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Stellingen 

Kalorie-inname gedurende de werktijd van een ingezetene van twee werkgroepen is twee maal 

zo hoog in vergelijking met een ingezetene van één werkgroep. Dit gezien de dubbele 

hoeveelheid gebak, ijs en drank die aangeboden wordt. 

Het feit dat Desulfobulbus-achüge micro-organismen voorkomen in methanogeen slib 

betekent niet dat de Desulfobulbus syntroof propionaat kan oxyderen. 
Heppner, B., G. Zellner, and H. Diekmann. 1992. Start-up and operation of a propionate-

degrading fluidized-bed reactor. Appl. Microbiol. Biotechnol. 36:810-816. 

Wu, W. M., R. F. Hickey, and J. G. Zeikus. 1991. Characterization of metabolic 

performance of methanogenic granules treating brewery wastewater: role of sulfate-

reducing bacteria. Appl. Environ. Microbiol. 57:3438-3449. 

"Man-made" ecosystemen bestaan niet. De mens legt groeicondities en selectiedruk op aan het 

systeem, de natuur maakt het. 

4. Een ijsbaan op de Wageningse berg maakt een "hoogte" stage bereikbaar voor iedere 

schaatsminnende nederlander. 

Er zijn in de wetenschap, net als in de gewone wereld, mensen die de middelen hebben en zij 

die dat niet hebben. Mensen met middelen doen, mensen zonder denken. Gelukkig kunnen ze 

ook in de wetenschap niet zonder elkaar. 

Uit het feit dat molybdaat de syntrofe propionaat-oxydatie remt wordt afgeleid dat propionaat 

in het slib omgezet wordt door sulfaat-reducerende bacteriën (SRB). Maar dat daarom de SRB 

een ecologisch voordeel hebben boven obligaat syntrofe propionaat-oxydeerders gaat voorbij 

aan de gedachte dat de "obligaat" syntrofen zelf SRB zouden kunnen zijn. 

Wu, W. M., R. F. Hickey, and J. G. Zeikus. 1991. Characterization of metabolic 

performance of methanogenic granules treating brewery wastewater: role of sulfate-

reducing bacteria. Appl. Environ. Microbiol. 57:3438-3449. 



7. Informatici kunnen sneller nieuwe computerprogramma's maken dan de gebruikers kunnen 

leren. 

8. Nederland is te groot voor de fiets en te klein voor de auto. 

9. Het is uitermate vreemd dat er in de studie van MacLeod et al. (1990) de formiaatomzetängs-

aktiviteit van korrelslib gemeten wordt en niet de waterstofomzettmgs-aktiviteit, terwijl 

vervolgens alleen gesproken wordt over waterstof-producerende en -consumerende 

microorganismen. 

MacLeod, F. A., S. R. Guiot, and J. W. Costerton. 1990. Layered structure of bacterial 

aggregates produced in an upflow anaerobic sludge bed and filter reactor. Appl. 

Environ. Microbiol. 56:1598-1607. 

10. De interactie tussen korrelslibbacteriën is als tussen kippen en mensen, wat de één uitscheidt 

consumeert de ander. Aan beiden zit een luchtje. 

11. Ruimte is een betrekkelijk begrip. Hoe kleiner het organisme hoe meer ruimte, totdat je als 

bacterie midden in een slibkorrel zit. 

12. Het AIO-stelsel zorgt voor een overschot aan wetenschappers. Het PostDoc-stelsel stelt werkt 

dit overschot tijdelijk weg. De tijd is nu gekomen om een stelsel te ontwikkelen voor 

wetenschappers die uifgePostDoct" zijn. 

13. Een boom zonder wortels valt om, behalve als het een fylogenetische boom is. 

Stellingen behorende bij het proefschrift "Detection, phytogeny and population dynamics of 

syntrophic propionate-oxidizing bacteria in anaerobic granular sludge". 

Hermie J.M. Harmsen Wageningen, 10 januari 1996 
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Chapter 1 

General introduction 



General Introduction. 

One of the challenges in microbial ecology is to study microbes directly in their natural 

habitat. The activity, spatial distribution, and interactions between the microbes, such 

as those in biofilms, can only be studied in situ. In most cases it is impossible to install 

a microscope in the ecosystem, and even that would not be a solution because usually 

the individual microbial members of such ecosystems can not be identified by their 

morphology. For a long time, microbial ecologists used selective enrichment and pure 

culture methods, but it is generally accepted that these techniques cause many biases. 

Plate counts and Most Probable Number (MPN) counts on selective media, do often 

not correlate with the numbers obtained by direct microscopic counting and the 

dominant microbes as seen under the microscope are often not the ones that are 

enriched. Furthermore, growth in pure culture does not reflect the way microbes 

interact in the ecosystem. Moreover, for a lot of microbes there is no suitable culture 

method yet or they are not culturable at all. It has been estimated that only 20 % of the 

microbes present in natural environments could obtained in pure culture (Ward et al., 

1992). 

These problems of cultivation and identification were also faced in studying the 

ecology of anaerobic microorganisms in methanogenic environments such as granular 

sludge, where different groups of microbes cooperate with each other in the 

mineralization of organic matter. Conventional culture and detection techniques are not 

sufficiently adequate to describe the complex relationships between different anaerobes 

in these environments (Grotenhuis et al., 1991a). Furthermore, syntrophic consortia of 

microorganisms were encountered, which are dependent on each other for the growth 

on certain substrates. Therefore, these microorganisms are hard to culture and until a 

few years ago could not be obtained in pure cultures. Hence, the ecology and dynamics 

of these syntrophic organisms were difficult to unravel using the quantification 

techniques and microscopic approaches available at that time. Therefore, sufficiently 

specific methods were needed to identify individual community members. Such 

methods would enable studies on a cellular level and preserve the ecosystem so it can 

be studied in the laboratory. In the last decade several methods have been developed 

that make this kind of studies feasible. These methods are not based on growth of the 

individual organisms but on the detection of specific molecular markers present in all 



microbes (Amann et al., 1995). 

