 rRNA (open symbols) hybridized
to an equimolar mixture of 165 and 235 E. coli rRNA. Arbitrary Units are defined such that
no sonication equals 1. Probes: EC(alt) 16 ( .. ), EC(cfc) 16 ( • ), EUB 16 ( • ), UNI 16 ( •
), EUB23 (. .), GAM23 ( " ), UNI23 ( := ).
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Discussion

Two criteria must be considered when optimizing rRNA extraction from

environmental samples. First, to maximize the yield, and second to make sure that the

extraction does not bias the community structure, due to either differential lysis or rRNA

deterioration (Stahl 1995~ Ward et al. 1995; Raskin et al. 1997).

In comparing the four mechanicallysis methods, differences were found in the rRNA

yield l the rRNA quality and the measured community structure Sonication gave the highest

rRNA yield, but the lowest rRNA quality. The yield was also highly variable. Since the

rRNA yield was determined by hybridization with probe EUB 16 and EUB23, the high

variability of the yield is consistent with the high shearing susceptibility of the sites targeted

by these probes. It seemed that the addition ofbeads ta the sonicated medium did not alter

the effects of sonication on the yield and the quality of RNA extracted. On the other hand,

lysis by slurrying in a cell homogenizer and bead-beating extracted RNA ofsimilar quality.

However, the latter technique gave slightly higher yields. The various bead-beating protocols

did not have a large effect on yield.

The measured community structure was different for the sonicated sampIe as

compared to the other methods. The proportion of probe ALF16 (Target: Alpha

Proteobacteria) is similar for the slurried and the bead-beaten RNA extracts. However, it is

much higher for the sonicated ones. Two possibilities can expIain the data. The first one is

that sonication extracted more Alpha Proteobacteria rRNA. Since the sonicated RNA

extraets are aIso the most deteriorated, the second possibility is that the site targeted by probe

ALF16 is less susceptible to degradation than are the other sites. The unrealistically high

total community percentage for the sonicated extraets wouId argue against the first possibiIity

since the abundance of the other populations did not change. Therefore, these data suggest

that probe ALF16 is indeed less susceptible to rRNA shearing. Raskin and co-workers

(1997) suggested that the eubaeteriaI target could be more susceptible to enzymatic

degradation. Unfortunately, direct study concerning the variation of susceptibility ta

degradation tbrough the rRNA molecules was not presented.
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Ta investigate these hypotheses further, the susceptibility of probe specifie

hybridization signal to sonication was investigated. It was observed that while probe

EC(alf) 16 (Same target site as probe ALFI6) only lost 8% its hybridization signal with 120

sec. of sonication, the other probes lost on average 3 1% and 48% for the moderately and

highly susceptible ones, respectively. Therefore, the site targetted by probe ALF16 is less

sensitive to rRNA shearing than are the other sites. This argues for a bias of the observed

community structures due ta rRNA shearing. Tt also demonstrates that deteriorated rRNA

is completely unsuitable for quantitative membrane hybridization.

On average, 30 to 50% of the hybridization signal was lost by most of the probes.

Many possibilities exist to explain tbis lost of hybridization signal. Probably sorne secondary

and tertiary motifs are more sensitive ta degradation. If a probe overlaps a '"hot-spot" of

breakage, the signal from that probe will be preferentially lost. On the other hand, it is

possible that smaller fragments do not bind as efficiently to the blotting membrane.

However. the fragments generated by 120 sec. of sonication seemed to be relatively

homogeneous (Fig li.3). Since probe ALF 16 did not lase more than 8% of its hybridization

signal, loss ofbinding efficiency ta the blotting membrane seem unlikely. Therefore, the loss

of signaI is probably due to overlapping breakage "hot-spots".

Raskin and co workers (1997) hypothesised that the single stranded portion ofrRNA

might be more susceptible to enzymatic degradation. Three groups of site susceptibility ta

rRNA shearing were identified with the probes tested here. The fallowing observations were

made by observing the secondary structure of the small subunit and large subunit rRNA

molecules (Gutell et al. 1993; GutellI994). The low susceptible EC(alf)16 target had four

unpaired nucleotides. The moderately susceptible UNI 16, GM123, and UNI23 targets have

four to eight unpaired nucleotides and a maximum of three consecutives. The most

susceptible EUB 16, EUB23, EC(cfc) 16 targets have seven to thirteen unpaired nucleotides

and four to thirteen consecutive ones. This suggests that the single stranded portion of

rRNA molecule might aIso be more susceptible ta shearing, since the less susceptible sites

have fewer unpaired nucleotides than the more susceptible ones. However, it is important

to keep in mind the three dimensionaI models ofrRNA do not represent statie interactions,
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but a variety ofbases that pair, or not, depending on the biochemical environment (GutelI et

al. 1994). They map possible base interactions that do not necessarily occur simultaneously.

The interactions may aIse change inside and outside the ribosome (Moazed et al. 1986).

Therefore, the study presented here on the shearing susceptibility of various sites is ooly an

approximation ofwhat can happen during the extraction of the RNA from the sludge using

sonication.

Conclusions

It was shown that the site targeted by probe ALF 16 is much less susceptible to RNA

shearing than the sites targeted by the other probes tested. Therefore, sonication biases the

measured community structure because it does not shear rRNA completely randomly. rRNA

extracted by bead-beating or by slurrying in cell homogenization did not exhibit the same

bias with respect to community structure. In addition, the community structure determined

after extraction by these two methods was similar. Therefore, it seems that the bias is either

the same or absent for these methods. Since bead-beating had a higher rRNA yield, it was

the method ofchoice.
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Appendix ID. Optimization of Phenotypic Fingerprinting

Introduction

Two factors should be considered in arder to functionaly characterize a bacterial

community on the basis of its utilization of carbon sources: Ci) the lag time and (ii) the

consumption rate (Hacken and Griffiths 199ï~ Lawley and BdI 1998). The determination

of these factors requires multiple measurements over severa! days, and in a pulp and paper

mill, this is not practical because of human resource considerations (Victoria et al. 1996).

