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ABSTRACT

THE ECOLOGY OF SPIROCHETES IN METHANOGENIC BIOREACTORS

By

SHERRY LYNN DOLLHOPF

Methane is a potent greenhouse gas, and the release of methane from ruminant

animals, termites, waste treatment and anaerobic sediments plays a significant role in

global warming models. Spirochetes occur in many methanogenic environments

including termite hindguts, rumen contents, dental plaque, human gastrointestinal and

reproductive tracts, and anoxic sediments. Many spirochete species of medical and

environmental importance are difficult to cultivate and study in vitro. To investigate the

ecology of spirochetes in methanogenic environments, the unusual enrichment of

spirochete species in laboratory scale glucose-fed methanogenic bioreactors was studied

using 16S rRNA and rDNA based molecular techniques, pure culture, and coculture

experiments. The bacteria and archaea communities associated with the spirochetes were

also described.

The enrichment of Spirochaeta and Treponema related species was observed in

multiple bioreactors Operated at low diliution rates (0.06 to 0.17 days") inoculated with

freshwater river sediment, sewage sludge, and rumen contents. Spirochaeta sp. str. R8

was isolated from bioreactor fluid and was shown to compose 25 to 45 % of the

bioreactor community by fluorescent in situ hybridization. Strain R8 fermented glucose

to acetate, ethanol, lactate, hydrogen, and carbon dioxide. These products were formed

and utilized in bioreactor fluid, indicating that the spirochetes played an important role in





the carbon flow within the bioreactors. At dilution rates of 0.25 days'1 and above, the

Spirochaeta sp. str. R8 population decreased, while a population of Clostridium ramosum

related organisms increased. Competition experiments between Spirochaeta sp. str. R8

and Clostridium ramosum str. S9 in continuous culture demonstrated the strain R8 was a

superior competitor for glucose at low dilution rates, provided that a sufficient supply of

coenzyme A precursors were supplied in the medium. Without added coenzyme A

precursors, strain S9 and R8 coexisted in approximately equal numbers at all dilution

rates tested. Coculture of Methanobacterium bryantii or Methanosarcina mazeii with

Spirochaeta sp. str. R8 relieved the coenzyme A requirement and increased cells yields of

strain R8 significantly. Competition of strains R8 and S9 in the presence of

Methanobacterium bryantii allowed strain R8 to outcompete S9 in the absence of extra

coenzyme A. This dissertation demonstrates the importance of cooperative interactions in

the function and structure of microbial communities.
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CHAPTER 1

INTERSPECIES INTERACTIONS IN ANAEROBIC MICROBIAL COMMUNITIES

Introduction

Microbial communities affect many aspects of the world in which we live.

Microbial community function impacts human health, agriculture, waste treatment,

nutrient cycling, and global warming, to name a few. Aside from our innate desire to

learn about the world in which we live, our goal in studying microbial communities is to

control and direct microbial functions to preserve and improve the quality of human life.

To control and direct microbial activities, an understanding of the fundamental biological

mechanisms underlying their activities is necessary. The harnessing of the ability of

microbes to produce a variety of commercial products is an example of the successful

application ofthis reductionist approach.

The difficult task of elucidating the biological processes and interactions within

an entire microbial community may be necessary to understand many ecological and

health-related problems. Along with the typical environmental controls and biological

limitations of a single species that must be understood, multiple species, diverse

metabolisms, and interspecies interactions must be taken into account. In complex

microbial communities with multiple trophic levels and species numbers in the

thousands, this task becomes daunting. The advent of high-throughput molecular

technologies vastly improves our ability to describe and compare complex microbial

communities, which should aid us in gaining an understanding of microbial communities.
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The same basic principles that govern the community structure of plants and

animals should apply to microbes as well. Thus we can expect competition for resources,

niche partitioning, trophic interactions, mutualism and other interspecies interactions to

play a major role in the structuring of microbial communities. Much research in microbial

ecology has shown that basic ecological principles apply to microbial communities, but

our understanding of how these principles actually work in complex communities in

natural environments is still in its infancy.

Types of microbial species interactions

A prokaryotic cell within a microbial community interacts with a large number of

other microorganisms simultaneously. The importance of these interactions for the

survival and activity of the cell depends upon the proximity of the other cells and their

metabolism. The nature of the interactions may be positive, negative, or neutral. A

completely neutral relationship between two species in the same environment is rare if

the environment they share allows diffusion of soluble and gaseous molecules between

them. Interspecies interactions range from relatively weak non-specific interactions that

exert little influence on the grth of either species, to strong interactions that are

necessary for the survival of one or both Species in a particular environment.

Negative species interactions include competition, parasitism, and predation

(Table 1.1). Parasitism and predation are common between prokaryotes and eukaryotes,

but are not as common between prokaryotic species. Only a few known prokaryote

species prey upon other prokaryotes. The importance of predatory cells in natural

microbial communities is unclear, but they are ubiquitous in natural environments.
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Viruses that prey on heterotrophic and phototrophic bacterial populations are also

common in aquatic environments and affect community structure and population

dynamics (2,55).

Positive, or cooperative, interactions between prokaryotic species include

commensal, syntrOphic, and symbiotic relationships (Table 1.1). Both symbiotic and

commensal interactions are common between prokaryotes and eukaryotes. Examples

include the symbiotic fixation of nitrogen in legumes and the commensal microflora of

mammalian gastrointestinal tracts. Among prokaryotes, cooperative relationships appear

to be more important in anaerobic than in aerobic environments. The oxidation of

compounds without highly oxidizing electron acceptors, such as oxygen or nitrate,

requires a large enzymatic machinery and detailed metabolic conversions to gain energy.

Consequently, complete anaerobic oxidation occurs in steps that are catalyzed by

different organisms. The anaerobic food chain that results from the step-wise oxidation of

organic compounds necessitates a greater level of interaction between microbial species

(7,17,45). Highly structured environments, such as microbial mats and biofilms, are also

characterized by a high level of interspecies interactions (postive and negative) due to the

close proximity of cells and microscale chemical gradients that are important for the

metabolism ofthe organisms within the community (38,53).

Negative interactions and community structure. Competition is an interaction that

has a negative impact on the grth of the interacting species. Two types of competition

between organisms are possible, exploitative competition and interference competition.

Exploitative competition refers to the physical/biochemical race for uptake of substrate,

while interference competition (a.k.a amensalism) refers to the direct infliction of harm
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on competing species. The negative impact of competition can be mathematically

represented by a coefficient that decreases the growth rate, or increases the death rate, of

a species depending upon the concentration of other competitors. The species that is

impacted the least by the presence of other competitors (ie. has the smallest coefficient)

ultimately wins the competition, excluding the other species (24). Interference

competition is common in microbial communities, especially in, soil environments. The

production of a wide variety of antibiotics by fungi and bacteria, and the evolution of

genes to combat these antibiotics, attests the importance of interference competition in

some microbial communities.

Many microbes have similar nutritional and energetic demands that they must

meet from a limited pool of organic and inorganic compounds in natural environments;

thus, exploitative or substrate competition may be the most common type of negative

microbial species interaction. The outcome of resource competition is solely dependent

upon the concentration of the substrate in the environment and the shape of the Monod

growth curve (5 versus p.) of the competing organisms (32,41) (Figure 1.1). The Monod

model of substrate dependent specific growth rate [u = pmax s/(s + K,)] is the most

common mathematical equation used for microbial growth under substrate limiting

conditions because of its simplicity and accuracy in fitting most cases reasonably well

(4). A large number of experimental studies of single substrate competition in chemostat

cultures support this model (13,15,16,25,26,41).

According to the Monod model, bacteria can use two different strategies to

increase their competitiveness for a single substrate (Figure 1.1). One strategy is typified

by oligotrophs, organisms adapted to stable, low-nutrient environments that have high
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substrate affinity and relatively low maximum specific growth rates. The other strategy is

typified by copiotrophs, organisms adapted to fluctuating, high-nutrient environments

that have lower substrate affinity and higher maximum specific growth rates. These

strategies are not necessarily mutually exclusive. Many microorganisms have both high

and low afiinity uptake systems that are induced under the appropriate conditions (Figure

1.1); however, obligate oligotrOphs and cOpiotrophs are also known that are specialized

for these two different lifestyles (14).

In anaerobic environments single substrate competition is a major force in

structuring the microbial community. For example, competition for hydrogen in

anaerobic environments is fierce, and organisms that can’t compete in environments with

a hydrogen partial pressure below their thermodynamic limits are only present at very

low levels. Hydrogen-consuming methanogens are generally not active in environments

where nitrate-, sulfate-, or iron-reducers are active because these organisms have a higher

affinity for hydrogen than methanogens. This is not only due to the thermodynamics of

different electron-accepting processes, but also to the lower affinity of methanogens for

hydrogen (29).

Despite intense resource competition, many conditions and adaptations allow for

the co-existence of species. The presence of multiple substrates and the need for more

than one nutrient (e. g. carbon, oxygen, nitrogen, phosphate, etc.) in natural environments

are obvious mechanisms for co-existence of similar species. When growth is limited by

more than one substrate, such as carbon and nitrogen simultaneously, co-exiStence is

possible. Multiple substrate limitation is a large subject and is reviewed elsewhere

(9,10,15,16,31). In addition, the sources ofcarbon and energy in natural environments are
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diverse, potentially creating different niches for microbes to occupy. Other conditions, .

such as predation, environmental perturbations, non-homogeneous micro-habitats,

temporal variability, and interference competition, can disrupt competitive exclusion

during competition for a single substrate, allowing many species to coexist (6,19,23,48).

For instance, studies of glucose-fed methanogenic reactors have found a surprising

amount of redundancy among organisms capable of fermenting glucose. In these

completely mixed reactors competitive exclusion was presumably excluded by the use of

carbon and energy sources other than glucose and the alternating feed-starve cycles

applied to the some of the reactors (11,12,56). This redundancy had important

implications for functional recovery of the reactors after application of an organic shock

load (11,21).

Positive interactions and community structure. Odum (1983) (35) noted that

newly introduced species tend to interact negatively, while species that have evolved

together over long periods of time tend to develop positive interactions. Considering that

microbes are the oldest forms of life on earth, positive interactions among microbes may

well be the most common interspecies interaction occurring in microbial communities.

Quite a few positive species interactions between microbes are understood, and the

transfer of molecules between the cooperating species has been defined (Table 1.2).

Transfer of molecules between cooperating species may be unidirectional or

bidirectional. Cooperative interactions may depend upon transfer of molecules between

two different metabolic types of organisms, or may require specific communication

between co-evolved species. An example of a non-specific unidirectional cooperation is

the consumption of the waste products of one bacterium by another. Even this type of
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simple interaction creates growth conditions that are different than those in pure culture,

where most ofour knowledge of metabolism is gained.

The most well studied cooperative interaction between prokaryotic species in

anaerobic environments is the syntrophic interaction oftwo metabolically distinct species

in the degradation of a substrate that neither species could degrade alone because of

thermodynamic constraints. The term syntrophic specifically implies that both partners

depend on each other for some metabolic activity that can not be replaced by the addition

of a cofactor or nutrient (46). Syntrophic interactions between hydrogen-oxidizing

organisms, such as methanogens, sulfate-reducers, or homoacetogens, and a variety of

hydrogen-producing fermentative bacteria are necessary for the degradation of fatty

acids, ethanol, glycolic acids, and aromatic compounds under anaerobic conditions (46)

(Table 1.2). Synergistic interspecies hydrogen transfer also benefits sugar-fermenting

organisms by allowing them to produce more hydrogen and oxidized fermentation

products, increasing the energy yield per molecule. Other interspecies interactions that

increase mineralization rates in anaerobic environments are poorly understood. For

example, undefined interactions between saccharolytic spirochetes and cellulolytic

bacteria, such as Spirochaeta caldaria and Clostridium thermocellum, enhance the rate of

cellulose degradation as much as two-fold over the rate of degradation by the cellulolytic

species alone (40,49).

Many anaerobes have nutritional requirements for certain vitamins or amino acids

that may also be the basis of cooperative interactions among microbial species.

Microorganisms found in food products and animal or plant associated environments

commonly require multiple amino acids and vitamins that are found in adequate supply in

10
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their environment. However, a survey of microorganisms revealed that organisms

isolated from environments that would not necessarily have an abundance of vitamins

and amino acids, such as sediments and other aquatic environments, are often

auxotrophic for one to several vitamins such as biotin, thiamine, or cobalamin, suggesting

that these vitamins may be supplied by other community members (this study). In

contrast to aquatic environments, prototrophs were more common in soil environments.

Independent of the environment from which they were isolated, autotrophic and

lithotrophic microorganisms were the most likely metabolic groups to synthesize all

vitamins and amino acids de novo. The excretion of large amounts of various organic

products by autotrophs, especially photoautotrophs, is the basis of many cooperative

interactions. The benefit of these interactions for the autotroph is not obvious, but include

the stimulation ofN2 fixation, an increase in local CO2 concentrations, and the structural

maintenance of mat communities (17). The only large phylogenetic groups to

homogeneously express prototrophy were the y—proteobacteria (except the genera

Legionella and Haemophilus, and few other cases of single vitamin requirements) and the

Planctomycetes.

Interactions between guilds within anaerobic communities, aside from the

unidirectional transfer of products though the anaerobic food chain, may be very

important for stable ecosystem firnction. In a previous study of methanogenic bioreactors,

shifts in the composition of the methanogenic guild corresponded to dramatic

compositional changes in the fermentative bacterial community. These compositional

changes did not appear to affect ecosystem function (12). It is not clear why a change in

the Species composition of hydrogenotrophic and acetotrophic methanogens should affect

11
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fermentative species, or vice versa, as long as both hydrogen and acetate are removed

effectively. This conCerted change in the two guilds suggests that direct interactions

between the fermentative and methanogenic guilds may exist that are important for the

fiinction ofboth guilds.

Microbial interactions such as those defined above that change degradation rates

and substrate uptake profoundly affect our models of anaerobic mineralization in natural

environments. In addition, species and strain specific cooperative interactions are likely

to be one reason for the difficulty in culturing many microorganisms from natural

environments. Because of the importance of interspecies interactions in microbial

communities, a concerted effort must be made to study the physiology of assemblages of

organisms.

Investigating microbial species interactions

Enrichment culture. The traditional enrichment culture technique developed by

Beijerinck and Winogradsky at the beginning of the twentieth century is one of the

foundations of microbial ecology. Enrichment cultures are especially useful for the study

of interspecies interactions if an enrichment culture is viewed as a way to study a

simplified community that is carrying out a specific biochemical process, rather than as

simply a means to obtain a pure culture. Either continuous or batch enrichment culture

methods can be utilized to Simulate the natural environmental conditions more closely.

The enrichment of ammonia-oxidizing bacteria is a good example of how enrichment

cultures may be used in the study of substrate competition. Enrichment cultures for

ammonia-oxidizing bacteria yield different organisms depending upon the concentration

12
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of ammonia used in the enrichment, indicating that there are at least two types of

ammonia-oxidizing bacteria in nature that are specialized for different concentrations of

ammonia.

Enrichment cultures are even more appropriate for the study of cooperative

interactions. After simplifying a natural microbial community to those microbes

connected to the process of interest, the members of the enrichment and their roles may

be more easily discerned than in the natural environment. The use of molecular

techniques (see below) to identify the members of an enrichment culture and sub-

culturing of individual members may allow the elucidation of the roles of the dominant

members and fisrther understanding of the process as it occurs in natural environments.

The discovery that a type II methanotroph could oxidize atmospheric concentrations of

methane when cultivated in the presence of Variovorax species was made in such a way

(8).

Coculture. Deliberate coculture of two organisms already in pure culture has also

lead to many important discoveries about interspecies interactions. The coculture of two

organisms in continuous and batch systems is a common method to study competition for

single or multiple substrates, as mentioned above. Cases of coexistence of two species

when competitive exclusion was expected are perhaps the most interesting outcome of

such competition experiments. The coculture of two sulfide-oxidizing bacteria,

Thiobacillus, a colorless sulfide-oxidizing bacterium, and Thiocapsa, a photosynthetic

purple sulfur bacterium, under oxygen-limiting conditions resulted in the coexistence of

the two species rather than the predicted exclusion of Thiocapsa. The Thiobacillus

Species produced incompletely oxidized Slllfill' compounds under oxygen-limited
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conditions. The Thiocapsa species used the incompletely oxidized sulfur compounds as

electron donors rather than sulfide. Thus, the two species were no longer in competition

for sulfide, but actually cooperated under habitat-simulating conditions (52).

The discovery of syntrophic grth through interspecies hydrogen transfer in the

culture “Methanobacillus omelianskii” has lead to the isolation of a number of syntrophic

organisms. A greater understanding of anaerobic degradation of even and odd-chained

fatty acids, branched chain fatty acids, amino acids, ethanol, and aromatic compounds has

resulted (46). Coculture of sulfide-oxidizing and sulfide-producing microbes has also

lead to a greater understanding ofthe sulfur cycle in natural systems. The use of coculture

techniques may significantly increase the culturability of environmentally important

microorganisms as well. In a study of rice paddy soils, it was reported that different

species of lactate and ethanol utilizers were isolated depending upon whether or not

Methanospirillum hungatei was used in the enrichment medium. The organisms isolated

did not require the presence of a methanogen in order to oxidize lactate or ethanol, yet the

presence of the methanogen allowed the isolation of the numerically dominant soil

organisms, while without the methanogen, organisms that were not numerically dominant

in the environment were isolated instead (43). The idea of using coculture techniques in

enrichment cultures, even when the process being studied is not thought to require any

syntrophic interactions, may prove very helpful in the isolation of environmentally

important microbes. Studying cocultures of organisms that are known to cohabitate the

same environments may lead to the discovery of new interactions, even if there is no a

priori reason that a coculture would be required for the organisms or processes of

interest.

14
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Microscopy. The spatial distribution of microorganisms within their natural

environment can be very important for their activity. The efficiency of metabolite transfer

between two cells is inversely proportional to the distance between the two (47).

Organisms that are known to interact in the syntrophic degradation of compounds often

form specific structural arrangements that allow for the efficient transfer of molecules

between the two populations in the environment (20,33). The use of microscopy and

image analysis may therefore be very helpfiil in the study of interspecies interactions.

The use of 16S rRNA-targeted oligonucleotides in fluorescent in situ

hybridization (FISH) allows the visualization of specific microbial populations in

environmental samples (1). In conjunction with confocal laser scanning microscopy, the

arrangement of cells in thin sections of biofilms and aggregrates can also be seen.

Because oligonucleotides can be designed for organisms that are only represented by

sequence information, valuable information about uncultured organisms’ morphology,

position, and associations with other cells in their natural environment or in an

enrichment culture can be described (Figure 1.2). The simultaneous application of FISH,

radiolabeled substrates, and autoradiography can give additional information about which

populations are utilizing different substrates (18,28,36). Information from these

techniques may aid in design of enrichment strategies, including cocultures, for

uncultivated microorganisms. In addition, studying the positioning and associations

formed by cultivated microorganisms could indicate an interspecies interaction that we

have overlooked that may be important for the in situ activity of the microorganisms.