This thesis describes the results of a project, which mainly focused on the 

syntrophic propionate oxidation in granular sludge in methanogenic bioreactors. The 

following introduction will first describe the ecosystem and its microbial interactions 

and then present an overview of the ribosomal RNA approach, which was used to 

study this ecosystem and its microbes. Finally, an outline of the thesis is given. 

1. METHANOGENIC 

ECOSYSTEM 

GRANULAR SLUDGE, THE "MAN-MADE" 

Anaerobic wastewater treatment. 

When the costs for energy raised at the beginning of the 1970's, anaerobic wastewater 

treatment started to gain interest, because biogas is produced and no energy for 

aeration is needed. This has led to the development of new types of reactors with 

immobilized biomass, such as the Fluidized Bed (FB), the Anaerobic Filter (AF) and 

the Upflow Anaerobic Sludge Bed (UASB) reactors (Hulshoff Pol, 1989). From these 

the UASB reactor has the widest application. Presently, more than 300 full-scale UASB 

reactors all over the world are operative for the treatment of domestic and industrial 

wastewaters (Lettinga, 1995). In an UASB reactor the wastewater is pumped from the 

bottom into the reactor, and is purified while passing a bed of methanogenic sludge 

(Fig. 1). The biomass is retained in the reactor by se If-immobilisation of anaerobic 

microorganisms into densely packed granules. 

settler/ 
gas separator 

sludge bed -

influent 

gas 

effluent 

Fig. 1. Schematic diagram of a upflow anaerobic sludge bed (UASB) reactor. 

Adapted from Lettinga et al. (1980). 



Mineralization of organic material. 

Methanogenic environments, where complex organic matter is converted into carbon 

dioxide and methane, are widely distributed in nature. These include wetlands and 

paddy fields, digestive tracts of higher animals and insects, and freshwater sediments 

(Boone, 1991; Miller, 1991). This thesis however, will focus mainly on granular 

sludge in anaerobic bioreactors. In this sludge the conversion of organic matter is 

carried out by at least three different trophic groups of microorganisms (Fig. 2). The 

first group of hydrolyzing and fermenting bacteria degrades complex organic molecules 

into monomers like sugars, amino acids and long chain fatty acids, and subsequently 

ferments these to acetate, carbon dioxide, hydrogen and reduced products like alcohols, 

lactate and volatile fatty acids (e.g. propionate, butyrate) (Gujer and Zehnder, 1983; 

Mclnerney, 1988). The second group of hydrogen-producing acetogenic bacteria 

converts long chain fatty acids and the reduced products into hydrogen, formate, 

acetate and carbon dioxide (Mah et al., 1990, Stams and Zehnder, 1990). The third 

group of methanogenic microorganisms converts the hydrogen, formate and acetate into 

methane and carbon dioxide (Oremland, 1988,; Jetten et al., 1992). The different 

conversions are carried out by specialized microbes, and this leads to consortia of a 

large variety of microorganisms in the granular sludge (Fig. 3). The concerted action 

of the different groups of microorganisms leads to high rates of bioconversions in the 

granules (Thiele et al., 1988). A large amount of the organic matter is degraded via 

reduced intermediates, such as propionate and butyrate. Therefore, the oxidation of 

these intermediates is a key process in the mineralization of complex organic matter in 

granular sludge. 

Syntrophic consortia. 

The second step of the anaerobic mineralization of organic matter is the degradation of 

reduced organic compounds, like propionate, butyrate, longer chained fatty acids and 

some aromatic acids, into hydrogen or formate, acetate and carbon dioxide. The 

oxidation of these compounds under methanogenic conditions is energetically 

unfavourably (Table 1). These reactions can only proceed when they are coupled to the 

removal of the products, hydrogen or formate and to some extent acetate by 

methanogens (Mclnerney 1992). Therefore, acetogenic bacteria have to cooperate with 

methanogens. To such a cooperation the term "Syntrophism" was assigned (Pfennig 

and Biebl, 1976). This term was defined as "a cooperation where both partners depend 
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Fig. 2. 

Degradation of organic matter 

under methanogenic conditions, 

involving hydrolyzing and 

fermenting, acetogenic, and 

methanogenic microorganisms. 

Fig. 3. 

Microbial diversity of granular 

sludge. Transmission electron 

microscopic micrograph from 

sludge fed with volatile fatty 

acids (also see Chapter 6). 



Table 1. Some reactions involved in syntrophic degradation processes. AG°-values are 

taken from Thauer et al. (1977). 

Reactions AG" (kJ/mol) 

Acetogenic reactions: 

Propionate + 3H20 

Butyrate- + 2H20 

Methanol + 2H20 

Ethanol + H20 

Lactate + 2H20 

Benzoate + 7H20 

-> acetate + HC03" + 3H2 + H+ 

-> 2 acetate" + 2H2 + H+ 

-> HC03 + 4H2 + H+ 

-> acetate + 2H2 + H+ 

-> acetate + HC03 + 2H2 + H+ 

-> 3 acetate" + HC03" + 3H2 + 3H' 

+76.1 

+48.1 

+23.5 

+9.6 

-4.2 

+58.9 

Methanogenic reactions: 

4H2 + HCO3 + H+ 

4Formate" + H20 + H4 

Acetate + H20 

- > CH4 + 3H20 

--> CH4 + 3HCO3 

--> CH4 + HCCV 

-33.9 

-32.6 

-31.0 

Sulfidogenic reaction: 

4H2 + SO„2 + H+ -> HS + 4H20 -38.1 

on each other to perform the metabolic activity observed" (Schink 1992) or more 

popularly: "Two organisms do something together that neither one can do separately" 

(Brock and Madigan, 1988). 

The classic case of a syntrophic coculture is Methanobacillus omelianskii, 

described as a pure culture (Barker, 1940). It was later shown to consist of the S-

organism which converted ethanol into acetate and hydrogen, and Methanobacterium 

bryantii, which utilized the hydrogen to convert it into methane (Bryant et al., 1967). 