An alternative approach is to obtain a single point measurement that somehow combines the

lag period and the consumption rate. The critical step of tbis approach is to determine the

optimal rime ofincubation prior ta that measurement. The data concerning the optimization

ofthe incubation time for two reactors are reported. The average well colour development

(AWCD) as well as the power ofresolution between two a priori different communities were

considered in this optimization.

Materials and methods

Microbial cells were extracted from three independent samples of mixed liquor taken

the same day from each of the two Cornwall reactors (Reactor 1 and 2), described in Chapter

3. The extracted eells were washed and resuspended in phosphate butfer (see Chapter 3).

The optical density (absorbance at 600 nm) ofthe extraets were adjusted ta 0.3. Two Biolog

GN plates (Biolog Ine.) were inoculated (150 JlL of cell suspension per weil) with each

extraet ta evaluate the reproducibility of incubation. The plates were incubated in the clark

at 30 oC and then read five times using a mieroplate reader as deseribed in Chapter 3 after

(i) 8 h, (ü) 12 h, (iü) 24 h, (iv) 36 h, and (v) 72 h.

Cluster analysis was performed by the procedure CLUSTER of SAS/STAT v. 6.12

for Windows (Sas Institute Ine. 1989). The average linkage method was used, but no

differenee in the clustering was observed when other methods were used.
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Results

The operation parameters are very different between Reactor 1 and Reactor 2. These

differences were reported in Chapter 4. Differences between the two reactors were observed

in operation pH, the sludge age, the COD/BOD ratio, and the VFA and alcohol

concentrations (Table 4.1).

The AWCD was found to follow a sigmoid curve over time. For the samples from

Reactcrs l and 2, this sigmoid curve started ta plateau after approximately 24 h incubation

(Fig. m.l). The discriminating power of the technique was aIso found to be maximum early

in this plateau. After 24 h of incubatio~ the cluster anaIysis was able ta group all the

samples from the same reactor on the same main branch (Fig. III.2). This was aIso observed

after 36 h ofincubation. On the other hand, when the plates were incubated only 8 or 12 h,

or when the incubation was prolonged to 72 ~ the clusters did not agree with the a priori

differences between the cammunities.

Discussion

As presented in Chapter 4, the !Wa reactors are operated very ditferently. The

mechanical operation, the wastewater to be treated, as weIl as the pH are examples of these

differences (Table 4.1). Because ofthese factors, the t\vo communities \vere assumed to be

functionnally ditferent with respect to their heterotrophic activity. This difference was aIso

substantiated by differences observed in the taxonomie community structure (Chapter 4).

However, care should be taken in interpreting the taxonomie differences since no unifying

phenotypic characteristic was found to explain the phylogeny of the proteobacteria at the

highest levels (phylum and subphylum; Zavarzin et al. 1991).

Based on tbis a priori difference, the phenotypic fingerprinting should be able to

differentiate the two cammunities if the plates are incubated for an optimal time. Therefore,

this criterion was used to determine the optimum incubation time. AlI the samples trom the

same reactor are grouped on the same branch of the dendrograrn after 24 and 36 hours of

incubation (Fig. III.2). Because we wanted ta detect heterotrophic aetivities as close as

possible ta the in situ ones, the shortest incubation rime was selected (Konopka et al. 1998)
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Figure ill.l. Average Weil Colour Development versus time for Biolog GN plates inoculated
with baeterial communities from the Reactor 1 (e) and Reactor 2 (=). Error bars represent
standard errors (n=3).
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The concept of AWCD was proposed by Garland and Mills (1991). The sigmoid

behaviour of the AWCD over time found with the samples from the two Cornwall Reactors

is in agreement with the one reported for aquatic and soil samples by Garland and Mills

(1991). From Fig. III. 1, it cau be seen that the AWCD reached a plateau level at about 24

hours. This means that most of the activity to be expressed was detected by 24 hours.

The results from the cluster analysis and the AWCD suggest that the optimum

incubation time for our system is 24 hours. This is comparable to the incubation time of 18

hours reported by Victorio and co-workers (1996) for samples from pulp and paper

wastewater treatment systems. On the dendrogram derived from the data obtained after 24

hours incubation (Fig. ID.2c), most of the replicated plates clustered together. This suggests

that the reproducibility is relatively good for replicate plating. This is in contradiction with

the result reported by Knight and co-workers (1997) for soil samples. However, soil has a

more heterogeneous distribution ofheterotrophic organisms as compared to pulp and paper

activated sludge which May expIain this difference in reproducibility between our study and

Knight's.

Conclusion

It is possible to find phenotypie fingerprint differences between the two Cornwall

reactors. These ditferenees agree \vith differences in reactor operations and in taxonomie

community structure. Using a single point measurement, functional differences appeared

after 24 hours ofincubation. This incubation time aIse corresponded to a plateau in AWCO.

It is therefore concluded that the optimum incubation time is 24 hours.
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Figure III.2. Dendrograms of average linkage cluster analysis for Biolog GN plates
inoculated with bacterial communities from Cornwall Reactors 1 and 2 as weIl as a Mixture
ofthetwo following incubation for (a) 8 ~ (b) 12 h, (c) 24 h, (d) 36 h, and (e) 72 h. Letters
(A, B, C) represent samples prepared independently and numbers (1,2) represent plates
inoculated with the same sample.
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