Molecular methods. Our ability to describe the members of a microbial

community has drastically improved in the last three decades due to the development of

15
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ommumtyér Ingerprrn Nucleic Acid Probes Primers

Cloned rRNA genes

Sequencing &

Database Search

Figure 1.2 Flow chart of molecular microbial ecology methods for community analysis

and monitoring of specific phylogenetic groups of microorganisms. RT-PCR = Reverse

transcription polymerase chain reaction. FISH = Fluorescent in situ hybridization.
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the polymerase chain reaction (PCR) and 16S rRNA and DNA based phylogenetic

methods (39,54) (Figure 1.2). Amplification and cloning of 16S rRNA genes directly

from environmental samples has opened our eyes to the vast diversity of microorganisms

in the natural environment, and has allowed the development of methods to learn about

uncultivated microorganisms. Many different applications of 16S rDNA and rRNA

methods allow the detection, and even quantification, of specific strains, species, genera,

or broad phylogenetic groups (Table 1.3). Molecular methods that allow the in situ

visualization of specific organisms, such as FISH, are among the most usefiIl methods for

the study of interspecies intereactions. Other methods aim to provide a fingerprint, or

snapshot, of microbial community composition, allowing the rapid comparison of many

environmental samples. The use of molecular techniques to monitor the composition of

microbial communities in enrichment cultures has greatly improved our understanding of

the selective bias of the conditions applied (44). In addition, molecular analysis of

enrichment cultures has resulted in the discovery of new interspecies interactions,

organisms, and physiologies (8,22,30,50)

Another way to elucidate important interspecies interactions is to take a more

holistic approach and study whole communities in their natural environment. Rapid

comparison of microbial communities with DGGE, T-RFLP, and other community

fingerprinting methods have allowed robust comparisons of microbial communities in

different layers of microbial mats, soils, lake strata, freshwater and marine sediments, as

well as changes in community structure over time (3,34,37,42,51,56). Quite a few

microorganisms whose 16S rDNA gene sequences were retrieved from the same

microenvironment repeatedly (ie. the same depth layer of a microbial mat or stratified

17
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lake) were eventually shown to have relatively strong interspecies interactions (37,38).

Competition between species could also presumably be deduced if the size of two

different microbial populations were inversely related over time.

Implications

Interspecies interactions have repeatedly been demonstrated to be extremely

important for the in situ activity of microorganisms in many environments. In most

natural habitats microbes are in close proximity to cells of other species. If bacteria in

pelagic and benthic environments were homogeneously distributed, the average distance

between cells would be between 122 and 12 pm. In reality, bacteria are not

homogeneously distributed, but form aggregrates, microcolonies, and biofilms that

contain multiple species, thus the distance between cells in their natural habitat is

probably much less than 12 pm on average (38). The study of microorganisms in pure

culture has undoubtedly taught us much about general and environmental microbiology,

but it has also caused many misconceptions of the true kinetic and metabolic capabilities

of microorganisms in their natural habitats. These misconceptions significantly impact

our models of biogeochemical transformations. The advances made in the study of

interspecies interactions imply that the interactions that occur may be quite different from

the paradigm of syntrophy formed from examples in anaerobic environments. Exploring

new ideas about interspecies interaction may substantially increase the number of

environmentally important microorganisms that can be cultivated.
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Thesis overview

The tight metabolic coupling and interspecies interactions necessary for the

anaerobic degradation of organic matter are fascinating and important for our

understanding of global carbon and nutrient cycling, wastewater treatment, and

mammalian gastrointestinal tract communities. However, natural anaerobic microbial

communities are very complex because of the variety of substrates available in natural

settings and the fluctuation of physical parameters such as temperature, pH, and nutrient

concentrations. Manipulating natural environments and communities is also very

difficult. Anaerobic bioreactors fed continuously with glucose at a loading rate of 0.5 g-I'

1°day'l provided a manageable environment to examine methanogenic microbial

communities (Figure 1.3). No electron acceptors were added to the chemostats, thus the

microbial community should contain three main guilds of organisms: glucose fermenters,

syntrophic fatty acid and ethanol fermenters, and methanogens (Figure 1.4) The

bioreactors used in this study were inoculated from various sources and operated for

different lengths oftime (Figure 2.1).

Preliminary work on the microbial communities of these simple bioreactors

repeatedly documented enrichment of spiral-shaped cells that resembled spirochetes.

Many species of spirochetes are responsible for disease, while others flourish in

cellulose-degrading environments such as salt marsh sediments, the rumen and the

termite gut (5). Most spirochetes ferment sugars to acetate, ethanol, hydrogen, carbon

dioxide, and lactate; however, recent termite-gut isolates were shown to be H2/CO2

homoacetogens (27). Spirochete species can be difficult to cultivate, therefore the

repeated enrichment ofthe spirochetes in the bioreactors provided a unique opportunity
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to study their biology and ecology in an environment that could be easily manipulated.

The following hypotheses were evaluated concerning the ecophysiology of spirochetes in

these methanogenic bioreactors:

Hypothesis 1: Spirochetes are members of the glucose fermenting guild in methanogenic

bioreactors.

Hypothesis 2: Spirochetes dominate the glucose fermenting guild in methanogenic

reactors when the in situ glucose concentration is low because they are adapted

for growth at low substrate concentrations.

Hypothesis 3: Removal of H2/formate by H2-utilizing methanogen species increases the

growth yield of spirochetes on glucose.

Hypothesis 4: Cooperative interactions other than interspecies hydrogen transfer exist

between methanogens and spirochetes that are important to the ecology of both

microorganisms.

Experimental design

Research presented in chapter 2 explores the microbial diversity and structure of

the bioreactor communities. Chapter 3 addresses the ecological role of spirochetes in the

bioreactor communities (Hypothesis 1) Spirochete strains were isolated from bioreactor

fluid and characterized. 14C-labeled glucose was fed to bioreactor communities to

determine the flow of carbon through the ecosystem. Molecular methods based on 16S

rDNA were used to confirm that the spirochete strains isolated were the dominant
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organisms in the bioreactors. These studies revealed that spirochetes were fermenting

glucose to hydrogen, acetate, and ethanol in the bioreactor community.

The question of why the spirochetes dominated the glucose-fermenting guild in

the bioreactor communities required whole community, pure culture, and coculture

studies. Chapter 4 presents the effects of dilution rate on the entire bioreactor community,

including changes in spirochete and other glucose-fermenting populations. Chapter 5

describes the results of pure and mixed culture studies, including chemostat competition

of two predominate strains isolated from bioreactor fluid, Spirochaeta sp. strain R8 and

Clostridium ramosum strain S9. The results indicate that spirochetes are able to

outcompete most other glucose-fermenting organisms provided that the spirochetes have

a sufficient source of cofactors or vitamins required for growth.

The final questions about interactions between spirochetes and methanogens are

also presented in chapter 5. Pure culture, coculture, and triculture experiments were used

to demonstrate that the interaction between spirochetes and methanogens involved the

cross-feeding of pantothenate or a similar molecule. The cross-feeding of pantothenate

was also determined to be an important factor in determining the competitive advantage

ofthe spirochete strain.
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CHAPTER 2

PHYLOGENY OF METHANOGENIC REACTOR ORGANISMS

Portions of the work presented in this chapter were published previously in the following

articles: Fernandez, A., Huang, 8., Hashsham, S., Seston, S., Xing, J., Hickey, R.,

Criddle, C., and Tiedje, I. 1999. How stable is stable? Function versus community

composition. Appl. Environ. Microbiol. 65:3697-3704; Hashsham, SA, A. S. Fernandez,

S.L. Dollhopf, F.B. Dazzo, RF. Hickey, J.M. Tiedje, and CS. Criddle. 2000. Parallel

processing of substrate corresponds with greater functional stability in methanogenic

reactor communities perturbed by glucose. Appl. Environ. Microbiol. 66:4050-4057; and

Fernandez, A., S.A. Hashsham, S.L. Dollhopf, L. Raskin, O. Glagoleva, F.B. Dazzo, RF.

Hickey, CS. Criddle, and J.M. Tiedje. 2000. Flexible community structure correlates

with stable community function in methanogenic reactor communities perturbed by

glucose. Appl. Environ. Microbiol. 66:4058-4067.

Introduction

There are many diverse environments, natural and man-made, that produce

methane. In all cases our knowledge of the environmental factors and organisms

controlling methanogenesis is incomplete. We perhaps know the most about the

physiology and ecology of organisms involved in the mesophilic, freshwater degradation

of sugars to methane. Methanogenic communities metabolizing simple sugars should

contain three main functional microbial groups, or guilds. The sugar-utilizing organisms

represent one guild. The majority of organisms utilizing sugars in a methanogenic

environment should be fermentative due to the lack of suitable electron acceptors, such as

02, N03“, and S04'2. A vast array of bacteria from many different phylogenetic groups
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can ferment simple sugars. The hydrogen, carbon dioxide, organic acids, and alcohols

produced by this guild are then utilized by the other two guilds found in methanogenic

environments (23).

Acetate, one of the most common fermentative products, is used directly by

acetoclastic members of the second guild - the methanogens. Two genera of acetoclastic

methanogens are known, Methanosarcina and Methanosaeta. Methanosarcina spp.

utilize H2 and CO2, acetate, and methylated amines with generation times of 9 hours on

H2 and CO2 and 17 hours on acetate. In contrast, all described Methanosaeta spp. utilize

only acetate, for which they have a high affinity, and have doubling times greater than 24

hours (13). Other methanogens typically found in methanogenic reactors, such as

members ofthe families Methanobacteriaceae and Methanomicrobiaceae, utilize formate

and/or H2 and CO2 that is produced during the oxidation of glucose, propionate, butyrate,

ethanol, and other fatty acids (21,23).

The syntrophic guild, the third firnctional group, depends upon H2 utilizing

methanogens to remove H2 and/or formate from the environment. If H2 or formate reach

concentrations above 1 Pa and 10 M, respectively, the oxidation of volatile fatty acids

carried out by syntrophic organisms is no longer thermodynamically favorable (23). Two

main phylogenetic groups of syntrophic bacteria have been described. The first group,

which includes the genera Syntrophobacter, Pelobacter, and various sulfate reducing

strains, is found within the delta subclass of the proteobacteria (10,11). The bacteria in

this phylogenetic group oxidize ethanol, propionate, and other odd numbered fatty acids

in syntrophic associations with hydrogen scavenging bacteria. The other phylogenetic

group of syntrophic organisms, which includes the genera Syntrophomonas,
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Syntrophospora, and Syntrophus, are found in the low percent G+C subdivision of the

gram-positive bacteria (1,29). These bacteria oxidize butyrate and some aromatic

compounds in syntrophy with hydrogen scavengers (19,20).

In this study our goal was to explore a simple methanogenic community by

cloning and identifying the most common bacteria and archaea in 14 continuously stirred

methanogenic reactors fed glucose as the sole carbon and energy source. This analysis

revealed sequences related to both cultivated and uncultivated prokaryotic species and

corresponded well to other studies of methanogenic environments. In addition, we

compared the species composition of reactors seeded from different sources, operated

under slightly different conditions, or perturbed in some way and found that some species

seemed to be indicative of certain reactor conditions.

Materials & Methods

Reactor design and operation. Sequences were retrieved fi'om similar

continuously stirred, mesothermic (35°C), methanogenic reactors that were part of three

separate studies (Figure 2.1). All reactors were fed via a buffered glucose solution (8 g

l + 6 NaHC03 g-liter’l) and a 40X concentrated nutrient solution asglucose-liter'

previously described (28,12). In the first study a 1.5 liter reactor, designated reactor P1,

was inoculated from a 16 L continuously fed reactor and supplied glucose in a 2-day

cycle: 16 g-liter'1-day'1 for one day and 0 g-liter'l-day'l the following day, resulting in an

average loading rate of 8 g-liter'l-day'l (Figure 2.1A). A constant dilution rate (0.1 day")

was maintained and a steady state was achieved after 400 days.

In the second experiment, four reactors [designated the high spirochete (HS) set]

were inoculated with fluid from a 16 L methanogenic reactor that had operated for 200
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days with glucose as the sole carbon and energy source (Figure 2.18). The other four

reactors [designated the low spirochete (LS) set] were inoculated with fluid from a

different methanogenic reactor that had been supplied glucose for 60 days. The HS and

LS sets were operated at steady-state conditions for 80 and 32 days, respectively, during

which time the concentration of glucose in the reactors was below the detection limit (20

RM) of the HPLC methods used (12). Both sets were then perturbed with a shock load of

glucose by instantaneously increasing the concentration ofglucose in the reactor liquid to

approximately 38 mM using a concentrated sterile stock solution that also contained a

50:50 mixture of NaHC03 and KHC03 in order to provide buffer for the additional

organic acids expected from glucose.

In the third experiment, two reactors were inoculated and compared to a well-

established control reactor (Figure 2.1C). Reactor R1 (Rumen 1) was inoculated from

rumen fluid and operated under the above conditions for 400 days prior to the inoculation

of the two new reactors. The two new reactors were inoculated from sediment of the Red

Cedar River in Lansing, MI and a 250 ml variable volume reactor (LS 1) from the

previous study and designated reactor S2 (Sediment 2) and reactor M3 (Municipal 3),

respectively. Reactor chemical oxygen demand (COD), volative fatty acids (VFAs), and

pH were measured periodically in all reactors to monitor operating efficiency (12,28).

Extraction and purification of community DNA. Community DNA from

reactors P1, HS 5-8, and LS 1-4 was extracted from 10 ml samples using a French press

(15,000 lb/inz) for lysis and a phenol-chloroform DNA extraction method as previously

described (5). Community DNA from reactors M1, R1, 82, and M3 was extracted from 2

ml samples with a bead-beater method (17).
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168 rDNA clone libraries. Bacteria and archaea clone libraries from reactors Pl,

HS 5-8, and LS 1-4 were constructed by Ana Fernandez as described in Fernandez et. a1.

1999 (5). Briefly, the bacteria clone libraries were prepared from amplification products

produced with a forward primer which corresponds to nucleotide positions 19 to 38 ofthe

Escherichia coli rRNA and a reverse primer which corresponds to the complement of

positions 1521 to 1541 (27). The archaea clone libraries were prepared from

amplification products produced with a forward primer which corresponds to nucleotide

positions 50 to 69 ofthe E. coli rRNA (14) and a reverse primer which corresponds to the

complement of positions 958 (5’-[C/T]CCGGCGTTGA[A/C]TCCAATT-3’) (2). All

clone libraries from reactors LS’, R1, 82, and M3 were constructed by S. DollhOpf.

Bacteria clone libraries from reactor S2 were constructed using the bacteria-specific

primers 8F and 1392R. An archaea-specific clone library from reactor M2 was contracted

using archaea-specific primers 21F and 958R (2).

All amplicons were cloned with the TA cloning kit (Invitrogen, Carlsbad, Calif.)

according to the manufacturer’s instructions. Direct amplification of plasmid DNA from

whole cells of white colonies was accomplished with the following conditions: initial

denaturation (92 C for 2 min) followed by 35 cycles of denaturation (94°C for 30 s),

annealing (67°C for 1 min), and extension (72°C for 3 min) and a single final extension

(72°C for 7 min). Primers complementary to the TA cloning vector 5’-

GCCGCCAGTGTGCTGGAATT-3’ and 5’-TAGATGCATGCTCGAGCGGC-3’ were

used (30). The fragment size of these amplicons was checked by electrophoresis in 1 %

agarose. PCR products of the right size (1,500 bp for bacteria and 900 bp for archaea)

were digested simultaneously for 12 h with two restriction enzymes (HaeIII and Hhal;
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Gibco BRL, Gaithersburg, MD) according to the manufacturer’s Specifications. The

restriction fragments from each clone were separated by electrophoresis on a 3.5 %

(wt/vol) MetaPhor agarose gel (FMC, Indianapolis, IN) in fresh 1X Tris-borate-EDTA

buffer at 4 V/cm in a cold room and observed after staining with ethidium bromide. The

resulting restriction banding patterns were normalized and compared with GelCompar

software (version 3.1; Applied Maths, Kortrijk, Belgium). Clones representing the most

abundant banding patterns for each sample were chosen for sequencing, except in reactor

S2 where clones that potentially matched certain terminal restriction fragments were

chosen for sequencing.

Bacterial isolates. Spirochaeta sp. str. M1-8, M2-8, R8 and M3-10 were isolated

in mineral medium (24) plus 10 % (v/v) clarified rumen fluid, 5 mM glucose, 0.7 %

agarose, and 50 pg ml‘l rifampin adjusted to a pH of 7.2 (15). A dilution series of fluid

from reactors M1, M2, R1, and M3 was done in 10 ml agar shake tubes with a headspace

ofN2:C02 (80:20) and incubated at 37°C. Single colonies from the highest dilution tube

in which growth occurred were picked with a sterile Pasteur pipette and serially diluted in

10 ml agar shake tubes. This was repeated three times to ensure that a pure culture was

obtained. Liquid cultures were inoculated with a single colony picked from the highest

dilution tube containing colonies. Clostridium sp. str. S9 was isolated in the same manner

except tryptic soy broth plus 0.2 % (w/v) glucose, 1 mM dithiothreitol, and 50 pg ml”1

rifampin was used instead of mineral medium. Isolate 094 was isolated by A. Fernandez

from reactor P1 (6). Spirochaeta sp. str. R8 has been deposited in the DSMZ under

accession number 13955. Genomic DNA from all isolates was extracted and purified
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using a Qiagen kit. The 16S rRNA gene of each isolate was amplified with bacteria-

specific primers and cloned as described above.