A well-studied substrate that can only be degraded syntrophically, is butyrate (Stieb 

and Schink, 1985; Dong and Stams, 1995; Wallrabenstein and Schink, 1994; 

Mclnerney et al., 1981). It can be converted in coculture with methanogens by several 

different genera of acetogens: Syntrophospora, Syntrophomonas and Syntrophus 



(Mclnemey, 1992). The first two genera are related to the Gram-positive bacteria with 

a low DNA G + C content (Woese 1987; Zhao et al., 1990), while the latter one 

recently was found to be related to the delta-subclass of Proteobacteria which includes 

many sulfate-reducing bacteria (Wallrabenstein et al., 1995a). Another intermediate in 

the degradation of organic matter is propionate. The methanogenic conversion of 

propionate to acetate is even more unfavourable than that of ethanol or butyrate (Table 

1). Below, the syntrophic oxidation of this intermediate will be discussed in detail. 

Syntrophic propionate oxidation. 

The oxidation of propionate under methanogenic conditions can only proceed if the 

partial hydrogen pressure is kept below 10 Pa and the formate concentration is kept 

below 10 iiM (Stams, 1994). At the moment there are three well-described cocultures 

that can perform this reaction. The first isolated defined coculture consisted of 

Syntrophobacter wolinii and Desulfovibrio Gil (Boone and Bryant, 1980). 

Syntrophobacter wolinii oxidizes propionate into acetate, hydrogen and carbon dioxide 

and/or formate, while Desulfovibrio Gi l converts the hydrogen and/or formate by 

sulfate reduction. Recently, a pure culture of S. wolinii, growing on pyruvate, was 

obtained (Wallrabenstein et al., 1994). A second coculture was described by Stams et 

al. (1993) and contained a mesophilic propionate-oxidizing bacterium (MPOB) and 

Methanospirillum sp. isolated from granular sludge. Remarkably, MPOB was able to 

grow in the absence of methanogens on fumarate (Stams et al., 1993). A third well-

described syntrophic propionate-oxidizing bacterium is Syntrophobacter pfennigii, 

formally indicated as KOPROP1, isolated from anaerobic sludge in coculture with 

Methanosprillum sp. (Dörner 1992; Wallrabenstein et al., 1995b). Furthermore, other 

cocultures have been enriched from various anaerobic ecosystems that have not yet 

been physiologically and taxonomically characterized (Koch et al., 1983; Boone and 

Xun, 1987; Mucha et al., 1988; Stams et al., 1992; Wu et al., 1992). 

The biochemistry of syntrophic propionate oxidation has been studied relatively 

well. A propionate oxidation pathway similar to that found in Desulfobulbus 

propionicus was proposed based on experiments with 14C- and 13C- labeled propionate 

(Stams et al., 1984; Koch et al., 1983; Houwen et. al., 1987; Robbins, 1988). This 

methylmanonyl-CoA pathway as given in Fig. 4 was confirmed by enzyme 

measurements in cell extracts of S. wolinii (Houwen et al., 1990) and MPOB (Plugge 

et al., 1993). However, S. wolinii and MPOB differ in the way propionate is activated. 
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Fig. 4.Biochemical pathway of syntrophic propionate oxidation. The numbers refer to 

the AG0' values of the different intermediate steps. The oxidation reactions are coupled 

to hydrogen formation. Adapted from Stams (1994). 

In 5. wolinii propionate is activated via a propionate kinase while in MPOB propionate 

is activated via propionate:acetyl-CoA HS-CoA transferase. 

The most difficult step in the pathway of propionate oxidation is the oxidation 

of succinate to fumarate. The midpoint redox potential of the redox couple 

succinate/fumarate is +30 mV, while the redox potentials of H+/H2 and HC037HCOO 

are respectively -414 mV and -407 mV (Thauer et al., 1977). To couple the succinate 

oxidation to hydrogen or formate formation, hydrogen or formate levels of 10"9 and 

lO8 /xM are required. However, hydrogen/formate utilizing methanogens can not create 

8 



such low hydrogen or formate levels. Therefore, a reversed electron transport 

mechanism has to be proposed, which may be driven by the investment of ATP 

(Stams, 1994). Evidence for the existence of this mechanism was obtained with other 

syntrophic processes such as glycolate oxidation and butyrate oxidation (Friedrich and 

Schink, 1993; Wallrabenstein and Schink, 1994). However, its function in propionate 

oxidation remains to be established. 

Syntrophic propionate-oxidizing bacteria currently investigated are not obligately 

syntrophic. They can grow in pure culture on propionate coupled to sulfate reduction, 

and in the case of S. wolinii and MPOB on pyruvate and fumarate, respectively (Stams 

et al., 1993; Wallrabenstein et al., 1994). These abilities were very important for the 

enrichment and isolation of these bacteria (Wallrabenstein et al., 1994, 1995b; this 

thesis) and simplified physiological and enzymatic studies (Dong, 1994). 

Interspecies hydrogen or formate transfer. 

Whether molecular hydrogen or formate is used for transfer of reducing equivalents 

from acetogens to methanogens is unclear. Formate is better soluble in water and may 

therefore create a steeper diffusion gradient (Stams, 1994). On the other hand, 

hydrogen might easier diffuse across lipophilic membranes (Schink, 1992). Recently, 

Dong et al., (1995) showed that MPOB could only degrade propionate in coculture 

with Methanospirillum hungatei or Methanobacterium formicicum, which utilize 

hydrogen and formate, and not with Methanobrevibacter strains, which only utilize 

hydrogen, unless a bacterium was present which was able to interconvert formate to 

hydrogen and carbon dioxide. Furthermore, experiments done with MPOB, growing on 

propionate with a limiting amount of fumarate as electron acceptor, showed that both 

hydrogen and formate were formed (Dong and Stams, 1995). These experiments show 

that both hydrogen transfer and formate transfer are important and that hydrogen 

transfer only occurred when the formate concentration was kept low aswell. However, 

in granular sludge the average distance between the microbes will be shorter than in 

suspended cultures, and hydrogen transfer might be more important because the easy 

diffusibility of hydrogen across the lipophilic membranes may compensate for the 

lesser solubility of hydrogen in water. This possibility is supported by the observation 

that in propionate-degrading granular sludge Methanobrevibacter was the most 

numerous methanogen in syntrophic microcolonies (Grotenhuis et al., 1991a). 



