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ABSTRACT 

Enrichments were set up using anaerobic bicarbonate buffered medium with cellulose 

and various other polysaccharides as the enrichment substrate. The inocula were water 

and sediment samples from freshwater and brackish thermal springs. These enrichments 

yielded anaerobic, cellulolytic, thermophilic bacteria with three distinct morphologies. 

Two of these isolates, a spirochete and a Thermotoga-like organism, were easily 

distinguished on the basis of their characteristic morphologies. The remaining isolates 

were rod-shaped and not easily distinguishable. The spirochete and the Thermotoga-like 

organism were fully characterised and their taxonomic position determined. 

The majority of the rod-shaped isolates had temperature optima of 70°C, in contrast to 

the previously described cellulolytic, thermophilic species of the genus Clostridium, 

which have temperature optima of 60-65°C. The degree of diversity within this group of 

rod-shaped bacteria and previously described isolates from various geographic locations 

was determined using three methods, numerical taxonomy, protein electrophoresis and 

phylogenetic analysis of the 16S ribosomal RNA. The results from these three studies 

showed the rod-shaped organisms to be a diverse group, not closely related to the 

cellulolytic, thermophilic members of the genus Clostridium. The phylogenetic study of 

representative isolates demonstrated this group of organisms to be a new sub-line of 

descent within the Clostridium/Bacillus subdivision of the gram positive bacteria. The 

results of this polyphasic approach allowed suggestions to be made as to the taxonomic 

position of these organisms. 

The isolation of the thermophilic spirochete and its designation to the genus Spirochaeta 

has extended the phenotypic and phylogenetic diversity of the organisms classified 

within the Spirochaetales . The phylogenetic study demonstrated the incoherence of the 

present taxonomy of the genus Spirochaeta. 

The Thermotoga-like isolate was shown to be a member of the genus Thermosipho on 

the basis of both phenotypic and phylogenetic characteristics. The isolation of this 

organism extended the geographical locations from which the members of the 

Thermotogales have been isolated. 
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CHAPTER 1 

INTRODUCTION 

The enormous abundance of cellulose and its potential as a renewable energy source has 

stimulated investigations into its degradation by both mesophilic and thermophilic 

microorganisms. For nearly 100 years, various attempts, both successful and 

unsuccessful, have been made to isolate anaerobic, cellulolytic, thermophilic bacteria. 

Until recently, the majority of anaerobic, cellulolytic, thermophilic bacteria isolated.were 

shown to be sporogenous and assigned to the genus Clostridium. The use of thermal 

spring samples and higher temperature enrichments by various workers around the 

world has yielded a collection of extremely thermophilic, cellulolytic, asporogenous 

bacteria. Both the sporogenous and asporogenous isolates were obtained from 

enrichments on phosphate buffered medium containing yeast extract and trypticase. The 

majority of these organisms have rod-shaped morphology and no detailed investigations 

into their taxonomic position within the bacteria have been made. 

The study described in this thesis had two aims: firstly to investigate the use of low 

phosphate bicarbonate buffered medium containing cellulose as the only carbon source 

for the isolation of anaerobic, cellulolytic thermophiles; secondly, and most importantly, 

to determine the degree of diversity within the rod-shaped, anaerobic, cellulolytic, 

thermophilic bacteria isolated from geographically distant thermal sites by various 

workers. A polyphasic approach using a numerical taxonomy study, a protein 

electrophoresis study and a study involving phylogenetic analysis based on 16S 

ribosomal RNA was followed. 

Chapter 2 is a review of the large amount of literature that has been published on 

cellulose and its degradation by both mesophilic and thermophilic bacteria. The diversity 

and taxonomic position of the thermophilic, cellulose-degrading bacteria is considered. 

The methods available for determining microbial diversity and their application to 

microbial classification is also reviewed. 

Chapter 3 describes an isolation study and the results obtained. 
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Chapter 4 is a numerical taxonomy study of the rod-shaped, anaerobic, cellulolytic, 

thermophilic bacteria. The methods and principles of numerical classification are also 

reviewed. 

Chapter 5 reviews the methods, materials and applications of whole-cell protein 

electrophoresis in bacterial systematics, and describes two protein electrophoresis 

techniques as applied to the rod-shaped, anaerobic, cellulolytic, thermophilic bacteria. 

Chapter 6 describes the use of phylogenetic analysis of 16S ribosomal RNA sequence 

data in bacterial systematics, and describes the application of this technique to the rod­

shaped, anaerobic, cellulolytic, thermophilic bacteria. 

Chapter 7 is a description of the characteristics and phylogenetic position of an 

extremely thermophilic, polysaccharolytic spirochete. A new species is assigned to the 

genus Spirochaeta. 

Chapter 8 describes the characteristics of a Thermotoga-like isolate. On the basis of both 

phenotypic and phylogenetic characteristics, the isolate is identified as a member of the 

genus Thermosipho. 