Sequencing and sequence analysis. The 16S rDNA gene fragments were

amplified for sequencing directly from whole cells containing the correct plasmid and

insert as described above. The amplicons were then purified with Microcon-IOO spin

columns (Millipore Corp). Sequences were obtained via the dye terminator method by

the Michigan State University DNA sequencing facility with modified versions of

previously described sequencing primers targeting conserved regions of the 16S rRNA

gene (27). Alignment of sequences, mask construction, chimera check, and dendrogram

construction were performed with ARB (26) and software provided by the Ribosomal

Database Project (18). Dendrograms were constructed with PAUP' 4.05 software

(Sinauer Associates, Inc. Publishers, Sunderland MA). Genbank accession numbers are:

Methanobacterium formicicum, Z29436; Thermotoga maritima, M21774; Planctomyces

limnophilus, S39795; Verrucomicrobium sp., X99390; Aminobacterium mobile,

AF07352 1; Aminobacterium colombiens, AF069287; Anaerobaculum thermoterrenum,

U50711; Candidate division OPll, AF027030; Escherichia coli, D15061;

Desulfuromonas acetoxidans, M26634; Syntrophobacter fumaroxidans, X82874;

Syntrophobacter sp. , X94911; Clostridium ramosum, X73440; Eubacterium barkeri,

M23927; Eubacterium hadrum, ARB_7A6488B3; Streptococcus bovis, M58835;

Streptococcus macedonicus, Z94012; Propionibacterium acnes, M61903; Spirochaeta

zuelzerae, M88725; Spirochaeta sp. str. Mastotermes, X79548; Spirochaeta caldaria,

M71240; Spirochaeta stenostrepta, M88724; Spirochaeta aurantia str. J-1, M57740;

Spirochaeta halophila, M88722; Spirochaeta sp. str. Antarctic, M87055; Spirochaeta sp.
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str. TM3, X97096; Spirochaeta sp. str. Masto, X79548; Treponema ZAS-l, AF093251;

Leptospira santarosai, U12672; EO-IV, AF149889; LS*-B1, AF157108; HS-B26,

AF157107; S2-A through S, AF338764-66 and AF339852-59; WCHBl-63, AF050568;

WCI-IB1-44, AF050565; WCHBl-31, AF050569; WCI-IBl-40, AF050549; WCHBl-30,

AF050551; WCHBl-91, AF050550; RFS 75, AF068421; RFS 60, AF068418; RFS 12,

AF068335; RFS 84, AF068428; HA49, U81766; HA73, U81735; EO-XIV, AF149879;

EO-XI, AF 149878; EO-X, AF149886; EO-IX, AF 149880; EO-VIII, AF149882; EO-VII,

AF149885; EO-VI, AF149889; EO-V, AF149881; EO-III, AF149888; EO-II, AF149884;

EO-I, AF149883; LSI, AF219215; LSII, AF218216; LSIII, AF218217; LSIV,

AF218218; LSV, AF218219; HSI-III, AF218220-22; 05.95.32, ; AA-AD; AF339848-51;

AO-I through IV, AF1498890-93.

16S rRNA oligonucleotide probing. Approximately 10 mL samples from

reactors LS 1, LS 2, HS 6, and HS7 were taken immediately before the glucose pulse and

centrifiiged for 10 min at 8,000 X g. The supernatant was discarded and the pellets were

immediately stored at —80°C until the nucleic acids could be extracted. Phenol-

chloroform-isoamyl alcohol (100:24:1 [vol/vol/volD extraction was used to extract RNA.

The concentration and quality of the extracted rRNA was measured

spectrophotometrically at 260 nm and by electrophoresis through a 10% polyacrylamide

gel. Quantitative rRNA membrane hybridizations were performed as previously

described by Raskin et al. (21). The following reference organisms and probes were used:

Methanosarcina sp. strain WH2 (S-G-Msar-O821-a-A-24), Methanobacterium bryantii

M.o.H.G. (DSM 862) (S-F-Mbac-O310-a-A-22), Methanosaeta concilli FE (DSM 3013)
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Figure 2.2. Maximum likelihood tree of cloned bacterial 16S rRNA gene sequences from

bioreactors and other methanogenic environments. The backbone of this tree was cast

using 696 unambiguously aligned nucleotides between E. coli positions 95 and 1295.

Partial sequences were then appended to the tree using the maximum likelihood

algorithm with 261 unambiguously aligned nucleotides between E. coli positions 154 and

474. Scale bar = 10 % difference nucleotide sequence. The origin of the cloned genes iS

as follows: HA = anaerobic vinasses reactor (7); E0 = Reactor P1; HS = Reactors HS 5-

8; LS = Reactors LS 1-4; 82 = Reactor S2.
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(S-G-Msae-O381-a-A-22), and Methanogenium cariaci JRl (DSM 1497) (S-O-Mmic-

1200-a-A-21) (22,25).

Results

Bacteria. Over 800 bacterial 16S rRNA genes were screened from 28 different

reactor samples during the three separate experiments performed. These cloned genes

were grouped according to their restriction enzyme banding patterns and the two to four

most frequent gene types from each sample were chosen for sequencing. The bacterial

16S rRNA genes from the reactors were diverse, with sequences falling in six major

phyla and ten different orders (Figure 2.2). The distribution of cloned 16S rRNA genes

within bacterial phyla was 44.4 % Spirochaetales (16), 13.8 % ofuncertain affiliation (5),

8.3 % Eubacterium (3), 8.3 % Streptococcus (3), 5.5 % Mycoplasmatales (2), 5.5 %

Propionibacterium (2), 5.5 % Thermotogales (2), 5.5 % Anaerobaculum (2), 2.8 °/o

Syntrophobacter (1) and 2.8 % in environmental clone group WCHBl-33 (1). Although

there was significant diversity among the 16S rRNA genes cloned from the reactors,

certain groups and sequences were found repeatedly in different reactors, despite

differences in inoculum source, mode of operation, and amplification primers. Bacterial

sequences retrieved from more than one reactor included sequences related to the genera

Spirochaeta, CIostridium, Eubacterium, and Streptococcus (Table 2.1).

The largest number of sequences fell into the order Spirochaetales and at least

one Spirochaeta-related sequence or isolate was obtained from 22 of 28 reactor samples

amplified with bacteria-specific primers. The Spirochaeta-related group of sequences

contained three subgroups, designated groups 1, 2, and 3 (Figure 2.3). Group 1 spirochete
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sequences were the most common sequences found and were most closely related to

Spirochaeta caldaria, which belongs to a group of free-living spirochetes, including S.

stenostrepta and S. zuelzerae, that are phylogenetically more similar to host-associated

Treponema species that they are to other free-living Spirochaeta species. Many cloned

sequences from termite gut contents are also most closely related to S. caldaria. Three

isolates, Spirochaeta sp. str. M1-8, M2-8, and R8, obtained from reactors M1, M2, and

R1, respectively, had identical 16S rRNA genes and belonged to group 1 (Figure 2.3).

Sequences identical to these reactor isolates were cloned directly from 11 of 14 reactors.

Spirochaeta group 2 sequences were 4 % divergent, on average, from group 1.

Group 2 sequences were also quite closely related to cloned 16S rRNA sequences

obtained from aquifer material (Figure 2.3). Sequences from group 2 were retrieved

repeatedly from reactor P1, however, they were less common than group 1 sequences

overall (Table 2.1). One isolate, strain M3-10, from reactor M3 also fell within group 2

(Figure 2.3). Group 3 spirochete sequences were 15 % divergent from the first two

spirochete groups and clustered with cell wall-less organisms morphologically

resembling Mycoplasma species, despite their phylogenetic affiliation with the

spirochetes (7). Group 3 spirochete sequences were obtained from 5 separate samples

from three different reactors (Table 2.1).

The second largest group of 16S rRNA sequences was 20 % divergent from any

cultivated organism. Sequences belonging to this clade were retrieved from reactors P1

and S2 (Table 2.1). The four sequences were 5 % divergent from each other and 7 %

divergent from HA 49, a cloned sequence from an anaerobic vinasses (winery waste)

reactor (8). These sequences could not be affiliated with any bacterial phyla with
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rSpirochaeta caldaria
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 Leptospira santarosai

Spirochaeta aurantia
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Spirochaeta sp. TM3
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Figure 2.3 Maximum likelihood tree of cloned spirochete-related 16S rRNA genes

from bioreactors and other methanogenic environments. This tree was calculated in

ARB using 312 unambiguousy aligned nucleotides between E. coli positions 154 and

478. Scale bar = 10 % difference in nucleotide sequence. The origin of the cloned

genes is indicated as follows: RFS = Termite gut (15); WCHBl = Aquifer (3); E0 =

Reactor P1; HS = Reactors HS 5-8; LS= Reactors LS 1-4; S2 = Reactor S2.
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confidence. Parsimony-based bootstrapping did not support the grouping of these

sequences with the Planctomyces (data not shown). Godon et a1. placed clone HA 49

with the Planctomyces, but they noted that this placement was questionable (8). In the

Ribosomal Database Project (18), clone HA 49 is grouped with Desulfuromonas spp.

within the delta-proteobacteria; however, clone HA 49 and the four related sequences

from our reactors never clustered with Desulfilromonas acetoxidans or other

proteobacteria in any analysis we performed.

Sequences from reactors LS 1-4 (Clone LS IV), S2 (Clone R), and Clostridium sp.

str. R8 were 100 % identical to each other and to the 16S rRNA sequence of Clostridium

ramosum (Figure 2.2). C. ramosum, C. spiroforme, and C. cocleatum form a group of

endospore-forming organisms that are phylogenetically located within the

Mycoplasmatales order, despite their genus name Clostridium. Unlike most clostridia,

these organisms do not produce butyrate as an end product of glucose fermentation. The

sequences were found in reactors LS 1-4 on day 40 after perturbation with glucose and in

reactor 82 on day 407 when flow rates were high (Table 2.1).

Three sequences related to Eubacterium species were found in reactors P1, LS l-

4, and HS 5-8. Clone LS V, which was retrieved from the LS 1-4 reactors, was 96 %

similar to Eubacterium barkeri, while the other sequences from reactors P1 and HS 5-8

were 92 % similar to Eubacterium hadrum. Although E. barkeri and E. hadrum, have the

same genus name and share many phenotypic traits, such as the production of butyric

acid, their 16S rRNA gene sequences are in two different families within the order

Clostridiales, thus the distance between these two sequences is quite large (Figure 2.2).
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Sequences closely related to Streptococcus macedonicus and S. caprinus were

found in reactors LS. and LS 1—4. These sequences were confined to the 250 ml variable

volume reactors. Two coexisting clones, EO-VII and EO-X, were also found in only one

type of reactor (Pl). EO-VII and —X had a sequence divergence of 0.5 % and were related

to the Propionibacterium genus. Only one cloned sequence related to a known fatty-acid

oxidizing, syntrophic bacterium was found. This sequence, SZ-E, was 0.5 % divergent

from an unnamed Syntrophobacter isolate and 4 % divergent from Syntrophobacter

fumaroxidans.

The remaining sequences were quite divergent from their closest related

sequence, and some of them can only be tentatively assigned to bacterial phyla. All of

these sequences were found in reactors P1 and S2. Two sequences, one fi'om reactor P1

(05.95.32) and one from reactor S2 (S2-J), cluster with Thermotogales-related sequences.

This grouping is weakly supported by parsimony bootstrapping analysis (data not

shown). Clones P and K from reactor 82 were 90.2 % similar to Clone HA 73, another

sequence Obtained by Godon et. al. (8), that clusters with a deep-branching clade known

as the Anaerobaculum thermoterrenum group that contains many sequences and

organisms from anaerobic environments. Clone SZ-A from reactor S2 was placed within

the environmental clone group WCHBl-33, which contains no cultivated organisms, with

fairly high confidence. Lastly, clone S2-C from reactor S2 had less than 83 % sequence

identity with any sequence in GenBank and could not be confidently affiliated with any

known phyla. Chimera analysis did not indicate a high probability ofa chimeric sequence

for clone S2-C or any other sequence in this study.
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Figure 2.4 Neighbor-joining tree ofArchaea 16S rDNA clones created from a Jukes-

Cantor distance matrix. The matrix was calculated from analysis of 328

unambiguously aligned nucleotides of the 16S rRNA gene. Bootstrap values from 100

parsimony replicates are shown to the left of each node. Scale bar = 5 % difference in

nucleotide sequence.
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Archaea. (i) Clone libraries. Approximately 280 archaeal 16S rRNA genes were

screened from 8 different reactor samples. Only the two to four most frequent gene types

were sequenced from each sample, resulting in the sequencing of seven unique sequences

that cluster within the kingdom Euryarchaeota. The sequence of AO-I, the most frequent

16S rRNA gene in reactor P] from day 900 through 1325, was 100 % similar to the 16S

rRNA gene sequence of Methanobacterium formicicum (Figure 2.4). On days 1437,

1470, and 1505 AO-II, which exhibited a 99.7 % similarity to Methanosarcina mazei,

and AO-III, which was 92.0 % similar to Methanobacterium bryantii, were represented

fairly equally in the clone library. A small number of clones matched the banding pattern

for AO-I on day 143 7, but this pattern was not detected on days 1470 or 1505.

The archaea clone library from reactor M3 yielded four different 16S rDNA

sequences after screening 30 clones. Clones AA and AB were 98.5 % and 99 % similar to

Methanosarcina sicilae, respectively (Figure 2.4). Two other clones, AC and AD,

composed 17 % of the archaea clone library and grouped with Methanobacterium

species. They were 92.2 % similar to each other and 90.4 % and 87 % similar to

Methanobacterium bryantii. Clone AC and AO-III were only 1.7 % divergent.

(ii) 168 rRNA oligonucleotide probes. Two reactors from HS 5-8 and two

reactors from LS 1-4 were chosen for rRNA membrane hybridization analysis: reactors 6

and 7 from the HS set and reactors 1 and 2 from the LS set. Replicate communities were

similar within each set of reactors, but the HS and LS sets differed significantly (Figure

2.5). In the HS set, the Methanosarcina specific probe S-G-Msar-O821-a-A-24 accounted

for 63% i 1% (Reactor 6) and 61% i 1% (Reactor 7) of the rRNA detected by all of the

methanogen-specific probes used. The Methanosaeta specific probe S-G-Msae-O381-a-
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Figure 2.5 Relative abundance of methanogen-related 16S rRNA in reactors LS l and

2 and HS 6 and 7 as determined by 16S rRNA membrane hybridization to

oligonucleotide probes. The abundance of each group is expressed as a percentage of

the total amount of methanogen-related 16S rRNA detected by all of the methanogen-

specific probes used.
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A-22 accounted for 19% i 4% (Reactor 6) and 11% i 5% (Reactor 7). In contrast, in the

LS set the Methanosarcina specific probe detected only 1% i 0.3% ofthe rRNA detected

by all ofthe methanogen-Specific probes, while the Methanosaeta specific probe detected

up to 38% (Figure 2.5). Additional differences were found among C02-reducing

methanogenic genera. Species belonging to the families Methanomicrobiaceae,

Methanocorpusculaceae, and Methanoplanaceae detected using the probe S-O-Mmic-

12000-a-A-21 accounted for over 60% of the methanogen-specific probes in the LS set

and less than 20% in the HS set. Lastly, the specific probe for the Methanobacteriales

Order detected between 6% and 12% ofthe methanogen rRNA in the HS set and between

0% and 1% of the methanogen rRNA in the LS set. There may have been other

methanogens present that were not detected by the methanogen-specific probes used in

this study; however, previous studies have found that these probes detect the majority of

methanogens present in mesophilic sewage sludge digesters (9,22).

Discussion

Many of the sequences retrieved from the 14 methanogenic reactors sampled in

this study were closely related to phyla that are expected in a methanogenic environment,

e. g., Spirochaeta, Eubacterium, Clostridium, Streptococcus, Propionibacterium,

Syntrophobacter, Methanobacterium, Methanosarcina, and Methanomicrobiales. The

function of these organisms in methanogenic environments is well known, i.e. the

fermentation of sugars, the oxidation of fatty-acids, and the formation of methane. An

exhaustive 16S rDNA clone analysis of a fluidized-bed anaerobic vinasses reactor found

similar genera (8). Eubacterium, Clostridium, Propionibacterium, Methanobacterium,
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and Methanosarcina were, found in similar proportions in both studies. In addition, both

studies found more diversity within the bacteria than within the archaea.

In contrast to the Godon study, we found a much greater percentage of spirochete-

and streptococci-related sequences, which may be related to the different substrate and

biofilm-based ecosystem in the fluidized-bed vinasses reactor. The spirochete-related

sequences found in the vinasses reactor were 8 % divergent from Spirochaeta sp. str. R8.

The rest of the spirochete-related sequences from our reactors were not directly compared

to those in the vinasses reactor because the portion of the 16S rRNA gene sequenced in

the two studies for this group did not overlap (8). Many cloned spirochete sequences

from other methanogenic environments, such as termite hind guts and aquifer material,

are closely related to S. caldaria and S. zuelzerae (16). However, none of the termite gut

or aquifer sequences were more than 95 % similar to any of the sequences we retrieved.

A significant number of sequences retrieved from the reactors were related to

unusual phyla or were difficult to affiliate with any clade represented in GenBank or the

RDP. Two of these unusual groups, the unaffiliated sequences (S2-L, EO-III, E0-IV,

EO-VI) and the Anaerobaculum-related sequences (Clone K and Clone P), were most

similar to 16S rRNA genes cloned from the anaerobic vinasses reactor mentioned above

(Figure 2.2). Finding these two unusual groups in both types of reactors suggests that the

function of the corresponding organisms is not related to the substrate or fluidized-bed

nature of the vinasses reactor, but is a function also present in a completely mixed,

glucose-fed, anaerobic reactor. The few cultivated organisms within the Anaerobaculum

clade degrade amino-acids, suggesting this as a possible metabolism for the organisms in

this group that were detected in both reactors, although the cultivated organisms are only
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distantly related to the sequences found here. The function of the organisms

corresponding to the unaffiliated sequences can only be speculated. Their high frequency

in the glucose-fed reactors would indicate that they ferment glucose, since this is the

largest source of energy in the reactors. If they do utilize glucose, which is probably one

of the most common sugars used in media, it is interesting that we have not cultivated

more organisms with similar 16S rRNA sequences.

Some correlations between reactor efficiency and the dominant bacteria

sequences present in each reactor were evident (Table 2.1). Eubacterium and Clostridium

sequences were especially common when reactor efficiency was perturbed (i.e., less than

95 %). Streptococcus sequences appeared only in the variable volume 250 ml reactors,

indicating that perhaps they were better adapted to stresses (such as occasional oxygen

introduction) that may have been more pronounced in the smaller reactors. Spirochete

sequences were generally the most common sequence type recovered when reactor

efficiency was high. Other phyla, such as the Thermotogales-related and unaffiliated

sequences, did not seem to be associated with a particular type of reactor or operation

efficiency, and appeared only sporadically in the bioreactor communities. However, the

unaffiliated sequences were associated with the unexplained decrease in efficiency of

reactor P1, which eventually caused the fouling of this reactor (Table 2.1).

Methanobacterium was by far the most common archaea genus cloned from the

reactors. The samples in which few to no Methanobacterium sequences were detected

were taken within the first 50 days of reactor operation (Table 2.1). Based on the number

of sequences retrieved, Methanosarcina species appeared to be the dominant acetoclastic

species in the reactors. Methanosaeta sequences were only detected in samples taken
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within the first 50 days of reactor operation. The observation that different methanogen

species were present after the first 50 days of operation suggests that the environment

within the reactors was highly selective for particular methanogenic species.

The composition of the methanogenic community also had an impact on the

operating efficiency of the reactors, and reactors with relatively more Methanosarcina

species were functionally more stable during the glucose perturbation applied to reactor

LS 1-4 and HS 5-8 (4,12). In addition, a change in the particular Methanobacterium

species and in the proportion of Methanosarcina species present in the archaea

community of reactor P1 between days 1324 and 1437 corresponded with an abrupt

change in the bacteria community and a Steady decline in reactor operating efficiency.

The cause ofthe change in both communities is unknown, but the simultaneous change in

both communities suggests an interaction between fermentative and methanogenic

bacteria that goes beyond typical interactions with obligately syntrophic organisms.