Ecology of granular sludge. 

Anaerobic granular sludge is a methanogenic environment, usually consisting of mainly 

biomass where microorganisms are aggregated to form a functional biological unit that 

mineralizes complex organic matter (Lettinga, 1995). The formation, stabilization, and 

microbial composition of the sludge has been subject of many studies over the last two 

decades. The formation and stability of the granules is influenced by environmental 

conditions like temperature, pH, type of wastewaters, and availability of nutrients 

(Hulshoff Pol, 1989). In addition, the adhesion properties of the microorganisms, such 

as hydrophobicity and the formation of extracelluar polymers are of importance 

(Grotenhuis et al., 1991b). Attempts to study the microbial composition of the granules 

have been made by conventional methods like the determination of the Most Probable 

Number (MPN), a technique based on the assumption that single cells will grow in 

high dilutions. Although there are major drawbacks of this technique which will be 

discussed below, it showed interesting differences in the microbial composition of 

various granules grown on different substrates (Stams et al., 1989). 

The syntrophic degradation of intermediate compounds like ethanol, butyrate 

and most important propionate, are rate limiting in the degradation of organic matter 

because the degradation depends on the efficiency of interspecies hydrogen or formate 

transfer. However, in granular sludge high conversion rates of these intermediates have 

been obtained (Stams et al., 1989). To obtain these high conversion rates the 

microorganisms need to be organized into syntrophic consortia to minimize the distance 

between the syntrophic partners, so that an efficient interspecies transfer of hydrogen 

or formate is ensured (Thiele et al., 1988). Microscopic studies of granules revealed 

often an internal organization (MacLeod et al., 1990). In the case of syntrophic 

propionate oxidation a specific spatial distribution between acetogens and methanogens, 

a so called juxta-positioning, was observed (Prensier et al., 1988; Grotenhuis et al., 

1991a; Wu et al., 1991). In one of these studies, an unidentified Syntrophobacter-like 

acetogen was surrounded by a Methanobrevibacter sp. which could be identified using 

specific antibodies. A specific antibody for S. wolinii was used, which did not react 

specifically with the microbes in the sludge, indicating that the acetogen was not 

serologically related to S. wolinii (Grotenhuis et al., 1991a). Immunogold labeling 

methods with specific antibodies against different methanogens were used for the 

identification of the methanogenic subpopulation in granular sludge (Macario and 

Conway de Macario, 1988; Prensier et al., 1988; Koornneef et al., 1990; Grotenhuis et 

10 



al., 1991a; Macario et al., 1991). In almost all types of sludge Methanosaeta 

(previously named Methanothrix) could be identified as the acetate utilizing 

methanogen, and only in the cases where high acetate concentrations were present 

Methanosarcina was detected, as in the case of ethanol-degrading sludge (Koornneef et 

al., 1990). The overall structure of the granules was investigated using transmission 

and scanning electron microscopy (Macleod et al., 1990). In the latter study, a layered 

structure of the granules was proposed, based on morphological identification of the 

microbes. The model proposed, consisted of an inner core of Methanosaeta-lïke 

aceticlastic bacteria, surrounded by a layer of syntrophic consortia, and an outer layer 

of fermenting bacteria, acetogens and hydrogen-consuming methanogens. Such a 

layered structure was also observed in granular sludge adapted to thermophilic 

conditions (Macario et al., 1991). In this study, fluorescently-labeled antibodies were 

used to identify the different subpopulation in the sludge. Although the methanogenic 

populations shifted from mesophilic to thermophilic, the basic architecture remained the 

same. 

Problems in studying the ecology of granular sludge. 

Above, some techniques were described to study the microbial diversity of granular 

sludge and the population dynamics of microbial subpopulations. However, there are 

some principle drawbacks that relate to the nature of these methods and their 

application. The MPN technique is based on the assumption that each single cell will 

grow in high dilutions. However, microorganisms in ecosystems do not always grow in 

this ideal way. A number of microorganisms will be underestimated, such as slow 

growers, microorganisms associated to each other or to solid substrates, and microbes 

growing in syntrophic associations, while other microorganisms can not yet be 

cultivated in artificial media. The quantification of propionate-oxidizing bacteria, 

depends not only on the growth of the acetogen but also on the growth of the 

hydrogen-consuming bacteria. This could mean that when the acetogen has overcome 

the lagphase and starts to grow, the methanogen has already died, because of lack of 

substrate. Moreover, syntrophic consortia grow faster in microbial aggregates (Thiele 

et al., 1988). Therefore, growth in suspended and diluted form might be another 

reason for the underestimation of syntrophic consortia using MPN counts (Visser et al., 

1993). The determination of substrate conversion rates gives valuable information on 

the mass fluxes through the granules and on the maximum possible metabolic activity 

11 



of the different microbial groups. However, it does not give information on which 

microorganisms perform these conversions and on the numbers of these 

microorganisms (Dolfing, 1985; Dubourguier et al., 1988; Wu et al., 1992). 

Microscopic investigations with light, fluorescence, and electron microscopy 

have strong limitations because usually the identification of the microorganisms based 

on their morphology is very doubtful if not impossible at all (Heppner et al., 1992). 

This could be partially overcome by the use of specific monoclonal and polyclonal 

antibodies combined with fluorescence and electron microscopy (Macario et al., 1991). 

The topography of methanogenic subpopulations in granular sludge has been studied 

successfully using this approach, although the cross reactions of specific antibodies 

remains problematic (Grotenhuis et al., 1991a; Macario et al., 1991). However, the 

generation of specific antibodies for syntrophic propionate-oxidizing bacteria was 

difficult, mainly because of the lack of defined pure cocultures. Prensier et al. (1988) 

managed to make specific polyclonal antibodies against S. wolinii by adsorption of 

antibodies from the rabbit antisera to cells of Desulfovibrio G i l . These antibodies 

labeled only large rods within syntrophic microcolonies, which were probably the 

syntrophic acetogens. However, in retrospect it can be argued that the antibodies also 

detected other cells than that of Syntrophobacter by cross-reaction to other bacteria. 

It is evident that there is a need for new techniques that are not based on 

morphology, isolation and cultivation, and allow a direct labeling and identification of 

the microorganisms. The next part will discuss the development of such new 

approaches and some of their applications. 

12 



2. RIBOSOMAL RNA AS A TOOL IN PHYLOGENY AND MICROBIAL 

ECOLOGY. 

The Ribosomal RNA Molecule. 

About two decades ago the progress in molecular biology enabled genetic 

information to be studied on a molecular level and provided many new tools to study 

the biological and medical problems. Sequence analysis of DNA and RNA has become 

extremely important as a tool in phylogeny and microbial ecology. The chemical 

method of Maxam and Gilbert (1977), and the more efficient enzymatic method of 

Sanger (1977) enabled the use of the genetic information of the microbes to reveal their 

phylogenetic relationships and to detect them. 

One of the first genes encoding for 16S rRNA which was sequenced was that of 

Escherichia coli (Brosius et al., 1978). Since then, the ribosomal RNA or rRNA genes, 

of many Eucarya, Bacteria and Archaea were sequenced. Comparative studies using all 

these ribosomal sequences revealed that this molecule contained information which 

could be used for both microbial taxonomy and microbial identification. Studies on the 

secondary structure of the 16S rRNA of E. coli showed that this molecule consists of a 

basic skeleton of base-pairing nucleotides, varied by non-pairing nucleotides and 

different hairpin loops (Fig. 5). The structure of the E, coli 16S rRNA is basically the 

same for all organisms, although individual nucleotides and several hairpin structures 

may differ (De Rijk et al., 1992). There are stretches of nucleotides in the rRNA that 

have evolved faster than other regions. This resulted in regions that are more or less 

conserved among all organisms, and regions that are more variable (Woese, 1987). 

The prokaryotic ribosomes consist of three rRNA molecules and about 50 

ribosomal proteins. The 16S rRNA of 1540 nucleotides forms together with 

approximately 20 proteins the 30S small-subunit and the 23S rRNA of 2900 nucleotides 

forms with the 5S rRNA of 120 nucleotides and approximately 30 proteins the 50S 

large-subunit. These two subunits assembled together form the 70S functional unit 

which catalyzes protein synthesis. The rRNA molecules are transcribed from the rRNA 

opérons located on the chromosome. The number of opérons varies between organisms 

from 1 copy (e.g. mycoplasmas) upto 10 copies (bacilli) per chromosome (Amikam et 

al., 1984; Jarvis et al., 1988). Escherichia coli has seven opérons located at different 

chromosomal positions, which are organized in almost the same way, the rRNA-genes 

itself are identical (Wagner, 1994). This organization of the ribosomal opérons found 
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Fig. 5. Secondary structure of 16S rRNA of Escherichia coli. Adapted from 

Ward et al. (1992), with variable region-numbering according to Van de 

Peer et al. (1994). The schematic secundary structure highlights 

sequence domains that are of nearly universal conservation (thick lines), 

intermediate conservation (normal lines), or hypervariable domains 

(dashed lines). 

upstream activating 
sequen— 16SrRNA tRNA9'" 23S rRNA 5S rRNA 

Fig. 6. Schematic arrangement of the rrriB operon of Escherichia coli according 

to Wagner (1994). PI and P2 are the tandem promoters, Tl and T2 are 

terminators. 
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in E. coli (Fig. 6) is generally present in all procaryotes. However, the number and 

identity of the tRNA between the 16S and 23S rRNA-gene is not always the same and 

the spacer regions may vary in size (Fig. 6). The opérons are transcribed as a whole 

into a primary transcript, which forms typical stemloops. These stemloops are cleaved 

by ribonucleases into individual pre-rRNA species, which are matured by ribonucleases 

into rRNA (Srivastava and Schlessinger, 1990). 

The number of ribosomes is assumed to be proportional to the growth rate of 

the organism (Nomura et al., 1984). At a high rate of biosynthesis the formation of 

polypeptides by a single ribosome becomes rate limiting (ca. 20 amino acids per 

second) and thus the number of ribosomes needs to increase. The number of ribosomes 

can vary from 103 to 105 copies per cell. The number of ribosomes is mainly regulated 

on a transcriptional level of the rRNA operon. The two strong promoters of the E. coli 

rRNA opérons are strictly controlled by several positive and negative regulation 

mechanisms (reviewed in Wagner, 1994). 

The use of ribosomal RNA sequences in phytogeny. 

Until approximately one decade ago, microbial phylogeny, that describes evolutionary 

relatedness of microorganisms, was mainly based on their morphology, physiology and 

biochemistry. But microbes posses a simple morphology and many microbes share a 

similar physiology or biochemistry. These characteristics, although useful for 

classification, might not always be good evolutionary markers. In hindsight this often 

led to misclassifications of several groups of microorganisms. Therefore, there was a 

need for more reliable biomarkers. Nucleic acid sequencing techniques made genetic 

information accessible to serve as biomarkers. Ribosomal RNA and the corresponding 

genes are now widely used as evolutionary biomarkers for several reasons (Olsen et 

al., 1986): 

(i) rRNAs, as part of the protein-synthesizing machinery, are present and have the 

same function in all organisms; 

(ii) The overall structure of rRNAs is extremely conserved; 

(iii) The nucleotide sequences are highly conserved. The mutation rate during 

evolution is relatively low as compared to other genes. This makes the rRNA a 

kind of evolutionary clock, which provides reliable phylogenic information; 

(iv) The rRNAs and their genes are easy accessible, mainly because of modern PCR 

and sequencing technology; 
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(v) 16S and 23S rRNAs contain sufficient sequence information to perform 

statistically significant comparisons; 

(vi) There seems to be no rRNA-gene transfer between organisms, so relationships 

between rRNAs reflect evolutionary relationships. 

Although 16S rRNA sequences are mostly used, both 16S and 23S rRNA 

basically contain the same phylogenetic information. 