The results presented here show that even the highly selective environment of

mesothermic glucose-fed methanogenic reactors can maintain a high level of diversity,

including organisms that have no cultivated relatives, over long periods of time. The

sequences detected in these simplified reactors corresponded closely with those found in

comparable, but more complex, environments. The microbial community structure of

each reactor varied to some extent without having a dramatic effect on reactor function,

however the detection of certain organisms, such as Eubacterium and/or Clostridium

species correlated with sub-standard reactor function. Other organisms, such as

Spirochaeta, Methanobacterium, and Methanosarcina species dominated this

environment when operating conditions were stable. This descriptive study provides
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interesting observations that could be the basis of fiirther hypotheses, and should lead to

insights into the interactions of microbial populations in methanogenic environments.
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CHAPTER 3

THE IMPACT OF FERMENTATIVE ORGANISMS ON CARBON FLOW IN

METHANOGENIC SYSTEMS UNDER CONSTANT Low SUBSTRATE

CONDITIONS

These results will be published in the article: Dollhopf, S.L., Hashsham, S.A.,

Dazzo, F.B., Hickey, R.F., Criddle, CS, and J.M. Tiedje. 2001. The impact of

fermentative organisms on carbon flow in methanogenic systems under constant low

substrate conditions. Appl. Microbiol. Biotech. In Press.

Introduction

The conversion of organic waste into methane, i. e. biomethanation, is a process

that converts organic waste into useable energy, simultaneously reducing pollution and

providing a source of renewable energy. Methane is also a potent greenhouse gas, and the

release of methane from ruminant animals, termites, and anaerobic sediments plays a

significant role in global warming (30). Although many of the bacteria and archaea that are

involved in the anaerobic food chain are well known, the effect of different fermentative

organisms on carbon flow through methanogenic environments has not been well studied.

In sewage sludge and anaerobic sediments, 60 to 80 % of methane was produced from

acetate, with the balance coming from H2/CO2 (5,17,35). Propionate, a precursor to

acetate, accounted for 15 to 24 % of the methane formed during sewage sludge and

glucose digestion, While butyrate contribution was negligible (8,18). In a study of
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mesothermic cattle waste digestion, 13 and 8 % of the methane formed originated from

propionate and butyrate, respectively (25). Alcohols have only been shown to be an

important intermediate in the degradation of lactose (7). None of these previous studies

examined the fermentative organisms present or attempted to correlate their physiology

with the intermediary metabolites formed.

Molecular techniques now provide an opportunity to link the microbial community

structure to the fianctional attributes of biomethanation (1). Other studies have

concentrated on the connection between community structure and function during

perturbations and changes in operating conditions (1,10,14,28,33). The effect of

community structure on system fianction when substrate conditions are continually low has

not been investigated in methanogenic systems. The purpose of this study was to address

the fundamental question: Does community structure affect carbon flow in methanogenic

systems when substrate concentrations are kept continually low? In particular we were

interested in the influence of fermentative bacterial members on carbon flow, because their

role seems to be overlooked in methanogenic systems. Microbial communities were

characterized using SSU rDNA terminal restriction fragment length polymorphism (T-

RFLP) analysis, SSU rDNA clone libraries, and phase contrast microscopy. Addition of

[U-”C]glucose to bioreactors and maximum substrate utilization rates were used to

identify important intermediates in glucose digestion. We found that acetate and ethanol

were formed in bioreactors containing high number of spirochetes, while acetate and

prOpionate were formed in bioreactors containing high numbers of streptococci. This

suggests that microbial community structure can affect the path of carbon flow under

constant low substrate conditions in methanogenic bioreactors.
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Materials & Methods

Bioreactor operation. These studies were conducted in two variable volume

methanogenic bioreactors and two continuously stirred tank reactors (CSTRs) that were

operated at 34°C with an effective mean cell residence time (MCRT) of 16 days as

described previously (14). Only the variable volume methanogenic bioreactors were used

for l4C-carbon flow studies. Separate substrate and nutrient solutions were fed

continuously using syringe pumps at a rate of 12.5 and 5 ml/day (0.52 and 0.21 ml/hr),

respectively (14). The volume of the variable volume bioreactors increased from 250 ml to

362 ml over 8 days. Every 8th day 112 ml of suspended culture was removed. This resulted

in a glucose loading rate that varied between 0.4 to 0.28 g L'1 d'l. Reactor fluid from an

18 L CSTR that was inoculated with anaerobic digester sludge from the municipal

wastewater treatment facility at Jackson, MI and had been maintained in the lab for over 3

years was used to inoculate the variable volume bioreactor HS (high-spirochete).

Bioreactor HS was Operated for 250 days before this study commenced. Variable volume

bioreactor LS (low-spirochete) and CSTR R1 were inoculated with rumen contents at the

same time and were operated for 210 and 330 days, respectively, before they were used in

this study.

Sample preparation and microscopy. Samples (10 ml) were taken the day before

addition of [U-”C]glucose for morphological analysis. Freshly collected samples were

dispersed by multiple, rapid passages through a 25-gauge needle, and diluted to slight

turbidity to achieve an ideal spatial density of separated cells (ca. 100 cells per

micrograph) for morphotype recognition. Slides, photomicrographs, and digital images
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were prepared as previously described (10). Classification of over 2,000 cells per sample

into Operational morphological units (OMU’s) was performed using the CMEIAS© plug-

ins (9,23) operating in UTHSCSA ImageTool Ver. 1.27 software (39). Averages and 95

% confidence intervals of OMU frequency were calculated by assuming that every

photomicrograph represented an independent sample of the total community. Calculations

of community similarity were performed using EcoStat Ecological Analysis software

(Trinity Software, Plymouth, NH) based on relative abundance of each OMU.

DNA extraction and T-RFLP. Samples (1 ml) for community analysis were taken

the day before addition of [U-”C]glucose and immediately stored at —80°C. DNA was

extracted using a beadbeaterTM method (24) modified by reducing the beadbeating

intervals from 1 min to 30 s to minimize DNA shearing. Bacterial 16S rDNA was

amplified using the primers 8F-Hex (AGAGTTTGATCCTGGCTCAG), which is specific

for the domain bacteria, and 1392R (ACGGGCGGTGTGTRC), a universal reverse primer

(1). The primer 8F-Hex was synthesized and labeled at the 5’ end with the

phosphoramidite dye 5-hexachlorofluorescein by Operon, Inc. (Alameda, CA). The

amplification reaction consisted of 25 ng DNA, 0.5 pM of each primer, 0.2 mM of each

deoxynucleoside triphosphate, 1.5 mM MgCl2, 0.2 mg ml'1 of BSA, 2.5 pl of 10X Taq

buffer and 1 unit of Taq DNA polymerase (Boehringer Mannheim, Indianapolis, IN) in a

25 p1 final volume. The amplification was performed using the following conditions: initial

denaturation (95°C for 3 min) followed by 25 cycles of denaturation (94°C for 30 s),

annealing (55°C for 30 s), and extension (72°C for 30 s) and a final extension of 72°C for

7 min. Three separate amplifications of each sample were performed, pooled, and purified

using Microcon-100 spin columns (Millipore Corp, Bedford, MA) and digested overnight
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with either HaeIII, HhaI, or MspI. Aliquots (2 pl) containing approximately 30 ng of the

digested DNA mixture and 2 fmol of GENESCAN-2500 TAMRA internal lane standard

(Perkin Elmer Applied Biosystems, Foster City, CA) were then loaded onto a Perkin

Elmer Applied Biosystems 373A automated sequencer by the MSU DNA Sequencing

Facility. The resulting chromatograrns were processed with GeneScan 2.1 (Perkin Elmer

Applied Biosystems) to determine the size of each fragment. Community similarity was

calculated using the GelCompar software package (version 4.2; Applied Maths, Kortrijk,

Belgium). Following normalization (no background subtraction), Pearson product-

moment correlation coefficients were used to calculate similarity matrices for each

restriction enzyme digest (31). Alternatively, peaks were manually aligned and used to

compute community similarity indices in EcoStat Ecological Analysis software (Trinity

Software, Plymouth, NH). Individual peaks and peak height were substituted for species

and species abundance, respectively. Identification of organisms corresponding to different

terminal restriction fragments was accomplished by computer simulated restriction digests

of the ribosomal database project (RDP) database, inspection of clone sequences, and

actual amplification and digestion ofDNA from 16S rDNA clones and isolates (27).

16S rDNA analysis. Amplification of bacterial SSU ribosomal DNA (rDNA),

cloning, screening, and sequencing were performed as described previously (11). Thirty-

six clones were analyzed for each sample and the most frequent clone type was selected

for sequencing. Nearly filll length sequences were obtained in both directions for all

sequences. The 16S rDNA of spirochete isolate R8 was amplified as described above for

community rDNA. Alignment of sequences, mask construction, and chimera check were

performed using software provided by the Ribosomal Database Project (26) and ARB
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(37). Dendrograms were constructed using ARB and PAUP“ 4.05 (Sinauer Associates,

Inc. Publishers, Sunderland, MA).

Determination of intermediary metabolites. Radiolabeled glucose was fed to

the HS and LS bioreactors by replacing the normal substrate feed with an 8 g L'1 solution

of [U-“C]glucose with a specific activity of 0.015 mCi mmol'1 and 7 g L'1 N8HCO3. The

radiolabeled solution was fed continuously for 70 h to both bioreactors. Every 12 h, 1 ml

samples were taken and immediately centrifuged at 10,000 x g for 10 min, acidified with

0.1 M H2SO4 (100 p1), and held at —20°C until analysis. The samples were analyzed for

volatile fatty acids (VFA’s) using a high pressure liquid chromatograph (Binary LC Pump

250, Perkin Elmer, Norwalk, Conn.) equipped with a 300-mm HPX-87H ion exclusion

column (Bio-Rad Laboratories) connected to a Lambda-Max Model 480 LC

spectrophotometer (Millipore, Milford, Mass.) set at 210 nm and a B detector (Insus

Systems Inc., Tampa, Fla). The mobile phase was 0.013 N H2804 at 0.6 mL min'1 with the

column at 20°C. VFA's were identified by retention time using authentic radioactive and

non-radioactive standards. A standard curve of area versus DPM was calculated using [U-

14C]acetate of a known specific activity and also by collecting fractions of other

radioactive compounds and counting them on a Tri-Carb 1500 liquid scintillation analyzer

(Packard Instrument Company, Downers Grove, Illinios). A ratio of 1.55 DPM for every

area unit was established. The detection limit for glucose and the individual VFA’s with

this system was approximately 20 M. Soluble compound concentrations were converted

to electron equivalents (e') according to the oxidation state of each compound.

Spirochete isolate R8. The spirochete isolation medium consisted of a mineral

medium (34) plus 10 % (v/v) clarified rumen fluid, 5 mM glucose, 0.7 % agarose, and 50
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pg ml'l rifampin adjusted to a pH of 7.2 (21). A dilution series ofR1 bioreactor fluid was

done in 10 ml agar shakes with a headspace of N22C02 (80:20) and incubated at 37°C.

Single colonies from the highest dilution tube in which growth occurred were picked with

a sterile Pasteur pipette and serially diluted in 10 ml agar shakes. This was repeated three

times to ensure that a pure culture was obtained. Liquid cultures were inoculated with a

single colony picked from the highest dilution tube containing colonies. Rumen fluid was

replaced by a cofactor solution (100X, pH 7.2) containing (per 100 ml): pyridoxal HCl, 10

mg; pyridoxal phosphate, 10 mg; calcium folinic acid, 2 mg; B-NAD, 2 mg; coenzyme A,

2 mg; FAD, 2 mg; nicotinamide, 1 mg; folic acid, 0.1 mg; riboflavin, 0.02 mg; thiamine

pyrophosphate, 100 mg (19). Isolate R8 has been deposited in the DSMZ under accession

number DSM 13955.

Fermentation products. Isolate R8 was grown in spirochete isolation medium for

identification of fermentation products. Eight days after a 5 % (v/v) inoculation with an 8-

day old culture fluid, visible turbidity developed. Samples were taken 6 and 8 days after

inoculation and analyzed by HPLC for VFA’s. Ethanol was measured using an enzyme

assay (ethanol test kit 332-A, Sigma Chemicals, St. Louis, MO). Glucose was measured

using hexokinase test kit 115 from Sigma Chemicals. Hydrogen was measured using a

Hewlett Packard 6890 GC equipped with a mercury reduction gas detector.

Maximum substrate utilization rates. Substrate utilization rate assays were

performed in 160 ml serum bottles containing 25 ml of R1 fluid, 10 mM acetate,

propionate, butyrate, lactate, or ethanol and 10 mM phosphate buffer (pH 7.2). Reaction

rates were determined by measuring the concentrations of acetate, propionate, butyrate,

lactate, and ethanol over time by the methods indicated above. Methane was measured on
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a Varian GC (model 3700) equipped with a Porapak Q column and a flame ionization

detector.

Nucleotide sequence accession numbers. The SSU rRNA gene sequences

determined in this study have been deposited in the GenBank database under accession

numbers AF157107 and AF157108.

Results

Community structure. Bioreactors HS and LS were operated under identical

conditions at an applied organic loading rate of 0.3 -- 0.4 g glucose-L"°day'l and were

efficiently processing substrate with total VFA concentrations in the effluent less than 4

mM and chemical oxygen demand removal efficiencies of approximately 90 % (data not

shown). Glucose concentratiOns were below the detection limit (20 pM) in both reactors

throughout the duration of the experiment. Morphological analysis of bioreactors HS and

LS revealed that they contained very different dominant microbial populations. Bioreactor

HS contained two codominant morphotypes, single cocci and spiral-shaped cells, which

comprised 33 i 3 % and 37 i 3 % ofthe community, respectively. LS was dominated only

by cocci, which comprised 75 i 2 % of the community and had only 0.5 % spiral-shaped

cells. The cocci present in bioreactor LS were phase light and often found in clusters in

contrast to the phase dark singly occurring cocci in bioreactor HS.

Visual inspection of the T-RFLP patterns from a HaeIII restriction digest of

amplified SSU rDNA from the two communities also showed that the HS and LS bacterial

communities were quite different (Figure 3.1). We compared the T-RFLP patterns from all

restriction digests by two methods. The Pearson product moment correlation coefficient
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Figure 3.1. T-RFLP electropherograms of the HaeIII digested SSU rDNA amplified

from isolate R8 and bacterial communities LS, HS, and R1. Peaks corresponding to the

restriction fragment length of the most frequently cloned SSU rRNA gene sequences

are labeled.
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calculates similarity based on every point in the chromatogram produced by the laser dye

reader, and does not require the identification and alignment of individual fragments (31).

Correlation coefficients for HS and LS electropherograms from restriction enzymes

HaeHI, HhaI, and MspI digests gave values below 0.50 for all digests (Table 3.1).

Alignment of T-RFLP patterns and identification of each fragment allowed the

computation of Horn’s community similarity index (2) based on abundance of each

terminal restriction fragment. Comparison of LS and HS electropherograms resulted in

Horn similarity indices below 0.2 for all digests (Table 3.1). These results agree with the

correlation coefficients and indicate that the HS and LS bacterial communities were indeed

very different.

The most frequent SSU rDNA clone type from bioreactor HS, represented by

clone HS-BZ6, accounted for 53 % of the total clones analyzed and was most closely

related to Spirochaeta caldaria, with a sequence similarity of 99.5 % (Figure 3.2A). In

bioreactor LS the most frequent clone type, represented by clone LS-Bl, accounted for 50

% of the clones analyzed and was 98.3 % similar in sequence to Streptococcus bovis

(Figure 32B). Digestion of clones obtained from HS and LS with HaeIII revealed a 185

base pair fragment that corresponded to clone HS-B26 and spirochete isolate R8, and a

266 base pair fragment that corresponded to clone LS-Bl (Figure 3.1). HhaI and MspI

digestions confirmed that the dominant peaks in the HS and LS communities also

corresponded to cloned sequences HS-BZ6 and LS-Bl, respectively (data not shown).

The larger bioreactor R1 also contained a large proportion of spiral shaped cells.

Because its larger volume provided us with reactor fluid to perform activity assays, the

degree of community similarity between HS and R1 was ascertained using T-RFLP
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Table 3.1. Similarity of bacterial HaeIII, HhaI, and MspI T-RFLP

electropherograms as measured by Horn’s community similarity index and

Pearson product-moment correlation coefficient.

 

 

 

LS R1

HaeIII / HhaI /MspI HaeIII /HhaI / MspI

HS : Horn 0.14/0.09 / 0.09 0.76 / 0.62 / 0.86

Pearson 0.02 / 0.47 / 0.01 0.85 /0.98 / 0.96

LS : Horn 0.29 / 0.02 / 0.03

Pearson 0.02 / 0.50 / 0.0
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Figure 3.2. Phylogenetic relationships of clones and isolates in the families

Spirochaetales (A) or Streptococcales (B). Unambiguously aligned nucleotides of the

SSU rRNA gene from E. coli position 111 to 465 (A) and 21 to 1477 (B) were used to

calculate Kimura 2-parameter distance matrices. The phylogenetic trees were created

with the neighbor-joining method. Neighbor-joining and parsimony bootstrap values (50

% or higher) are listed above and below each node, respectively. Scale bar = 10 %

difference in nucleotide sequence positions. .Genbank accession numbers are as follows:

Streptococcus bovis, M58835; Streptococcus macedonicus, Z94012; Streptococcus

mutans, $70358; Streptococcus equi, $70324; Bacillus subtilis str 168, D26185;

Lactobacillus acidophilus subspp. johnsonii, M99704; Lactococcus lactis subspp. Incas,

M58837; Streptococcus salivarius, M58839; Streptococcus parauberis, X89967;

Brachyspira hyodysenteriae, M57741; Treponema bryantii, M57737; Spirochaeta

zuelzerae, M88725; Spirochaeta sp. str. Mastotermes, X79548; Spirochaeta caldaria,

M71240; Spirochaeta stenostrepta, M88724; Spirochaeta aurantia str. J-I, M57740;

Spirochaeta litoralis, M88723; Spirochaeta halophila, M88722; Spirochaeta sp. str.

PLIZMY, RDP short ID str.PL12MY; Spirochaeta sp. str. Antarctica, M87055;

Leptospira inadai, 221634; EO-XIV, AF149879; EO-XI, AF149878; EO-V, 149881;

EO-I, AF149883; LSII, AF218216; and HSI, AF218221.
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analysis. The dominant terminal restriction fragment in bioreactors HS and R1 was a 185

bp fragment corresponding to the clone HS-B26 and isolate R8 (Figure 3.1). The two

communities also shared other less abundant terminal restriction fragments, as reflected in

the high community similarity values and correlation coefficients between HS and R1

(Table 3.1). Three separate samples taken fi'om bioreactor R1 on the same day gave Horn

similarity indices between 0.90 and 0.99 with a HaeIII digest and two samples taken from

bioreactor R1 two weeks apart yielded a Horn similarity index of 0.83 (data not shown).