Usually only nucleotides are included in the analysis that are invariant in 50 % of all 

sequences (the more conserved regions), hypervariable regions are not included 

because so many mutations have occurred in these regions that they do not contain 

significant evolutionary information. Comparative and statistical analysis of the rRNA 

molecules enabled taxonomists to construct trees which indicate the phylogenetic 

relation between the organisms. Until the sequence information of rRNA came 

available, the living organisms were divided into Eucaryotes, the ones that have a 

nucleus, and Procaryotes, the ones that do not have a nucleus. Surprisingly, trees based 

on partial 16S rRNA sequences (oligonucleotide catalogues) revealed that the 

procaryotes should be divided into two distinct groups that were first termed Eubacteria 

and Archaebacteria (Woese, 1987). When more evidence for this prokaryotic 

dichotomy became available, mainly by comparing more and more full-length 16S 

rRNA sequences, the three kingdoms were renamed into the domains Eucarya, Archaea 

and Bacteria (Woese et al., 1990; Winker and Woese, 1991). The universal 

phylogenetic tree presented in the first reference, is a rooted tree that suggests that all 

organisms diverged from a common ancestor (Fig. 7). This is in contrast to the 

unrooted trees used in other studies. In such a phylogenetic tree, the distance between 

the endpoints of the lines is directly related to the amount of nucleotides that differ 

between the individual sequences. This evolutionary distance can be calculated mainly 

via three different statistical algorithms: 

(i) Cluster analysis, that is based on assigning taxa to groups on the basis of 

similarities. This method is only valid when the rates of sequences divergence are 

sufficiently similar in all lineages of the tree. However, in evolution this is not always 

the case. 

(ii) Maximum parsimony, that is based on the assumption that the evolution always 

occurs taking the shortest possible pathway. This method seeks the tree branching 

order (topology) that requires the fewest mutational events. Also this approach is quite 
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susceptible to variations in evolution rate. 

(iii) Distance matrix approach, that use the differences between pairs of sequences to 

estimate the "evolutionary distance" separating the sequence pairs. The evolutionary 

distance is usually corrected for multiple mutations on a single sequence position, 

which might have occurred during evolution. Because of this correction, this approach 

is the most reliable one, with respect to the variations in evolution rate. In practice, the 

distance matrix approach is now most widely used in phylogeny and the topology of 

the outcoming tree is subsequently checked by preforming parsimony analysis. 

At the present, more than 3000 bacterial and archaeal 16S rRNA sequences are 

available in various databases. The Ribosomal Database Project (RDP) is the most 

important one, and contains most of these sequences in an aligned and easy accessible 

form (Maidak et al., 1994). Many detailed phylogenetic analysis have been performed, 

focusing on specific groups of microorganisms (Devereux et al., 1989; Rouvière et al., 

1992, Collins et al., 1994). 

Archaea Eucarya 

Bacteria 

Proteoboctena 

Flagellates 

-»—- Microsporidia 
Green non-sulfur 
bacteria Diplomonads 

Fig. 7. Phylogenetic tree representing the three domains Bacteria, Archaea and 

Eucarya adapted from Woese et al. (1990). 
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The use of rRNA in ecology: The ribosomal approach 

About one decade ago microbial ecologists started to use the ribosomal RNA molecules 

to study microbial communities. 5S rRNA molecules were isolated from relatively 

small communities, like hot springs and hydrothermal vents (Stahl et al., 1985). The 

molecules were separated by electrophoresis and the 5 S rRNA molecules were 

sequenced and subsequently compared. Although these experiments gave new insight in 

the complexity of such small ecosystems, it turned out that the 120 nucleotides long 5S 

rRNA molecule contained only limited information. Olsen et al. (1986) started to 

develop strategies to analyze larger rRNA molecules. The 16S rRNA and the 23S 

rRNA molecules are sufficiently long to obtain reliable phylogenetic information and 

contain enough variable regions to discriminate between the different molecules. For 

reasons of convenience they focused on the shorter 16S rRNA. These strategies 

involved extraction of total community DNA, preparation of a shot-gun DNA library in 

bacteriophage Lambda, screening by hybridization with a 16S rRNA specific probe, 

sequencing of the 16S rRNA-gene containing clones, and comparative analysis of the 

retrieved sequences. A few years later the PCR reaction was introduced into molecular 

biology by Mullis and coworkers (Saiki et al., 1985). This has simplified the methods, 

because now the 16S rRNA-genes could be specifically amplified using 16S rRNA-

based primers. Another approach was extraction of the 16S rRNA from the ecosystem 

followed by its transcription into c-DNA using reverse transcriptase, and subsequent 

cloning and sequencing (Ward et al., 1990). Studies using this approach revealed that a 

lot of the sequences retrieved from ecosystems were until then unknown sequences, 

which showed only limited homology with the 16S rRNA sequences obtained from type 

strains in the culture collections, such as the two new clusters of sequences obtained 

from the Sargasso Sea bacterioplankton (Giovannoni et al., 1990). This surprising 

finding was an indication for the enormous diversity in the microbial world. 

Furthermore, this approach circumvented culture techniques and allowed for the 

identification and detection (see below) of unculturable organisms, which was at that 

time almost impossible. 

Advantages and drawbacks of using sequence information rRNA obtained from 

ecosystems. 

Retrieving rRNA sequences directly from ecosystems has an important advantage over 

other methods, because it allows for the identification and detection (see below) of 
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organisms without culturing. In one experiment, information about different members 

of the ecosystem can be obtained, even if they can not yet be cultured. The obtained 

sequences contain phylogenetic information and may give hints on how to culture these 

organisms in order to study their physiology. 