Tentative identification of other community members was accomplished through in

silico digestion of sequences in the RDP database. The 210 base pair fragment seen in the

HaeIII digest of the LS community corresponds to the predicted fragment size for

Selenomonas ruminantium, an obligate anaerobe known to rapidly ferment lactate to

propionate (3) (Figure 3.1). A 210 base pair fragment was not found in either the HS or

R1 communities. A fragment of size 212 was found in communities HS and R1. This

fragment was always distinguishable from the 210 base pair fragment in repeated PCR

amplifications and T-RFLP gels of the three communities. Evidence for the presence of

Desulfovibrio species in bioreactors HS and R1 was found in both the HhaI and MspI

digests with terminal fragment lengths of 97 and 509, respectively (data not shown). A

terminal fragment of length 97 after digestion with HhaI is common to many species in the

genus Desulfovibrio. A 509 base pair fragment resulting from digestion with MspI also

corresponds to the species Desulfovibrio profimdus. Neither of these fragments was found

in LS.

Intermediary metabolites. Approximately 13 % of the 0.34 pmol e'-rnl'1°hr'l

entering the reactor accumulated in the pool of extracellular intermediary metabolites in
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bioreactor HS (Table 3.2). Acetate and ethanol contributed fairly equally to these

intermediary metabolites. Although ethanol contributed more electron equivalents than

acetate, slightly more acetate was produced on a molar basis. Labeled propionate was not

detected in the HS bioreactor over the course ofthis experiment.

In bioreactor LS approximately 10 % of the electron equivalents entering the

system were found in soluble intermediates, similar to bioreactor HS (Table 3.2). The

percentage of electron equivalents found in the soluble products indicates that both

bioreactors were Operating efficiently, and agrees with the operation efficiency of

approximately 90 % calculated from chemical oxygen demand measurements of the

bioreactor fluid (data not shown). In contrast to bioreactor HS, acetate was the more

important fermentation intermediate, contributing twice as many electrons to the pool of

intermediary metabolites than propionate. No ethanol was detected in bioreactor LS.

Maximum substrate utilization rates. Utilization rates for acetate, propionate,

ethanol, lactate, and butyrate were determined for bioreactor R1 in order to confirm that

the intermediates detected with [U-“C]glucose were utilized in a community that

contained a high number of spirochetes (Table 3.3). Acetate and ethanol degradation

began immediately, and acetate was formed concomitant with ethanol degradation (data

not shown). The utilization rate for propionate was not significantly different than zero

and butyrate utilization was very low. Lactate was not utilized until 10 h after inoculation

with bioreactor fluid. The headspace of all bottles contained greater than 50 % methane

after the substrate was utilized, indicating that the assay conditions were favorable for

methanogenesis.
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Table 3.2. Production of intermediary metabolites in bioreactor HS and LS as

determined by addition of [U-MC]glucose to the bioreactors.

 

 

 

 

Production Rates“ Total electron equivalents°

Intermediate (pmol e'-ml' -hr' ) (%)

HS LS HS LS

Acetate 0.191002 0.23i0.02 5.7 6.8

Ethanol 0.25i0.04 None Detected 7.4 -

Propionate None Detected 0.11:1:002 - 3.3

 

a Production rates and 95 % confidence intervals calculated from linear regression

analysis ofdpm accumulation over time.

b Percent total electron equivalents entering the reactor through glucose.
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Table 3.3. Fermentation of glucose by isolate R8 and maximum substrate

utilization rates in bioreactor R1.

 

Isolate R8

Fermentation Products

(pmol-100 pmol glucose")

Bioreactor R1

Substrate Utilization Rates °

(pmolrml'l'hr'l)

 

Acetate 69

Ethanol 101

Propionate 0

Lactate 20.8

Butyrate 0

Hydrogen l44

0.411015

0.52:1:0. 14

0.02i0.02

10 hour lag / 0.26i0.04

0083:005

Not Determined

 

° Utilization rates and 95 % confidence intervals were calculated by linear

regression analysis of substrate disappearance curves from duplicate assays.
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Spirochete isolation and fermentation products. Serial dilution ofR1 bioreactor

fluid in agar shake tubes yielded more than 50 uniform colonies in the 108 dilution tube

and no colonies in the 1010 dilution tube (there was no 109 dilution), suggesting that there

were over 5 X 109 spirochetes ml". All colonies were spherical, had a "cottonball-like"

appearance, and were 2-3 mm in diameter, which is characteristic of spirochete colonies.

Several colonies were picked and serially diluted. Microscopic inspection revealed that all

of the isolates were long, thin spiral shaped cells typically between 20 and 50 pm long and

0.4 pm thick, with an average wavelength of 1.2 pm and average amplitude of 0.3 pm.

This morphology was similar to that of the spirochetes seen in both the HS and R1

bioreactor communities. One isolate, R8, was chosen and serially diluted from isolated

colonies two more times. Microscopic observation did not reveal any contaminating

bacteria. The 16S rRNA gene of isolate R8 was 99.5 % similar to S. caldaria and 100 %

similar to clone HS-B26 (Figure 3.2A). The most common T-RFLP fragment in the R1

and HS bacterial communities also corresponded to the fragment size of isolate R8 (Figure

3.1). Acetate, ethanol, and H2 were the major fermentation products of isolate R8, with

lactate being produced in smaller amounts under these culture conditions (Table 3.3).

Discussion

Both microscopy and T-RFLP indicated that Spirochaeta or Treponema species

comprised a surprisingly high percent of the HS community. Spirochaeta species are

found in many anaerobic environments, but they are generally not numerically dominant

(13). Some Treponema species are pathogenic, but most known species are part of the

normal oral, intestinal, and genital flora of mammals. Treponema species are rarely
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numerically prevalent outside of their eukaryotic hosts (29). For example, a molecular

study of a full-scale methanogenic vinasses (winery-waste) bioreactor reported that only 4

% of cloned 16S rRNA genes were spirochete-related. None of these sequences were over

92 % similar to the 16S rRNA sequences in our bioreactors (12). The termite hindgut is

the only environment in which large proportions of Treponema species have been

observed (22). The dominance of spirochetes in the absence of any eukaryotic host

provides a unique opportunity to study their physiology and ecology, and may provide

clues that will aid in the cultivation of the fastidious Treponema species implicated in oral

and venereal diseases.

The agreement between the metabolism of spirochete isolate R8 and the

intermediary metabolites in communities containing high numbers of spirochetes suggests

that spirochetes controlled the carbon flow in these communities at low glucose

concentrations (less than 20 pM glucose). Spirochete isolate R8 fermented glucose to

acetate, ethanol, and small amounts of lactate in pure culture. Spirochaeta caldaria and

other Spirochaeta species typically ferment glucose to acetate, ethanol, H2 and trace

amounts of lactate through the Embden-Meyerhof pathway (4). Both acetate and ethanol

appeared after the addition of [U-”C]glucose to bioreactor HS and were rapidly degraded

during the maximum substrate utilization assay performed with R1 fluid, confirming that

both substrates were produced and utilized in Spirochaetaceae-dominated methanogenic

communities. In addition, T-RFLP results from two restriction digests suggested that

Desulfovibrio species, which have been found to degrade ethanol to acetate in the

presence of H2-consuming methanogens (6), were present in both HS and R1

communities. Although isolate R8 also produced small amounts of lactate, the long lag
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time before the utilization of lactate in the substrate utilization assays suggests that lactate

was not an important intermediate in the HS community.

Free-living spirochete species are thought to be specialized competitors for

glucose and other compounds typically produced during the breakdown of cellulose and

similar compounds (13). Numerous mechanisms of enhanced survival and growth at low

nutrient conditions have been documented in free-living spirochetes, including enhanced

chemotaxis under nutrient limitation, dissimilation of amino acids and endogenous RNA

under starvation conditions, and polyglucose storage (4,13). The repeated enrichment of

spirochetes from different inoculum sources in glucose-fed reactors with stable, low

organic loading rates suggests that spirochetes are indeed adapted to growth at low

substrate concentrations. The convergence of the bacterial communities in bioreactors HS

and R1 is an example of such an enrichment. Whether this is the result of enrichment of

spirochetes from the inoculum or from invasion/cross-contamination is difficult to

conclude without analyzing samples ofthe original inoculum.

Bioreactor LS contained a very different and perhaps more typical bioreactor

community and carbon flow than bioreactors HS and R1. T-RFLP and microscopy data

suggest that a Streptococcus species was the most common organism in the LS

community (Figure 1 and 2B). Streptococci are commonly found in methanogenic

digesters. Studies of bacterial populations in anaerobic piggery-waste and sewage sludge

digesters found that approximately 30 - 70 % of the bacteria isolated on a habitat-

simulating medium were Streptococcus species (15,38). The accumulation of radioactive

acetate and smaller amounts of prOpionate from radiolabeled glucose agrees with previous

studies in which acetate and propionate generally account for most of the methane
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production in glucose digestion (8,18). The presence of streptococci, which typically

produce lactate as well as acetate, suggests that lactate would be observed as a

radiolabeled intermediate from [U-“C]glucose in LS; however, lactate is known to be

rapidly fermented to propionate, while propionate oxidation is a much slower and energy-

poor reaction. The fermentation of lactate to propionate may have been rapid enough to

prevent the detection of lactate as an intermediate in this study. Members of genera such

as Selenomonas, Propionibacterium, Anaerovibrio, Pectinatus, and Desulfobulbus are

known to ferment lactate to propionate and acetate, with propionate being the major

product (3,20,32,36). A terminal restriction fi'agment corresponding to a Selenomonas

species was found in the LS community, suggesting that this type of organism may be

responsible for the fermentation of lactate in the LS community.

In contrast to spirochetes, streptococci are usually thought to be adapted to high

substrate concentrations and fast growth rates. In a shock loading experiment with similar

glucose-fed bioreactors, excess glucose was added to four bioreactors communities

containing large proportions of streptococci. The streptococci remained prevalent during

the shock load, and were apparently able to grow rapidly enough to avoid being overcome

by other species. In Spirochaetaceae-dominated bioreactors the Spirochetes were

overgrown by other species after the addition of excess glucose (10). Many organisms are

known to have multiple enzyme systems that are employed under different substrate

concentrations, and some streptococci have been reported to be facultative oligotrophs, i.

e. able to grow under both high and low substrate conditions (16).

If streptococci are capable of growing well under low substrate conditions, why

then did the LS community and Spirochaetaceae-dominated R1 community, which were
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inoculated simultaneously from the same source, have two very different communities?

The time between inoculation and analysis of the LS community was shorter (210 days)

than for the R1 community (330 days), which could explain some of the difference in the

two communities. The difference in the operation of bioreactors LS and R1 may also have

inhibited a spirochete-rich community from developing in the smaller, variable volume LS

bioreactor; however, both types of bioreactors have maintained spirochete-rich

communities (10). A 185 bp fragment that corresponds to the dominant spirochete in the

HS and R1 communities is present in the LS community T-RFLP pattern, although the

height of the peak suggests that it is a minor component of the community. Given enough

time under continuous low glucose conditions it is possible that this spirochete would have

outcompeted the streptococci for glucose and taken over the LS community as it did in

the R1 community.

This study illustrates that different fermentative organisms establish different

routes of carbon flow in methanogenic communities when substrate concentrations are

low. The importance of fermentative organisms in the overall pathway of anaerobic

degradation has been somewhat overlooked in community analysis of methanogenic

environments, while the organisms that catalyze the energetically more difficult steps of

fatty acid oxidation and methane formation have been emphasized. Although the model

system used here is much simpler than most bioconversion systems and natural

environments, the general observation that different fermentative organisms can impact the

pathway of organic carbon degradation is nonetheless applicable over a wide variety of

environments. Including the physiologic properties of the fermentative organisms in

methanogenic communities, such as varying substrate affinity, starvation survival and acid
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tolerance, will improve our ability to model anaerobic degradation and methane

production in natural environments.
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CHAPTER 4

INTERPRETING 16S RDNA T-RFLP DATA: APPLICATION OF SELF-

ORGANIZING MAPS AND PRINCIPAL COMPONENT ANALYSIS TO DESCRIBE

COMMUNITY DYNAMICS AND CONVERGENCE

These results will be published in the article: Dollhopf, S.L., Hashsham, SA, and

J.M. Tiedje. 2001. Interpreting 16S rDNA T-RFLP data: Application of self-organizing

maps and principal component analysis to describe community dynamics and

convergence. Microb. Ecol. In Press.

Introduction

The use of molecular methods in microbial ecology has greatly expanded our

ability to describe and monitor microbial communities; however, the collection of large

amounts of data about a particular community does not necessarily lead to an

understanding of the community, especially when noise and bias cloud data analysis. The

problem of interpreting these data hinders our ability to learn what general principles

control microbial diversity, community composition, interspecies interactions, and

microbial processes. The management of microbial communities for practical

applications, such as bioremediation and waste treatment, is also greatly impeded by our

inability to predict community dynamics and function under variable environmental

conditions. To better understand microbial communities, methods need to be developed

that can integrate large amounts of environmental and molecular data as well as

recognize patterns in data that may be relatively noisy.

84



Typically, microbial ecologists have relied on conventional statistical methods,

such as correlation analysis and principal component analysis (PCA), for comparison of

complex communities. These methods do not detect non-linear relationships, are

confounded by experimental variability, and require normal or log-normal distributed

data. Artificial neural networks (ANN5) may provide an alternative to conventional

statistical methods because they detect non-linear relationships, allow the visualization of

complex data, and remain robust despite experimental variation. In particular, Kohonen

self-organizing maps (SOMs) have been used extensively in biological research for

pattern recognition. Phylogenetic reconstruction, classification of proteins, and genomic

analysis are a few applications of SOMs in molecular biology (18,31,33). Ecological

applications for SOMs are also being explored for classification and modeling of

populations and ecosystems (13,20). Only one study in microbial community analysis has

previously used an ANN for community analysis and classification (25).

This study compares the ability Of principal components analysis and self-

organizing map neural networks to analyze 16S T-RFLP profiles of microbial

communities in continuously-stirred, glucose-fed methanogenic bioreactors. The goal

was not only to identify which samples were similar, but also to decipher community

dynamics and describe specific phylotypes, i.e. phylogenetically similar organisms, that

behaved similarly in different reactors. We observed that the composition of both reactor

communities converged over the course of the experiment. In addition, we were able to

identify phylotypes that occurred in both reactors in different phases of reactor operation.

SOM analysis proved most useful in identifying all phylotypes that behaved similarly in
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both communities, while PCA ordination clearly demonstrated community stability and

dynamics during different periods of reaction operation.

Materials & Methods

Reactor operation and experimental design. Three l6-liter glucose-fed

continuously stirred tank reactors were operated anaerobically at 34°C with a loading rate

of 0.5 g glucose-l'l-day'l and a hydraulic retention time (HRT) of 16 days by addition of

1.0 l-day'1 of buffered glucose solution (8.0 g glucose-1'l + 7.0 g NaHCOyl'l) plus 10

ml-day'1 of concentrated nutrient solution (34). Reactor R1 (Rumen l) was inoculated

from rumen fluid and operated under the above conditions for over 330 days prior to this

study (Figure 4.1). The other two reactors were inoculated from sediment of the Red

Cedar River in Lansing, MI and from a 250 ml variable volume reactor seeded with

sewage sludge from a previous study (17). These reactors were designated reactor S2

(Sediment 2) and reactor M3 (Municipal 3), respectively. Reactor chemical oxygen

demand (COD), volative fatty acids (VFAs), and pH were monitored biweekly.

The operation of the reactors was divided into two experimental phases, phase A

and phase B (Figure 4.1). Phase A began when all reactors had achieved stable operation

(COD removal above 90 %) at the target organic loading rate of 0.5 g glucose-liter'l'day“

and lasted for 14 volume changes (224 days). All Operating conditions were constant and

percent COD removal remained above 90 % during phase A in all three reactors. During

phase B, the effect of HRT on the microbial community was investigated by decreasing

the HRT incrementally. The THU of reactors S2 and M3 was manipulated by increasing

the flow rate ofthe buffered glucose and nutrient solutions, thus increasing the organic
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Phase A I Phase B

l

 

 

 

 

1.0 1.0 Flow Rate

R1 3 (Uday),

HRT

l

1.0 2.0 3.3 4.0 8.0 Flow Rate

“ (Uday)
0 0 0 0 END CD ‘10 ‘9 '9 Gt ‘9 (D (~19 ~

16 days 8 days 6 days 4 days 2 days HRT

l

1.0 2.0 . 3.3 . 4.0 8.0 Flow Rate

” ‘ (I/day)
M3 9 9 0 0 @113 ‘1) ‘0 ‘2’ ‘9 ‘9 ‘D 69 A? (It

16 days 8 days 6 days 4 days 2 days HRT

Figure 4_1_ Timeline for reactors R1, S2, and M3. Time is measured in number of

volume changes (x-axis not to scale) Sampling times are indicated by numbered circleswhich show the number of volume changes that occurred since the target organic loading

rate was achieved in reactors S2 and M3. Control reactor R1 operated for over 2 years

prior to this study. Reactors S2 and M3 were inoculated from river sediment and
municipal sewage sludge, respectively. Flow rate and I-RT are shown above and below

the timeline respectively.
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loading rate as well. Each new flow rate was maintained for at least nine volume changes

before a subsequent increase. The HRT of the control reactor was constant throughout

phase B. Percent COD removal remained above 85 % during phase B in all three reactors

with the exception of one sample taken a few days after a short-terrn pump failure after

37 volume changes (data not shown).

Sampling. After reactors 82 and M3 had achieved a stable operating efficiency at

the target organic loading rate, samples (2 mL) from each reactor were taken after 3, 5, 7,

9, 11, 12, and 14 volume changes (Figure 4.1). During phase B, samples (2 mL) from

each reactor were taken immediately before each change of the HRT. Occasionally

samples were taken at other times during phase B to check community stability (Figure

4.1). Samples were stored at -80°C until DNA extraction and T-RFLP analysis.

T-RFLP profiles. DNA was extracted from 2 mL of reactor fluid using a bead-

beater/phenol-chloroform method (22). Bacteria or archaea community 16S rDNA was

amplified using the primer pair 8F-Hex and 1392R (2) or 21F-FAM and 951R (8),

respectively, digested with restriction enzyme HaeIII, loaded on an automated sequencer

(model 373A, Perkin Elmer Applied Biosystems), and processed with GeneScan (v2.1;

Perkin Elmer Applied Biosystems) as previously described (10). Key samples were also

digested with MspI and HhaI to aid in the identification of matching 16S rRNA genes

from clone libraries.

Variability of the relative intensity of each fragment was examined by analyzing

three replicate samples from one reactor in parallel. The same 13 fragments were found

in each replicate and the relative intensity, as ascertained by peak height measured in the

electropherogram, had a standard deviation of 6 %. When the same replicates were
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amplified and run on three separate T-RFLP gels, the standard deviation increased to 16

%. Only one sample and T-RFLP profile was analyzed for all other time points.

Clone libraries and sequencing. Bacterial clone libraries were created from

reactor S2 samples taken after 3 and 56 volume changes. An archaeal clone library was

created from a reactor M3 sample taken after 3 volume changes. Community DNA

extraction and amplification were performed as described above, except that non-labeled

PCR primers were used for amplification of community 16S rDNA. After amplification

of the community DNA with the proper primer set, the amplicons were cloned into E.

coli with the TA cloning kit (Invitrogen, Carlsbad, CA). Screening and sequencing were

performed as previously described (12). Briefly, the cloned 16S rDNA gene fragments

were amplified from whole cells using plasmid specific primers, checked for the proper

size, and digested with HaeIH to screen for 16S genes that had terminal restriction

fragments matching those found in community T-RFLP analyses. T-RFLP analysis was

also performed on each clone to confirm the size of their terminal restriction fragment for

the enzymes HaeIII, MspI, and HhaI.

Only clones matching predominant terminal restriction fragments found in both

reactors were sequenced and analyzed. The amplified gene fragments were then purified

with Microcon-IOO spin columns (Millipore Corp), and sequenced via the dye terminator

method by the Michigan State University DNA sequencing facility with a universal

primers targeting conserved regions of the 16S rRNA molecule. Approximately 1400

nucleotides were sequenced for clones L and J because they were divergent from

cultivated phyla. Only partial sequences were obtained for the rest of the clones.

Sequences were evaluated with the Check Chimera program of the Ribosomal Database
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Project (RDP) and judged not to be chimeric

(http://wwwcme.msu.edu/RDP/html/ppalyseshtml). Alignment of sequences, mask

construction, and dendrogram construction were performed with ARB (27). The .

sequences determined in this study have been deposited in the GenBank database under

accession no. AF338765 to AF338766 and AF339848 to AF339859.

Community similarity. The Morisita index of community similarity (1M), which

is based on Simpson’s dominance index, was calculated in Ecostat software (Trinity

Software, Plymouth, NH) using the formula:

_ 22 nhnz,
I _.

M (11+12)N1N2

 

where n, is the number of individuals of species 1’, N is the total number of individuals

sampled, and l is Simpson’s dominance index for each community. Simpson’s dominance

index (I) was calculated using the formula:

£02.02. — 1))

_ N(N - 1)

 

Where sis the total number of species in the community (5,32). This index ranges from 0-

1, with 0 indicating that no species are shared between the two communities and 1

indicating complete identity. Because the index takes species abundance into account,

communities that contain the same species but have different species abundance will have

an index value less than 1. These equations were adapted to T-RFLP data by considering

each terminal restriction fragment a separate species and peak height a measure of

species abundance.

90



PCA. The data sets were tested for normality with MINITAB (v. 13.31; Minitab

Inc., State College, PA) using the Anderson-Darling, Ryan-Joiner and Kolmogorov-

Smimov methods. PCA ordinations were calculated in StatView (v. 5.0.1; SAS Inc,

Cary, NC) using correlation matrices produced from T-RFLP profiles that were

normalized such that the sum of the peak heights of identified fragments equaled 10,000

fluorescent units. The complete data set consisted of 15 T-RFLP profiles (one for each

sampling date) with the peak height of 66 unique fragments indicated for each profile.

The data set was separated into individual analyses for each experimental phase and

primer set to reduce the number of factors required to account for 85 % of the variation

observed. All terminal restriction fragments with a peak height greater than 100 units

were included in the analyses.

SOM. Self organizing maps organize large multidimensional data sets by

mapping the input data onto a lower-dimensional array (19). A SOM has two layers: an

input layer, which has the same number of nodes as there are input variables (e. g.

species) and an output layer, which is a 2-D array of nodes with associated weights. Each

input node is connected to every output node. During training, the output nodes, which

initially have randomized weights, compete for the best match to the input. The output

node that best matches the input becomes the winner. The winning node and its

neighboring nodes are then updated so that it is more sensitive to the input with which it

was presented. This competition occurs repeatedly over a set number of iterations,

resulting in clusters of winning nodes that correspond to clusters within the input data

(19). To verify the clustering pattern observed in the output, the training is redone a

number of times, randomizing the initial weights each time. Because the initial weights
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are randomized, the area of the output in which specific inputs cluster changes from one

round of training to the next, but the grouping of the inputs should remain essentially the

same if the SOM is accurately mapping the input on to the output space (7,25).

All neural computing was performed in NeuroSolutions software (v3.022,

Consultants Level; NeuroDimensions, Gainesville, FL). The complete input data set

included 15 T-RFLP profiles from each reactor containing 46 terminal restriction

fragments from both the bacteria and archaea 16S rDNA primer sets. Terminal restriction

fragments that were only observed once were not included. The T-RFLP profiles from

each reactor were analyzed independently. Data were normalized so the sum of the peak

heights of identified fragments equaled 10,000 fluorescent units, and then transformed

within NeuroSolutions so that all values were between 1 and -—1. The network parameters

were selected based on trial runs and suggested values from NeuroDimensions. The input

layer consisted of 46 nodes and the output layer consisted of a square Kohonen map of 15

X 15 nodes (225 output nodes total). The distance between the input and output nodes

was calculated using the Euclidian distance measure. The Kohonen neighborhood size

was initially set to 10 and then decreased linearly by 0.05 over 200 iterations. The initial

learning rate of 0.01 also decreased linearly by 5 X 10.5 over 180 iterations. Five separate

training runs of 500 iterations each were performed for the M3 and S2 data sets to

confirm the clustering patterns within the SOM output layer.

Results

Community similarity. The S2 and M3 communities were very different at the

beginning ofphase A as measured by the Morisita community similarity (Table 4.1).
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Table 4.1. Morisita community similarity indices for the R1,

82, and M3 bioreactor communities.

 

Sample° Communities compared

 

$2 to M3 $2 to R1 M3 tO R1

3 0.05 0.02 0.30

0.05 0.14 0.32

11 0.11 0.01 0.15

14 0.16 0.49 0.62

20 0.72 0.79 0.78

29 0.72 0.61 0.63

39 0.39 0.66 0.43

49 0.84 0.72 0.63

56 0.71 0.33 0.51

 

° Sample numbers described in Figure 4.1.
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During phase A, similarity indices between S2 and M3 varied, but by the end ofphase A,

comparison of the two communities yielded a similarity value of 0.72. Community

similarity values between S2 and M3 remained above 0.70 for the rest of the experiment,

except for sample 39 which was taken after a short-terrn pump failure in reactor M3. Both

S2 and M3 communities were also similar to the R1 control community by the end of

phase A. Only the application of a two day HRT caused the 82 and M3 communities to

depart from the control (Table 4.1).

PCA. Distribution analysis of the data with the Anderson-Darling, Ryan-Joiner

and Kolmogorov-Smimov methods all indicated that the data varied Significantly from a

normal distribution. The data was skewed to the right, with more species having a

relatively low abundance and few having a very high abundance. However, it has been

shown that PCA can provide meaningful ordination of non-normal data (28,29). PCA

ordination of the entire set of T-RFLP profiles for each reactor was very difficult to

interpret because more than three factors were required to account for 85 % of the

variability within the data. To allow a more detailed analysis of the bacteria and archaea

communities, the T-RFLP profiles were separated into data sets for each reactor,

experimental phase, and primer set, resulting in four different PCA ordination plots for

each reactor.

The microbial community in control reactor R1 changed very little over the

course of both experiments, and PCA of both the bacteria and archaea data sets fiom

phase A and phase B periods extracted only one principal component factor (data not

shown).
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(i) Phase A. The M3 bacteria community changed during the first 7 volume

changes of phase A, but was more stable after nine volume changes, as indicated by the

tight clustering of samples 9, 11, 12, and 14 in a graph of Factor 1 versus Factor 2 (Fig

4.2A). The amount of explained variability in the data represented by the first factor

increased with time. Restriction fragment 225 accounted for most of the variability in

factor 1 (Figure 4.2A and Table 4.2). This fragment appeared five volume changes after

start-up and increased steadily for six volume changes, after which its abundance

stabilized. The variability represented by factor 2 decreased over time. Four fragments

that were abundant during the beginning of phase A had high loading values for factor 2

(Table 4.2).

The $2 bacteria community also changed between 7 and 9 volume changes, and

remained relatively stable thereafter (Figure 42C). The variability represented by factor 1

increased over time while that represented by factor 2 decreased. Four fragments

explained most of the variability with factor 1, with fragment 185 having the highest

loading (Table 4.2). Six terminal restriction fragments that were abundant early and then

decreased were associated with factor 2 in the S2 community. Ofthese six fragments, two

were also associated with factor 2 in the M3 community. A third factor was retained that

accounted for 13.6 % of the variability in the S2 community during phase A. Five

terminal restriction fragments that were abundant only in the sample taken seven volume

changes after start-up had high loadings for this third factor (Table 2).

(ii) Phase B. During phase B, the M3 bacteria community was quite stable until

the HRT was decreased to two days, as shown by the tight clustering of samples before

the two day HRT (Figure 42B). The one outlying sample before the two day HRT was
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Table 4.2. T-RFLP fragments with high factor loading.

 

 

  
 

Reactor Phase A Phase B

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2

M3 225 78, 161, NA“ 115, 135, 75, 125,

203, 248, 185, 225 253, 258

$2 185, 250, 69, 78, 61, 67, 75, 61, 67, 78, 253,

253, 286 203, 234, 125, 318 75, 125, 258, 309,

267,280 185

“Not applicable
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likely the result of a temporary pump failure directly before the sampling date. The 82

bacteria community was also stable for the majority of phase B, with only four and two

day HRTs affecting the bacteria community (Figure 4.2D). In both communities the value

of factor I changed very little during phase B. Four fragments in M3 and five fragments

in S2 had high loadings for factor 1. The only fragment with a high loading for factor 1 in

common between both communities was 185 base pairs in length. The amount of

variability explained by factor 2 increased at higher flow rates. Four fragments in each

community had high loadings for factor 2 with fragments 253 and 258 in common

between the two communities (Table 4.2).

(iii) Archaea. The M3 archaea community changed very little during phase A and

phase B. PCA extracted only one factor for each data set. Only during phase A in reactor

S2 did significant changes occur in the archaea community. Two factors were extracted

and the amount of variability explained by both changed over the 14 volume changes of

phase A (data not shown). Values for factor 1 (61 %) decreased over time and the

terminal restriction fragments A184, A189, and A215 had high loadings for this factor.

Values for factor 2 (24 %) increased over time. Only fragment A217 had a high loading

for this factor. Changes in HRT had little effect on the S2 archaea community, and only

one factor was extracted from the S2 HRT archaea data set.

SOMs. Separate analyses of the M3 and 82 T-RFLP data resulted in four

discernible groups of terminal restriction fragments in both outputs (Figure 4.3). The

SOM grouped the fragments according to when they were most abundant in each reactor.

As one moves counter-clockwise from the top left around the square SOM output layer,

the time in which the fragments are abundant in the reactor progresses. Thus, fragments
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Figure 4.3. SOM clustering of T-RFLP fragments in reactor M3 (A) and S2 (B). The line

graphs shown for each fragment represent the change in normalized peak height over

time. The graphs are arranged according to the position of their winning node within the

square SOM output. SOM groups I, 11, HI and IV are indicated. The letter A before the

fragment length indicates fragments from Archaea-specific T-RFLP. Fragment lengths

indicated in color are in the same SOM group in both reactors. (C) A timeline shows

when groups I through N were present in each reactor. This figure is presented in color.
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in the top left were most abundant at the beginning of phase A, while those in the top

right dominated late in phase B. Fragments located between groups were intermediate

between those groups. Fragments located in the center of the SOM either appeared

sporadically or were present at constant levels throughout both experiments.

The four groups found in each reactor were very similar; however, they were not

completely synonymous (Figure 4.3C). Group I was the same in both reactors and

contained terminal restriction fragments that were abundant very early in phase A and

then reduced drastically or disappeared afterwards. Group H fragments were abundant

during the end of phase A in both reactors; however, group II fragments in reactor S2

persisted longer than those in reactor M3, and had a bimodal abundance pattern (Figure

4.3B).

Group III fragments persisted the longest in both reactors, and were most

abundant from the end of phase A to the beginning of the four-day HRT, thus they

persisted in the reactors for over 300 days. Most of the group III fragments did not

disappear after the four-day HRT started, but decreased in abundance while the group IV

fragments increased. Group IV contained fragments that increased after the HRT of the

reactors was decreased to four days or less. In reactor S2, the pattern was slightly

different than in reactor M3. Group IV fragments in reactor S2 increased transiently 12

volume changes after start-up and then increased again after the HRT was decreased to

four days. The transient increase in group IV fragments in reactor 82 corresponds with

the brief decrease in the fragments ofgroup H in the same reactor (Figure 4.3).
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Those fragments located in the center ofthe output were present at constant levels

throughout both experimental phases. In reactor M3, fragments that appeared at fairly

constant levels included the archaea derived fragments A221, A215, and A217.

Terminal restriction fragment identification. (i) Bacteria. Six clones were

sequenced that matched terminal restriction fragments found in both communities. Four

of these six clones matched fragments that were among the eight terminal restriction

fi'agments (out of48 bacterial fragments identified) that had a maximum normalized peak

height greater than 25 % of the total peak height in a given profile. Of these four

fragments, two of them (fragments 185 and 253) accounted for over 50 % of the total

peak height of a profile in at least one sample. The other two clones sequenced matched

fragments that had a maximum normalized peak height of over 10 % of the total peak

height in a given profile.

From the phase A bacteria clone library from reactor S2 (sample 3), four 16S

rDNA clones were retrieved that matched predominant T-RFLP fragments (Figure 4.4).

Clones L and J matched terminal restriction fragments 78 and 203, respectively, and were

classified to SOM group I in both S2 and M3 reactors. T-RFLP analysis of S2 and M3

communities with three restriction enzymes confirmed the presence of matching

fragments for these clones in all three digests, suggesting that the shared T-RFLP

fragments indicate the presence of similar organisms in reactors S2 and M3. Clone L was

95.8 % similar to a sequence found previously in a glucose digesting reactor, and was

also closely related to sequences cloned from an anaerobic vinasses waste digester

(12,15). However, Clone L had only 77 % sequence similarity to any cultivated organism
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Figure 4.4. Maximum likelihood tree of cloned Bacteria 16S rRNA genes from reactors

M3 and S2 and other methanogenic environments. Clones retrieved in this study are in

bold. The SOM group and terminal restriction fragment length (Group x : y bp) is shown

to the left of each clone. The backbone of this tree was cast in ARB using 969

unambiguously aligned nucleotides between E. coli positions 95 and 1295. Partial

sequences were appended to the tree in ARB using the maximum likelihood algorithm

with 261 unambiguously aligned nucleotides between E. coli positions 154 and 474. The

origin of cloned genes from other methanogenic environments is indicated as follows:

130, LS, HS = glucose-fed methanogenic reactors (11,12); HA = anaerobic vinasses

reactor (15); RFS = termite hindgut (21); WCHBl = hydrocarbon contaminated aquifer

(9)-
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represented in the RDP database. Clone J grouped with 77rermotoga-related sequences,

but was 20 % divergent from any isolated organism (Figure 4.4).

Clone H matched the 67 bp terminal restriction fragment found in group II in

reactor 52 and group IV in reactor M3. This sequence was most similar to spirochete-

related sequences cloned from glucose digesting reactors on two separate occasions

(11,12). These sequences group with unusual spirochetes that are reported to lack cell

walls and the typical spiral morphology (14). Clone K matched the 248 base pair

restriction fragment and was 96.2 % similar to a cloned sequence from an anaerobic

vinasses waste digester (15). This sequence clustered with the Anaerobaculum

thermoterrenum group that is separate from all other bacteria divisions (23) and includes

many sequences cloned from anaerobic habitats, such as Aminobacterium mobilis, an

organism isolated from anaerobic sludge that degrades amino acids (3), and Synergistes

jonessi, a rumen organism that degrades amino acids and pyridinediols (1).

In the phase B bacteria library from reactor S2 (sample 56), three clones were

found that matched predominant terminal restriction fragments found in both reactors.

Clone S matched the 185 base pair terminal restriction fragment classified to SOM group

III in both reactors (Figure 4.4). Restriction digests of S2 and M3 communities during

this period with HhaI and MspI revealed predominant fi'agments that also matched with

those of clone S. Clone S was 99.5 % similar to S. caldaria, and other sequences closely

related to this group have been observed in seven different glucose-fed methanogenic

reactors in four different studies (IO-12,34). Clone R matched the 253 base pair terminal

restriction fragment classified to SOM group IV in both reactors. Again, additional

restriction digests confirmed the presence of matching fragments in both communities.
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Clone R was 100 % similar to Clostridium ramosum and to a cloned sequence from a

perturbed glucose anaerobic digester (11). The third clone, Clone P, was 99 % similar to

Clone K from the phase A bacteria library and matched terminal restriction fragment 248.

(ii) Archaea. The archaea clone library from reactor M3 yielded four different

16S rDNA sequences after screening of 30 clones. Clones AA and AB were 98.5 % and

99 % similar to Methanosarcina sicilae and had a terminal restriction fragment of 220 bp

(Figure 4.5). In silica digestion of the RDP database with the TAP T-RFLP program

(http://wwwcme.msu.edu/RDP/html/agaJyses.html) (24) revealed that a 220 bp fragment

was indicative of sequences related to Methanosarcina barkeri and Methanosarcina

siciliae, while a 217 bp fragment was indicative of sequences related to Methanosarcina

mazei. No 16S rDNA clones were obtained that had a 217 bp terminal restriction

fragment, but a clone found previously in a similar bioreactor matches this restriction

fragment (12). The in silico digest also indicated that the only archaea sequence that

yields a 215 bp fragment after digestion with HaeIII was Methanosaeta concilii (Figure

4.5). Digestion with Hhal confirmed the presence of matching fragments in both

communities for the different Methanosarcina and Methanosaeta species. Two other

clones, AC and AD, composed 17 % of the archaea clone library and grouped with

Methanobacterium species. Clones AC and AD had a HaeIII terminal restriction

fragment of only 22 base pairs, which is indistinguishable from the primer fragments in

T-RFLP analysis. Fragments matching this clone were found in Hhal digests. No other

clone types were detected.
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Figure 4.5. Succession of methanogenic thIOtYPCS in “33010? 32- (A) Neighbor1101111118
tree of cloned Archaea 16S rDNA genes. The number next to each node indicates

bootstrap values from 100 parsimony bootstraps. Numbers to the right of each bracket

indicate the length of the 16S rDNA terminal restriction fragment for each phylogenetic

group. (B) Archaea community T—RFLP profiles of reactors $2 and M3 after different

volume changes (VCs) in phase A.