Although the ribosomal approach has now been proven to be a powerful tool to 

study complex ecosystems, there are some drawbacks that need to be considered. The 

constructed 16S rDNA libraries do not always reflect the total microbial community 

and biases might occur during its construction. Five most important problems can 

occur, (i) The most crucial step in construction of a library is the extraction of nucleic 

acids from the ecosystem. Microbial cells do not lyse equally well. Although 

mechanical lysis methods are used nowadays, it can not be excluded that some 

microorganisms do not lyse. (ii) The PCR reaction can preferentially amplify certain 

16S rDNA molecules, and therefore the 16S rDNA of microbes abundantly present in 

the ecosystem could remain unamplified (Amann 1995). (iii) The formation of chimeric 

molecules that consist of parts of the 16S rDNA of two different microorganisms, is 

reported during the construction of 16S rRNA libraries (Liesack et al., 1991). (iv) 

Cloning efficiencies of the 16S rRNA molecules might be different, (v) The copy 

number of the 16S rRNA-genes can range from 1 to 10 per chromosome. All these 

problems make that feedback methods are needed to check if the found sequences 

really occur in the ecosystem and what the abundance of the organisms is from which 

the sequences were derived. Hybridization with specific probes is often used for this 

purpose. A flow chart showing the principle steps in the ribosomal approach as 

discussed in the previous section combined with feedback and detection methods 

involving specific probes is shown in Fig. 8. 
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DNA/rRNA isolation 

PCR amplification of rRNA-genes 

i 
Cloning of the PCR products 

I 
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In situ hybridization 

Dot blot hybridization 

t 
Detection 

A 

Probe design 

À 

Database analysis 

\ 

Phylogenetic analysis 

Fig. 8. Flow chart showing the principal phases of the ribosomal approach, 

adapted from Amann et al. (1995). 

The application of oligonucleotide probes based on rRNA sequences. 

Oligonucleotides are short single stranded oligomers of 15 to 40 DNA nucleotides, 

which can be made chemically by a DNA synthesizer in any desired sequence. They 

can be used as primers to initiate polymerase reactions, such as PCR, or they can be 

labeled and used as a probe to detect DNA or RNA sequences to which they are 

directed. In both cases they form duplexes with complementary sequences of the target 
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molecule. The amount of binding and specificity of the oligonucleotide-target duplex 

depend on the temperature and the ionic strength of the buffer in which this duplex in 

formed, and on its length. Experimentally, the binding is usually determined by 

keeping the ionic strength constant and varying the temperature. The temperature at 

which half of the oligonucleotides are melted from the targets is called dissociation 

temperature (Td). An oligonucleotide probe which is hybridized below the Td can also 

bind to target sequences which are not completely homologous. In practice, an 

oligonucleotide probe can distinguish a homologous sequence from a sequence with one 

or two mismatches (Manz et al., 1992). Because of this discriminative potential, 

oligonucleotide probes of 15 to 30 nucleotides are more sensitive than long DNA 

probes (more than 100 nucleotides). However, a disadvantage may be that 

oligonucleotide probes can be labeled with a limited number of labels, usually one or 

two, and therefore have a lower detection limit than longer probes. 

Oligonucleotide probes are very useful to detect rRNA molecules. Because of 

their short length and high specificity they can be directed against conserved regions to 

detect all rRNA or domains of organisms, or against hypervariable regions to 

specifically detect one organism. If directed against regions specific for groups of 

microorganisms, the probes can detect different phyla or groups of organisms (Stahl 

and Amann, 1991). 

Design of rRNA-based oligonucleotide probes. 

To identify and quantify subpopulations and specific microbes universal, group-, genus-

and species-specific oliogonucleotide probes can be made. There are four principal 

steps involved (Amann et al., 1995); (i) The alignment of the rRNA (or their gene) 

sequences, (ii) Identification of the target sequence, which is usually unique for a 

single sequence or a group of sequences, (iii) Synthesis and labeling of complementary 

nucleic acids probes, (iv) Experimental evaluation and optimization of the probe 

specificities, and determination of the dissociation temperature. Computer software has 

recently been developed to assist in the first two steps (Strunk et al., 1995). The third 

step involves chemical DNA synthesis, that can be performed automatically, and 

labeling of the oligonucleotides by either enzymatic coupling with radionucleotides or 

dioxigenin, or by chemical coupling with dioxigenin or fluorescent dye (Stahl and 

Amann, 1991; Zarda et al., 1991). So the last step is the most tedious one and may not 

always give the desired result, for instance as a consequence of steric hinderance by 
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secondary structure or a too low melting temperature. 

Although the database may contain many sequences and probes can be checked 

thoroughly, it can never be ruled out that more than one bacterium in the ecosystem is 

detected by the "specific" probe. During the last decade, many universal, group-, 

genus- and species-specific 16S and 23S rRNA probes have been designed and tested. 

These can now be used for the identification of specific microbes, although the probes 

should regularly be reevaluated for new sequences (Manz et al., 1992). 

Detection and quantification of microbes with oligonucleotide probes. 

To apply oligonucleotide probes for the detection and quantification of microorganisms, 

three different methods can be used: specific PCR amplification, dot blot and 

quantitative dot blot hybridization, and finally in situ hybridization. 

PCR assays are used to specifically amplify parts of the 16S or 23S rDNA, or 

the intergenic spacer between the two genes. As templates nucleic acids isolated from 

the studied ecosystem are used. By the use of specific primers, sensitive assays can be 

designed to detect low amounts of a single species or groups of microorganisms. It is 

generally accepted that these methods only detect microbes and do not provide 

quantitative information, although quantitative PCR assays are now being developed 

and evaluated (Blok et al., 1995). 

Dot blot hybridization is used to quantify the amount of a specific 16S rRNA 

relative to the total amount of rRNA. Nucleic acids mixtures are extracted from 

ecosystems by mechanical and chemical lysis of the bacteria. The DNA and RNA in 

these extracts are then purified and bound to a filter using a special manifold to obtain 

dots or slots. These filters are hybridized with radioactively labeled oligonucleotide 

probes. The amount of radioactivity bound to the filter is a measure for the amount of 

rRNA targets to which the probes bind. The relative amount of rRNA is calculated by 

dividing the radioactive signals from the bound specific probes by that of a similarly 

hybridized and labeled universal probe. The relative abundance of the rRNA can not be 

extrapolated to the relative abundance of microbes because the amount of ribosomes 

per cell is dependent on the growth phase. This approach was first successfully used in 

studying different Fibrobacter species in the rumen, where pronounced population 

changes could be observed, depending on the animals diet (Stahl et al., 1988). A 

combination of these methods with in situ hybridization (see below) was used in an 

elaborate study of the microbial composition of different anaerobic wastewater and 
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solid waste digestion tanks (Raskin et al., 1994b). 

From the three detection techniques discussed here, in situ hybridization is the 

most direct one. In situ hybridization is the hybrid formation between specific 

nucleotide sequences and labeled DNA probes inside the intact cell, hence in situ. 

When this technique is applied to detect microbes, this usually means hybrid formation 

between 16S rRNA target and labeled oligonucleotide probes in the intact microbial 

cell (DeLong et al., 1989; Amann et al., 1990a). For this purpose, the morphology of 

the microbial cell needs to be fixed and the cell membrane needs to be made permeable 

to allow penetration of the probe. This is usually done by crosslinking the cell proteins 

with paraformaldehyde, which is sufficient for most microorganisms. For microbes 

with rigid cell walls, such as Gram-positive bacteria, alternative fixation procedures 

have been developed, that involve treatment with lytic enzymes, and organic solvents 

(Beimfohr et al., 1993; Halm et al., 1993). The fixed cells are usually bound to a glass 

slide and hybridized with the oligonucleotide probe inside a moist chamber. The probes 

can be labeled with radioactive nucleotides, biotin or dioxigenin combined with 

immuno-detection using labeled antibodies against these molecules, but usually probes 

are labeled with fluorescent dye like fluorescein (green) or rhodamine (red). The 

fluorescent signals are detected by epifluorescent microscopy or, when more details are 

needed, by confocal laser scanning microscopy. 

In situ hybridization has shown to be very useful to detect unculturable 

microorganisms such as (endo)symbionts of protozoa, insects and animals (Amann et 

al., 1991; Distel et al., 1991; Springer et al. 1993, Snel et al., 1993) and 

magnetotactic bacteria (Spring et al., 1992). Furthermore, this method has been used 

for the identification of bacteria in complex ecosystems such as soil, biofilms and 

activated sludge (Hahn et al., 1992, Amann et al., 1992, Wagner et al., 1993). In all 

these cases the microbes were identified and their spatial distribution was investigated. 

The use of multiple fluorescent labels allows to study different subpopulations at the 

same time (Wagner et al., 1994). The quantification of the fluorescent signal of single 

cells can also give information about the in situ growth rate of the individual cell 

(Poulsen et al., 1993). Quantification of microbes can be automated by flow-cytometry, 

analogous to immunostained flow-cytometry (Amann et al., 1990b), and computer-

assisted image analysis (Caldwell et al., 1992). Presently new applications of these 

techniques are developed, especially since the procedures become more sensitive and 

can be automated. 
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New techniques in molecular microbial ecology. 

Additional techniques become available now that extend the toolbox of 

molecular microbial ecology. Denaturing Gradient Gel Electrophoresis (DGGE) is a 

molecular technique which has been adapted to separate different rDNA molecules 

based on their denaturation point (Muyzer et al., 1993; Muyzer and de Waal, 1994). 

With this technique PCR-amplified 16S rDNA molecules of the same length obtained 

from a mixed community, can be separated. Separated 16S rDNA molecules can be 

hybridized with group-specific probes or extracted from the gel and sequenced directly. 

By this method information about the diversity of the ecosystem can be obtained 

without constructing clone-libraries and the phylogeny of uncultured microbes can be 

studied. A drawback is that this method involves PCR-amplification, which might 

cause biases as discussed before and make quantification of the products doubtful. 

The newest technique is the combination of phylogenetic staining with in situ 

hybridization and isolation of microbes with 'optical tweezers', consisting of 

laserbeams that are used to separate individual cells from the rest of the population in a 

complex ecosystem (Huber et al., 1995) . 
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3. OUTLINE OF THE THESIS. 

The aim of the research presented in this thesis was to study the diversity and 

phylogeny of syntrophic propionate-oxidizing bacteria, to detect these bacteria, and to 

study their population dynamics in various types of granular sludge. The detection and 

population dynamics were to be done quantitatively and in situ, using 16S rRNA-based 

oligonucleotide probes. Following introduction into granular sludge ecology and 

physiology, and the use of the 16S rRNA approach (Chapter 1), Chapter 2 deals with 

the phylogenetic analysis of Syntrophobacter wolinii. For this purpose, the rRNA-genes 

of S. wolinii had to be retrieved from a defined coculture. In the research described in 

Chapter 3 the complexity of the phylogenetic analysis increased when the highly 

enriched, but hence not pure syntrophic propionate-oxidizing cultures MPOB and 

KOPROP1 were analyzed. The phylogenetic status of sporeforming syntrophic 

propionate-oxidizing bacteria from granular sludge, enriched by repeated 

pasteurization, is described in Chapter 4. The phylogenetic analysis of these bacteria 

revealed that syntrophic propionate oxidation can also be performed by Gram-positive 

bacteria. The detection of syntrophic MPOB-like bacteria in granular sludge fed with 

different substrates is discussed in Chapter 5. In this study the spatial distribution of 

MPOB-like cells, other bacteria and methanogens is investigated by in situ 

hybridization on sections of the sludge, using species- and group-specific 

oligonucleotide probes that were fluorescently labeled. The ribosomal approach was 

also used in Chapter 6 to monitor the enrichment of strain SYN7, a new type of 

syntrophic propionate-oxidizing bacterium, from granular sludge originating from a 

UASB reactor treating potato wastewater. In Chapter 7 the same sludge was used to 

study the population dynamics of propionate-oxidizing bacteria when fed with either 

propionate or propionate and sulfate. The microbial subpopulations were quantified 

using dot blot hybridizations with various oligonucleotide probes and the changes in the 

microbial architecture of the sludge was investigated using in situ hybridizations on 

sections of the sludge. In Chapter 8 the isolation and substrate use of strain MPOB is 

described and the taxonomie position of this bacterium is investigated using DNA-DNA 

hybridization in order to name the bacterium. Finally, results as presented in this thesis 

is summarized and discussed. 
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