Discussion

Principal components analysis is a very useful tool in ecological studies. PCA is a

method that is applicable to single treatments and descriptive studies, thus allowing

statistical analysis of pseudo- or un-replicated ecosystems, a problem faced in many

ecosystem studies (6). However, PCA is based on the analysis of variance in normally

distributed variables, thus requiring that all variables have a normal distribution. In

addition, it is assumed that the variables are related in a linear fashion. These assumptions

may not be met by the data. One or both of these problems may be corrected by a

transformation of the raw data (i.e. a log transformation); however adherence to these

assumptions is difficult to test, especially in time-series experiments, and they are ofien

violated by biological data (16,26). There is evidence that PCA is robust even if the data

is not normally distributed; however, to make strong conclusions from a statistical

analysis, the assumptions of the analysis method should be met (28,29).

In contrast, Kohonen self-organizing maps do not make any assumptions about

the distribution of the input variables or their relationships to one another, making SOM

ordination an attractive alternative to traditional ordination methods for biological

systems. In addition, SOMs may be capable of analyzing data sets with more variability

than principal components or correspondence analysis because the dimensionality of the

output space is determined by the investigator. This allows the exploration of different

output dimensions (size and number of axes) to compromise between finding the best fit

and the best visual representation of the data in a smaller n-dimensional space. For

example, to create PCA ordination plots that were interpretable the data set for each

reactor in this study had to be divided into separate analyses for phase A and phase B
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because more than three principal factors, and thus more than three dimensions, were

required to describe the variability in the data. This was not necessary for the analysis of

the same T-RFLP profiles using the Kohonen self-organizing map algorithm.

Unfortunately, it is harder to ascertain the importance of each axis and the meaning of

distance and directionality in an SOM output, although a correlation between distance

within a SOM output, geometric similarity of the input, and PCA have been demonstrated

(4,13). In addition, the only way to assess the quality of a SOM output is to perform

multiple independent analyses and compare the results. Because of these pitfalls, SOM

analysis is most amendable to low-level data exploration of particularly large and

variable data sets, while PCA and other traditional ordination techniques are more usefiJl

for smaller data sets and rigorous testing of hypotheses.

Despite the differences between the two methods, they yielded complementary

results that demonstrate important aspects of community structure dynamics. The tight

clustering of samples taken between 9 and 14 volume changes in the PCA ordination

plots demonstrated that approximately 9 volume changes were required for the bioreactor

bacteria communities to stabilize. Although the ordination of the phase A S2 and M3

community T-RFLP profiles resulted in strikingly similar patterns, it should be noted that

the factors extracted from the S2 community are different than those extracted from the

M3 community. Thus, the similarity of the ordination patterns for the two communities

does not indicate complete convergence of the M3 and 82 communities. However, both

PCA and SOM analysis identified fragments 78 and 203 as important during the early

start-up phase in both reactors (Table 4.2 and Figure 4.3). Reactor operation was very

stable (above 90 % COD removal) in both the S2 and M3 reactors despite the dynamic
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nature of the community structure during this period. This finding is in agreement with a

previous study of methanogenic bioreactors, which found that a dynamic community

could sustain a functionally stable system (12).

The clustering of samples seen in the PCA ordination plots of phase B samples

clearly shows which HRTs affected the bacteria community structure. Both communities

were affected by the 2 day HRT, while only the S2 community was significantly affected

by the 4 day HRT (Figure 2B and D). The fragments indicated as important during the 4

and 2 day HRTs by both PCA and SOM analysis overlapped, and all of the fragments

with high loadings for the second factor were found in SOM group IV.

Thirteen of the 66 terminal restriction fragments analyzed (both bacterial and

archaeal) were associated with the same SOM group in both reactors. The PCA indicated

that five fragments that accounted for a significant amount of variability between samples

behaved similarly in both reactors. Both of these results indicate that the two bacterial

communities shared numerically abundant community members during each stage of

reactor operation. The SOM identified more fragments that behaved similarly in both

reactors because all fragments were represented in the output, regardless of their

contribution to the overall variability. Fragments 78, 81, 203, and A192 were found in

group I in both reactors. Three of these fragments had relatively large peak heights,

suggesting that they were not just minor components ofthe community. In group 11], four

fragments were common between the two reactors. Of these, fragment 185 was the most

dominant member of the community as judged by its relative peak height. In group IV,

four fragments were in common between the two reactors, with 253 and 258 being the

most abundant.
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The similarity of community change and response in reactors M3 and S2, as

illustrated by the appearance of the same terminal restriction fragments at the same time,

presumably indicating similar phylotypes and organisms, is intriguing. Although PCR

bias likely renders community sampling incomplete, it should be somewhat

representative and, when kept constant, allows the comparison of communities under

different conditions, as is done here. It appears that a type of successional change

occurred in both reactors as comparable phylotypes appeared transiently at the same time

prior to the establishment of similar stable communities. This observation indicates that

two relatively different communities converged through analogous stages of community

development and responded similarly to changes in environmental conditions. These

observations indicate that microbial community change is not a stochastic process, but

may occur in successional stages, even when the starting communities are very different.

In plant communities, the repeatability and similarity of successional change in many

different communities has long been noted. However, in microbial communities

extensive data showing that succession is repeatable and similar in different communities

is limited. This study indicates that theories such as the resource-ratio hypothesis may be

applicable to microbial community succession as well (3 0).

Not only are there similarities between the reactors in this study, but the bacterial

sequences retrieved from these reactors are also closely related to those found in other

anaerobic bioreactors (Figure 4.4). Sequences corresponding to two of the most abundant

fragments, 185 and 253, have been found repeatedly in glucose-fed anaerobic reactors

(10, 11, 33). Fragments 78 and 203 corresponded to phylotypes related to sequences

previously found in methanogenic environments that are divergent from cultured
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organisms (Figure 4.4). The number of sequences repeatedly observed in simple

environments that are not related to cultivated organisms emphasizes our lack of cultured

representatives of microbial diversity even in common mes0philic environments.

Another interesting convergence occurred in the archaea communities of reactors

S2 and M3. The archaea community in the S2 reactor changed steadily during phase A,

while the M3 archaea community remained relatively unchanged. This was probably a

result of the different inoculum source for the two reactors. The change that occurred in

the S2 archaea community was easily tracked by T-RFLP and led to convergence of the

two archaea communities (Figure 4.5). There was a progression of acetoclastic

methanogen species in the 82 community afier start-up that is demonstrated by the

decrease of fragment A215 (Methanosaeta concilit) and the concomitant increase of

fragments A217 and A220 (Methanosarcina species). The dominance ofMethanosarcina

over Methanosaeta is unexpected because Methanosaeta species have a higher affinity

for acetate than Methanosarcina species. The observations made possible by T-RFLP can

now be used to form new hypotheses about interactions between these two genera.

In conclusion, describing these types of community shifts over time in many

complex microbial communities is difficult with labor intensive techniques, such as 16S

rDNA cloning and fluorescent in situ hybridization, thus the first step of rapid community

fingerprinting (by T-RFLP or similar techniques such as denaturing gradient gel

electrophoresis) and robust data analysis is invaluable to microbial ecology. In addition,

similarities between complex communities are not always apparent by manual inspection

of T-RFLP profiles or similar data, especially when the communities are diverse and/or

dynamic. PCA provided insight into overall community dynamics and continues to be of
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great importance in analysis of ecological data, but the analysis was complicated by the

large number of terminal restriction fiagments and the amount of change observed

between samples. This problem would be compounded in natural microbial communities

that are subject to more variability than lab-scale, single-substrate, stirred bioreactors.

SOM analysis efficiently reduced the dimensionality of the data, providing a meaningful

ordination of all the input variables, and should be of great help in the analysis of natural

microbial communities in the future.
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CHAPTER 5

INTERSPECIES INTERACTIONS AFFECTING A SPIROCHAETA SPECIES 1N

METHANOGENIC CHEMOSTATS

Introduction

Interspecies interactions are an integral part of microbial community structure and

function in all ecosystems. It is very rare to observe a pure culture of a microorganism in

a natural setting. Even symbiotic and parasitic organisms are interacting with their hosts

and are therefore interacting with another species. Although the study of microorganisms

in pure culture is a convenient and powerful technique that has vastly increased our

knowledge of genetics, biochemistry, and microbial diversity, it is very artificial. Batch

culture methods are also unnatural systems for studying many microorganisms.

Continuous culture systems, such as bioreactors and chemostats, provide a better

simulation of the nutrient limitation that prevails in most environments (9,14,26). The

chemostat provides a means of enriching for organisms that have a low saturation

constant (K) and maximum specific growth rate (um), which are difficult to select for in

typical batch enrichment cultures, but may be more prevalent in the environment. In

addition, the growth rate of organisms in a chemostat are easily manipulated, making it

possible to study the growth and interactions of species at doubling times closer to those

found in natural environments.

Spiral-shaped microorganisms have intrigued microbiologists since they were first

described over one hundred years ago because of their distinctive shape and fascinating

motility (1). Many spiral-shaped organisms, including the members of the order
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Spirochaetales (referred to as spirochetes), are slow-growing microorganisms

hypothesized to be adapted to growing at low substrate concentrations. The spirochetes

are a phylogenetic group that is united by common morphological traits, but is very

diverse physiologically, and includes aerobic, anaerobic (facultative and obligate),

fermentative, and homoacetogenic microorganisms (1,15). Spirochetes can be free-living,

host-associated, or pathogenic and are known to cause a variety of human and animal

diseases such as syphilis, Lyme disease, and digital dermatitis. Because of the slow-

growth rates exhibited by many spirochetes they should be amendable to enrichment and

study in continuous culture systems, yet only a few studies have examined the growth of

spirochetes in continuous culture (18,19,25).

In this study we investigated the competitive ability and interspecies interactions

of an obligately anaerobic fermentative spirochete, Spirochaeta sp. str. R8, in glucose-fed

continuously stirred methanogenic bioreactors operated with long generation times

(weeks to days) and low substrate concentrations. We present evidence that fermentative

spirochetes are excellent competitors for glucose, but that their population can be limited

by the supply of required vitamins, such as pantothenate, making their abundance

dependent upon the excretion ofthese vitamins by other community members.

Materials & Methods

Bioreactor operation. Two 16-liter glucose-fed continuously stirred tank

bioreactors were operated anaerobically at 34°C with a loading rate of 0.5 g glucose/liter-

day and a dilution rate of 0.06 days'1 for 20 volume changes before this study

commenced (5). The dilution rate was achieved by continuous delivery of a buffered
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glucose solution (8.0 g/L glucose + 7.0 g/L NaHCO3) and a separate concentrated

nutrient solution using separate parastaltic and syringe pumps, respectively (27).

Bioreactors 82 (Sediment 2) and M3 (Municipal 3) were inoculated with sediment from

the Red Cedar River and fluid from a 250 mL variable volume reactor initially seeded

with municipal sewage sludge, respectively. The dilution rate of the bioreactors was

manipulated by increasing the flow rate through the bioreactors without modifying the

glucose or nutrient concentrations of the influent. Each dilution rate was applied for at

least eight volume changes to allow the community to adapt and stabilize. A third

bioreactor, bioreactor R1 (Rumen 1), served as a reference and was operated at identical

conditions at a dilution rate of 0.06 days'1 throughout the entire experiment. This reactor

was inoculated with rumen fluid and operated for over 650 days (approximately 40

volume changes) prior to this study. Chemical oxygen demand (COD), volative fatty

acids (VFAs), and pH were monitored biweekly as previously described (10).

T-RFLP analysis. Community DNA was extracted from 1 rnL samples using a

beadbeaterTM and phenol-chloroform extraction method (4,16). Amplification of bacterial

16S rRNA genes from community DNA with the bacterial specific forward primer 8F-

HEX and the universal reverse primer 1392R was performed as previously described (4).

Amplification products were digested with HaeIII and run on a Perkin Elmer Applied

Biosystems 373A automated sequencer. The resulting chromatograrns were normalized to

10,000 fluorescence units for comparisons of fragment abundance in different samples.

FISH. Slides and samples were prepared as described previously (23). Briefly,

samples (0.5 mL) were fixed in 3 % paraforrnaldehyde and stored in 50 % ethanol at -

20°C. Fixed cell suspensions (1-5 pl) were spread onto 5 mm wells of black-coated 10
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well slides, dehydrated in 50, 80, and 98 % alcohol and air dried. Hybridization and

washing steps were carried out in 50 ml screw top tubes in a water bath of the desired

temperature. The hybridization buffer consisted of 0.5 M NaCl, 0.02 % SDS, and 0.1 M

TrisHCl (pH 8.0). The wash buffer was identical except for an increase in SDS to 0.05%.

Hydridization stringency was varied by changing the hybridization and washing

temperatures. After washing, all slides were counterstained with 0.1 jig/ml DAPI for 10

min at 4°C. A Zeiss Axioskop model 50 microscope (Zeiss Inc, Thomwood, NY)

equipped with a mercury lamp and a SPOT digital camera (Diagnostic Instruments Inc.,

Sterling Heights, MI) was used to capture all epifluorescent images. Zeiss filter sets

488015, 488026, and 488002 were used for CY3, CYS, and DAPI imaging, respectively.

Two new oligonucleotide probes, SpiroR8-177 and ClostS9-182, were designed

to target 16S rRNA gene sequences closely related to Spirochaeta sp. str. R8 and

Clostridium ramosum str. S9 using the PROBE-DESIGN and PROBE-MATCH tools

included in the ARB software package (24) (Figure 5.1). Probes SpiroR8-177 (5’-

CACAGCCCGGTAACCACATT-3’) and ClostS9-182 (5’-TCACCATGCAGT

GTCCGTACC-3’) were synthesized and labeled with the CY3 or CYS fluorochrome,

respectively, by Molecular Probes (Portland, OR). Unlabeled helper probes that

hybridized to either side of SpiroR8-177 were designed to increase accessibility of the

rRNA in this region (8). The 5’ (5’-GGTATT ACCCACTATTTCTAGUG-3’) and 3’ (5’-

CATAGCTCCTTTCTTTACCAGG—3’) helper probes were added to the hybridization

buffer at the same time as the labeled probe with a final concentration of 1 ng/ml. The

conditions for the new probes were Optimized using positive and negative controls. The
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optimum hybridization and washing temperatures were determined to be 37°C for

SpiroR8-177 and 43°C for ClostS9-182.

Isolation and culture techniques. Spirocheata sp. strain R8 (DSM 13955) was

isolated from R1 bioreactor fluid as previously described (4). Strain S9 was isolated by

serial dilution of S3 bioreactor fluid in anaerobically prepared tryptic soy broth plus 0.2

% glucose and 50 ug/mL rifampin with a headspace of N2:C02 (80:20). The highest

positive dilution tube was then serially diluted in the same medium plus 0.7 % agar.

Routine cultivation was performed at 37°C in mineral medium (22) plus 5 % (v/v) rumen

fluid, 5 mM glucose, IOmM MOPS buffer, 0.4 g/L sodium sulfide nonahydrate, 0.6 g/L

cysteine, 0.13 g/L bacto peptone and 0.13 g/L yeast extract adjusted to a pH of 7.2 with

headspace of N2:C02 (80:20). A 100x cofactor solution (pH 7.2) containing (per 100

ml): pyridoxal HCl, 10 mg; pyridoxal phosphate, 10 mg; calcium folinic acid, 2 mg; 13-

NAD, 2 mg; coenzyme A, 2 mg; FAD, 2 mg; nicotinamide, 1 mg; folic acid, 0.1 mg;

riboflavin, 0.02 mg; thiamine pyrophosphate, 100 mg, was added to enhance growth (15).

For determination of growth requirements, yeast extract, bacto peptone, and rumen fluid

were omitted from the media. Cell yields were determined after logarithmic growth had

ceased by DAPI staining and filtration of paraformaldehyde-fixed cell suspensions.

All methanogen cultures were obtained from the Oregon Collection of

Methanogens in Portland, Oregon. Methanobacterium bryantii M.o.H. (OCM 110) and

Methanosarcina mazeii S-6 (OCM 26) were grown in the medium described above,

minus glucose and over-pressurized with H2. Cocultures of strain R8 and

Methanobacterium bryantii or Methanosarcina mazeii were transferred in the glucose

medium described above without added yeast extract or cofactors.
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16S rRNA gene sequencing. PCR amplification of the 16S rRNA gene from

strain S9 was performed on whole cells after one freeze-thaw cycle. The bacterial primer

8F and the universal primer 1392R were used for amplification as previously described

(4). The resulting amplicons were cloned into pCR2.l per the manufacturers instructions

(Invitrogen, San Diego, CA), screened for homogeneity by restriction analysis, and

approximately 1400 bp were sequenced via the automated dye dideoxy terminator

method by the MSU sequencing facility. Sequence similarity was determined using the

GenBank BLAST function (wwwncbigov).

Continuous culture. Competition experiments were carried out at 37°C in an

anaerobic 500 mL chemostat. A mineral medium (22) plus 5 % (v/v) rumen fluid, 0.13

g/L yeast extract, 0.13 g/L bacto-peptone, 5 mM glucose, 10 mM MOPS buffer, 0.4 g/L

sodium sulfide nonahydrate, and 0.6 g/L cysteine adjusted to a pH of 7.2 with a

headspace of N2:C02 (80:20) was used in all competition experiments. A vitamin

solution was also added to give the following final concentrations (per liter): biotin, 2.0

pg; folic acid, 2.0 pg; pyrodoxin, 10.0 pg; thiamine HCl, 5.0 pg; riboflavin, 5.0 pg;

nicotinic acid, 5.0 pg; cobalamin, 0.1 pg; paraminobenzoate, 5.0 pg; lipoic acid, 5.0 pg;

b-nicotinamide adenine dinucleotide, 2.0 pg; folinic acid, 2.0 pg; flavin adenine

dinucleotide, 2.0 pg; pyridoxal S-phosphate,10.0 pg; thiamine pyrophosphate, 30.0 mg.

Calcium D-pantothenate (500 pg/ml) was added separately in specific experiments. An

Ismatec [PC multichannel peristaltic pump controlled the flow rate of the sterile medium

into the culture vessel. The pH was monitored daily and maintained at 7.1:t0.1.

Organisms were pre-grown in batch culture and anoxicly inoculated into the

chemostat. Each competition experiment was initiated by inoculating the chemostat

123



vessel with strain S9 and allowing the optical density to reach equilibrium before

inoculating with strain R8. At equilibrium, the medium supported approximately 109

chL (based on serial dilution in agar shakes). Samples (1 mL) were withdrawn every

12 or 24 hours and immediately diluted to 107 cells/ml and mounted on an agarose-coated

slide. The number of rod- and spiral—shaped cells in 25 fields of view were manually

counted, resulting in the enumeration of over 500 cells for each sample.

Results

T-RFLP. The effect of different dilution rates on bioreactor communities S2 and

M3 was assessed with 16S rDNA based-T-RFLP analysis. Dilution rates of 0.25 and 0.50

days’1 had the most noticeable effect on the community structure in both reactors, while

little to no change occurred in the R1 reference community (5). In particular, two specific

fragments of 185 bp and 253 bp appeared to be the most affected (Figure 5.2a). These

fragments matched the predicted terminal restriction fragment (T-RF) lengths for specific

groups of Spirochaeta- (185 bp) and Clostridium- (253 bp) related 16S rDNA sequences

previously cloned from similar bioreactors (4,6,7,10) (Figure 5.1). The 185 bp fragment

also matched the predicted T-RF for Spirochaeta sp. str. R8, which was previously

isolated from bioreactor R1. This data suggested that in both the S2 and M3 communities

Spirochaeta-related organisms decreased due to the increase in dilution rate, while

Clostridium-related organisms increased (Figure 5.2b).
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Figure 5.2a. T-RFLP electropherograms of M3 communities at different dilution rates.

The electropherograms were generated by restriction of amplified bacterial 16S rRNA

genes with the restriction enzyme HaeIII. The 185 bp and 253 bp fragments were

indicative of Spirochaeta and Clostridium species, respectively.
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FISH. To confirm results obtained with the PCR-based T-RFLP method,

oligonucleotide probes were designed for specific groups of Spirochaeta- and

Clostridium-related sequences (Figure 5.1). Probe ClostS9-182 was specific for C.

ramosum when hybridized at 43°C and gave strong signals with little background after

hybridization with the bioreactor samples. Probe SpiroR8-l77 was specific when

hybridized at 37°C, but initially gave very weak signals that were difficult to detect. The

use of helper probes boosted the signal noticeably (8).

Between 45 and 55 % of DAPI stained cells hybridized with SpiroR8-l77 in all

samples of the reference reactor R1 (data not shown). Probe SpiroR8-177 hybridized with

22 to 44 % of DAPI stained cells in the 82 and M3 bioreactor samples taken when the

dilution rate was below 0.25 days'1 (Figures 5.3 and 5.4). After ten volume changes at a

dilution rate of 0.25 days’l, the number of cells detected with SpiroR8-177 decreased

slightly in both bioreactor communities, and dropped significantly after four and seven

volume changes at a dilution rate of 0.50 days].

Cells detected with probe ClostS9-182 in samples taken when the dilution rate

was less than 0.25 days'1 gave relatively weak signals (Figure 5.3c and d). In some cells

the DAPI stain showed condensation of the genomic DNA, indicating that at dilution

rates less than 0.25 days'1 some members of the population were in a quiescent or

dormant state, although they were not completely washed out of the bioreactor. Less than

1 % of DAPI stained cells hybridized with ClostS9-182 in all samples of reference

reactor R1. After ten volume changes at a dilution rate of 0.25 days'1 in reactors M2 and

S3, the number of cells detected with ClostS9-182 increased from approximately 5 % to

between 15 and 25 % in both bioreactor communities (Figure 5.4). After four volume
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Figure 5.3. Micrographs of bioreactor fluid after hybridization with fluorescently

labeled oligonucleotide probes. DAPI (left) and FISH (right) micrographs are shown

for identical fields. Bioreactor community M3 after 10 volume changes at D = 0.17

days" hybridized with probe SpiroR8—l77 (A and B). Bioreactor community S2 after

8 volume changes at D = 0.13 days'1 (C and D) and afler 7 volume changes at D =

0.50 days‘1 (E and F) hybridized with probe ClostS9-182. Images are presented in

color.
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changes at D of 0.50 days“, little change in the percentage of ClostS9-182 positive cells

was detected, but after seven volume changes they increased to 35 % of DAPI stained

cells in both the S2 and M3 bioreactor communities.

Strain R8 and S9 characteristics. Spirochaeta sp. str. R8 (DSM 13955) was

previously isolated from the control bioreactor R1. The 16S rRNA gene sequence was

only 0.5 % divergent from S. caldaria. Stain R8 ferments glucose to acetate, ethanol,

lactate and hydrogen, a common fermentative pattern among free-living anaerobic

spirochetes (4). No growth occurred in minimal media without pantothenate, and growth

yield increased as the supply of pantothenate was increased. If coenzyme A (CoA) was

added instead of pantothenate, greater grth yields resulted (Table 5.1). Yeast extract

also stimulated grth more than predicted from the assayed amount of pantothenate

present per gram of extract. Thiamine pyrophosphate and a mixture of volatile fatty acids

were also stimulatory for growth in mineral medium lacking rumen fluid and decreased

the number of spheroid bodies present in 4 day old cultures. Rumen fluid (5 % v/v)

provided more robust growth than the volatile fatty acids and thiamine pyrophosphate

combined (data not shown). In minimal glucose medium plus 5 % rumen fluid and 0.13

g/L of yeast extract strain R8 grew at a maximum specific growth rate of 0.14 hr'1

(doubling time of 5 hours).

Strain S9 was isolated from a 109 dilution of fluid from bioreactor 82. The 16S

rRNA gene sequence of this strain was 100 % identical to that of Clostridium ramosum.

Strain S9 required B vitamins or yeast extract for growth and had a maximum specific

growth rate of 1.4 hr'l.
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Table 5.1. Growth yields in glucose minimal medium.

 

 

Additions Yield (cells/ml)“

None No Growth

100 pg/ml Ca pantothenate 0.2 X 107

5% Rumen Fluid, 0.13 g/l YE 0.4 x 107

200 pg/ml Ca pantothenate, 7.4 X 107

5% Rumen Fluid, 0.13 g/l YE

50 pg/ml Coenzyme A, 9.0 X107

5% Rumen Fluid, 0.13 g/l YE

 

“Original inoculum size of 3.0 X 105 cells/ml
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Competition in continuous culture. Strain R8 increased rapidly after inoculation

into a stable continuous culture of S9 cells, regardless of whether or not excess

pantothenate was supplied in the medium (Figure 5.5). The washout of S9 cells (and thus

the increase in the relative frequency of R8 cells) was more rapid when excess

pantothenate was supplied. Under these conditions the washout rate of S9 was only

slightly slower than that expected of a non-growing population, indicating that as a

substantial population of R8 established, glucose concentrations were so low that S9

could no longer maintain growth (Figure 5.5a). R8 outcompeted S9 at all dilution rates

employed when excess pantothenate was supplied, even those dilution rates at which R8

was not competitive within the bioreactor community, eventually leading to a population

of 96 % R8 cells and 4 % S9 cells after only four volume changes. The overall increase in

dilution rate over the course of the experiment from 0.17 to 1.0 days'1 corresponds to a

reduction in doubling time of nearly four days (from 4.2 days at D = 0.17 days'1 to 0.7

days at D = 1.0 days'l).

With only yeast extract and rumen fluid supplying a small amount of

pantothenate, strain R8 increased to approximately 40 % of the total cells in the

chemostat, after which a stable coexistence of approximately 40 % R8 and 60 % S9 cells

was established (Figure 5.5b). This ratio ofR8 to S9 cells was maintained even when the

dilution rate was increased from 0.17 to 0.25 days‘1 and from 0.25 to 0.50 days".
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Methanogenic coculture. Coculture of Spirochaeta sp. str. R8 with

Methanobacterium bryantii lead to significant increases in cell yield, without increasing

the amount of acetate (i.e. ATP) produced per mole of glucose utilized (Table 5.2).

Addition of excess hydrogen to the coculture increased the amount of methane produced

and the yield of R8 cells. Addition of hydrogen to a pure culture of strain R8 did not

increase cell yield. Stable cocultures of strain R8 and Methanosarcina mazei or

Methanobacterium bryantii without added pantothenate were transferred over 10 times

and repeatedly gave similar cell yields as pure cultures of R8 with added pantothenate

(data not shown). The addition of M bryantii to a competition experiment between

strains S9 and R8 in medium without excess pantothenate allowed strain R8 to attain a

much higher percent of the total cells than when the two strain were competed alone in

the same medium (Figure 5.6). A stable coexistence of 92 % strain R8 and 8 % strain S9

was maintained for two volume changes after the initial increase in the R8 population in

response to the addition of M. bryantii. One percent of the total cells in this triculture

were F420 autofluorescent, indicating that M. biyantii composed approximately 1 % ofthe

total population (~108 cells/mL).
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Discussion

The observation of a high proportion of fermentative spirochetes in a glucose-

limited bioreactor community suggests that the spirochetes were outcompeting other

populations for glucose. The abundance of spirochetes in numerous glucose-fed

bioreactors in our studies and others demonstrates that this is not an isolated observation

(3,5-7). In the mineralization of one mole of glucose to methane and carbon dioxide,

enough free energy is released to form approximately 5.5 moles of ATP (21). Glucose-

fermenting organisms perform the most energetically favorable reactions in this

conversion and can capture from 37 to 74 % of the energy released, depending upon the

products formed and the fermentation pathways employed. Most Spirochaeta species

ferment glucose to acetate, ethanol, and lactate via the Embden-Meyerhof pathway.

Spirochaeta species also contain the low potential electron carrier ferredoxin and may be

able to vary the amount of acetate produced depending upon hydrogen concentration in

order to produce more ATP, potentially producing up to 4 moles of ATP per glucose

(1,21).

Strain R8 produced approximately 0.5 moles acetate per mole of glucose utilized

(Table 5.1), which provides an extra 0.5 moles of ATP per glucose in addition to the two

ATP formed during glycolysis. Fermentation patterns of other acetate and ethanol

producing spirochetes demonstrate variable acetate to glucose ratios, resulting in a range

of 2.3 to 3.0 moles of ATP produced per mole glucose (1). In a bioreactor dominated by

spirochetes approximately 1.3 moles of acetate were produced for every 1.0 mole of

ethanol produced (4). Based on this ratio, up to three moles of ATP could have been

produced per mole of glucose utilized in situ. These data indicate that the spirochetes in
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the bioreactor community were probably producing between 2.5 and 3 moles of ATP

glucose, which would result in 45 to 54 % of the total energy available from the

conversion ofglucose to carbon dioxide and methane.

Based on these calculations, Spirochaeta sp. str. R8 should have constituted

approximately 50 % of the community if it was the dominant glucose-utilizing

population. The highest frequency of strain R8 cells detected by FISH in a bioreactor

community was 45 % of the total DAPI stained cells. In bioreactor S2, strain R8 only

accounted for 25 °/o of the community, indicating that perhaps other populations were

utilizing glucose in addition to strain R8. An additional consideration is that when

biomass is calculated from cell volume, the contribution of spirochetes can decrease

significantly because of their slender morphology (6). Previous studies found that the

specific products produced by strain R8 (acetate and ethanol) were rapidly utilized by

bioreactor fluid containing a high proportion of spirochetes (4). The data presented here

suggest that strain R8 was a dominant, although likely not the sole, population utilizing

glucose in these bioreactor communities.

The decrease in the abundance of spirochete R8 in bioreactor communities 82 and

M3 when the dilution rate was increased to 0.25 and 0.50 days'1 indicated that conditions

were more favorable for strain R8 at low dilution rates (Figure 5.4). The concomitant

increase in the Clostridium ramosum population suggested that the two strains were in

direct competition for glucose. At the higher dilution rates, glucose concentrations

increased to a point where Clostridium ramosum was the better competitor. However,

when the two strains competed directly in continuous culture, spirochete R8 remained

dominant over Clostridium S9 at dilution rates of 0.25, 0.50, and 1.0 days'1 (Figure 5.5a).
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Only when pantothenate was limiting the growth of spirochete R8 was Clostridium S9

able to maintain a large population, and the two strains coexisted in relatively equal

numbers (Figure 5.5b). This suggests that the reason for the decrease in the abundance of

spirochetes at high dilution rates was not directly related to glucose competition, but was

the result of some other inhibition of spirochete growth, such as pantothenate limitation.

Spirochaeta sp. str. R8. required CoA for optimum growth. Although

pantothenate could replace this requirement, growth yields were significantly lower even

when higher concentrations of pantothenate were added. Similar results were obtained in

nutritional studies of S. litoralis (11), however most other organisms requiring

pantothenate do not respond to externally supplied CoA. The cell membrane may be

impermeable to CoA, therefore a specific transport mechanism or external degradation of

CoA may be required for uptake. An insufficient intracellular supply of CoA severely

limits protein and phospholipid production in E. coli, and the cessation ofamino acid and

protein synthesis eventually causes growth stasis (13). In the heterofermentative lactic

acid bacterium Oenococcus oeni, CoA deficiency causes a shift in glucose fermentation

products away from products that are formed by enzymes utilizing CoA as a cofactor. In

Spirochaeta sp. str. R8, this type of shift would decrease the amount of acetate and

ethanol produced because the phosphoroclastic reactions involved in their formation

require CoA. This would likely reduce the amount of ATP formed per mole of glucose,

resulting in much less efficient growth.

In these glucose-fed bioreactors, the only source of vitamins and cofactors would

be the excretion of vitamins by community members or the scavenging of vitamins from

dead microbial cells. To support a large population of cells (approximately 5.0 X 109
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cells/ml (4)) a significant continuous supply of CoA precursors must have been available

to strain R8, therefore the scavenging of vitamins from dead cells would not have been

sufficient. Escherichia coli secretes up to 3 pg/ml of pantothenate during logarithmic

growth (12). The secretion of pantothenate in E. coli is a mechanism for regulating levels

of CoA inside the cell. However, other fermentative organisms screened for pantothenate

excretion excrete two to three orders of magnitude less pantothenate than E. coli (20). No

measurable amount of pantothenate was excreted by Clostridium ramosum str. S9 when

culture fluid was bioassayed with Lactobacillus plantarum (data not shown).

A potential source of CoA precursors for spirochete R8 in the bioreactor

community would be excretion by microorganisms in other trophic groups. Two

methanogens (Methanobacterium bryantii M.o.H. and Methanosarcina mazeii) screened

in this study relieved the pantothenate requirement of R8 when grown in coculture. The

increase in strain R8 cell yield in coculture was not due to an increase in acetate or ATP

production from glucose (Table 5.2). Very low numbers of methanogens enhanced the

growth ofR8, firrther supporting the view that the methanogens were supplying a vitamin

or cofactor that enhanced the growth of spirochete R8. Methanogens likely supply

pantothenate or another similar molecule that allows strain R8 to synthesize CoA.

However, it is possible that the methanogens supplied amino acids and/or fatty acids

whose synthesis requires CoA, allowing strain R8 to grow well with small amounts of

CoA. Alternatively, the presence of methanogens may have altered culture conditions or

induced expression ofgenes such that strain R8 could synthesizes CoA de novo.

This study demonstrates that Spirochaeta sp. str. R8 is well adapted to compete

for low concentrations of glucose within a tightly linked anaerobic food web were
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sufficient vitamins and cofactors are supplied. In general, spirochetes have a high surface

area to volume ratio, which may confer a competitive advantage for substrate and nutrient

uptake (17). They are also able to detect and chemotax towards very low sugar

concentrations (25). However, spirochetes are limited by their requirement for cofactors

and vitamins such as CoA, folate, and thiamine. In fact, spirochetes are usually found in

carbon-limited environments that are not considered Oligotrophic, such as the termite

hind-gut, rumen fluid, hydrothermal and marine mats, and sediments (2). All of these

environments are either host-associated and/or involve a tightly linked anaerobic food

web. The newly-discovered homoacetogenic spirochetes also require exogenous vitamins

and cofactors and are limited to the termite gut (15).

Our results demonstrate that vitamin requirements can impact the competitive

fitness of an organism, and may affect the total abundance of a population in a

community. The localization of spirochetes to host-associated and non-Oligotrophic

anaerobic environments supports this hypothesis. The supply of vitamins may come from

the host, organisms in other tr0phic levels, or the breakdown of detritus in these

environments. Spirochetes appear to specialize in metabolic interactions with a host or

other co-occurring organisms for the supply of vital cofactors that are central to the

spirochetes’ energy-producing metabolism. The advantage of these interactions for a

spirochete may be the lowering of maintenance energy, thus allowing for a lower growth

rate and better scavenging of growth substrates. The organisms furnishing the cofactors

required by spirochetes may in turn benefit from the sequestering of all ferrnentable

substrates entering the system, preventing any potential carbon sources from leaving the

community unprocessed.
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Free-living fermentative spirochetes may be the common ancestors of all extant

spirochete species. Portions of the Embden—Meyerhof energy-yielding pathway exist in

all spirochete species that have been assayed for them, even in obligately aerobic strains

(1). Studying the primitive free-living spirochete species may therefore increase our

understanding of the fastidious disease-causing Treponema and Barellia species. In

addition, understanding the positive and negative interactions occurring within microbial

communities that prevent competitive exclusion may unlock answers to our questions

about the maintenance of astounding microbial diversity in seemingly simple,

unstructured environments.
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CHAPTER 6

SUMMARY

The activity of glucose-utilizing organisms is important in aquatic environments.

Total monosaccharide concentrations range from 2.0 pM to 0.02 pM, with glucose

consistently accounting for 40 to 50 % of total manosaccharides (1). Dissolved sugars

constitute up to 80 °/o of the biomass of aquatic primary producers and 15 to 90 % of

photo-assimilated carbon is released by prokaryotic or eukaryotic algae during growth. In

mammalian gastrointestinal tracts, ruminant mammals, and wood-digesting insects, sugar

fermentation is also important to the nutrition ofthe animal. Recently the microorganisms

that carry out fatty acid oxidation and terminal electron accepting processes have

received the most attention in microbial ecology studies. The impact of fermentative

microorganisms on community structure and function has received relatively little

attention in the current revolution of molecular microbial ecology. This thesis has

emphasized the impact of competition and cooperation on the composition of the

fermentative guild in anaerobic microbial communities. In summary:

0 In methanogenic environments species richness, species evenness, and

community change is greater in bacterial communities than in archaeal

communities. In addition, microbial communities in a mass action environment

can be dynamic while ecosystem function is stable.

0 Even the highly selective environment of a mesothermic glucose-fed

methanogenic reactor can maintain a large number of firnctianal redundant
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species over long periods of time. Organisms with no cultivated relatives were

also repeatedly detected in this presumably well-studied environment.

The presence of different fermentative organisms can establish different routes of

carbon flow in methanogenic communities. These differences in community

structure and carbon flow influence the ability of a system to recover fiom

perturbation events.

Although microbial communities are dynamic, community change is not a

stochastic process, and may occur in successional stages, even when the starting

communities are very different. In microbial communities, extensive data

showing that succession is repeatable and similar in different communities is

limited.

Certain Spirochaeta species are successful in glucose-fed methanogenic

bioreactors operated at low dilution rates. Spirochete species in general are

amenable to enrichment and study in continuous culture systems.

Spiracheata sp. str. R8 has a low half saturation constant and maximum specific

grth rate, making it a superior competitor at low glucose concentrations. In

addition, strain R8 benefits from cooperative interactions with co-occurring

species that supply cofactors and vitamins, lowering the maintanence energy

required for growth and allowing growth at lower substrate concentrations.
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o The competitive ability of a particular species may be affected by a cofactor or

vitamin requirement, and thus the abundance of one species may be linked to

other species in the community that fulfill their nutritional requirements. For

example, methanogens may be important in supplying vitamins to fermentative

organisms in anaerobic environments.
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