Chapter 9 details the general conclusions which were drawn from the work described in 

this thesis. Some suggestions are made as to the possible taxonomic position of the rod­

shaped, anaerobic, cellulolytic, thermophilic bacteria. 
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CHAPTER 2 

A REVIEW OF THE LITERATURE 

INTRODUCTION 

A large amount of literature has been published on cellulose, its degradation by 

microorganisms and the enzyme systems involved. The microbial degradation of 

cellulose at high temperatures has attracted considerable interest during the past one 

hundred years. Thermophilic bacteria capable of cellulose degradation have been isolated 

and in some cases characterized, and their taxonomic position determined. However, a 

large number remain uncharacterized. 

In this chapter the structure of cellulose and its hydrolysis at high temperatures is 

reviewed, as well as the thermophilic bacteria capable of cellulose degradation. The 

diversity and current taxonomic position of these organisms is considered. Some of the 

methods which have been used in determining bacterial diversity and the application of 

the results to bacterial classification are reviewed. The criteria for designation of a novel 

isolate to a new taxon at the genus or species level is also considered. 

The aim of this chapter is to review the published work on cellulolytic thermophilic 

anaerobes, to review the methods available for classification of new isolates and to 

provide a background for the study of the diversity of cellulolytic thermophilic 

anaerobes presented in the following chapters. 
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2.1 CELLULOSE 

2.1.1 STRUCTURE OF CELLULOSE 

Cellulose is found widely in the plant kingdom and in some groups of fungi, bacteria, 

invertebrates and protists (Richmond 1991). Due to its synthesis by all higher plants 

cellulose is the most abundant organic macromolecule on earth (Coughlan 1990). 

Cellulose is a high molecular weight linear homopolymer composed of anhydro-D­

glucose residues joined by ,6-1,4-glucosidic bonds. The number of residues i.e. the 

degree of polymerization depends on the source of the cellulose. In native cellulose the 

number of residues ranges between 10,000 and 14,000 (Fan et al. 1987; Coughlan 

1990), in cellulose produced by bacteria eg. Acetobacter xylinum between 2,500 and 

4,000 residues, while the number of residues in commercial celluloses ranges from 50-

5,000 (Ljungdahl and Eriksson 1985). Data from x-ray diffraction and infrared spectral 

analysis indicate that adjacent glucose molecules alternate by 180° in orientation and so 

the basic repeating unit is cellobiose. Due to the rotation of adjacent residues and the ,6-

1,4 linkages, cellulose has a ribbon-like structure which is stabilized by intrachain 

hydrogen bonds. By association with one another through interchain hydrogen bonds 

and van der Waals interactions, sixty to seventy adjacent chains form highly-ordered 

crystalline microfibrils (Rees et al. 1982). Analysis of x-ray and electron diffraction 

patterns has shown cellulose to exist in four recognised crystal structures designated as 

celluloses I, II, III, IV (Fan et al. 1987). Celluloses I and II are the most common, form 

I being found in nature while form II is obtained by the treatment of type I with 

concentrated solutions of sodium hydroxide. Celluloses III and IV are also artificial, 

being produced by treatments involving anhydrous ethanolamine (form Ill) or high 

temperatures (form IV). 

2.1.2 BIODEGRADATION OF CELLULOSE 
Ul'-:n7LT:V r y •,"/;; Hi'. 4T4J 

L'i.mAlt> 

Weimer (1991) points out that cellulose degradation studies have been dominated by the 

potential applications of the process to the demands of the food, fuel, chemical and 

textile industries. Such studies have been carried out by researchers from a wide variety 

of disciplines including biochemistry, chemistry, engineering, genetics and micro­

biology, with the importance of cellulose as the most abundant biopolymer stressed in 

the majority of their publications. 
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Although reports of cellulose degradation studies can be found in the literature of the last 

century, it was the 'energy crisis' of the 1970s that increased interest in the potential of 

cellulose as a renewable source of fuel and chemicals and a replacement for fossil fuels. 

The large amounts of effort and funding put into the study of cellulose degradation led to 

the discovery of new cellulolytic microorganisms, both mesophiles and thermophiles, 

and gave insight into the cellulose enzyme complex at the molecular level. Most of the 

recent efforts in the field have been concentrated at the molecular level but still some 

workers have been involved in the isolation and characterization of new cellulolytic 
. . 

m1 croorgam sms. 

It is the complex structure of cellulose and cellulosic materials that causes problems in its 

biodegradation. Physical and chemical parameters such as temperature, pH and 

composition of the reaction mixture determine the rate and extent of cellulose 

degradation by microorganisms and their cellulase enzymes. A number of substrate­

related factors which contribute to the degradability of cellulose have been listed by 

Weimer (1991). These include the degree of polymerization, the degree of substitution, 

crystallinity, available surface area, pore volume and association with hemicelluloses 

and lignin. The structural properties are considered to be among the most important 

factors governing enzymatic hydrolysis of cellulose (Focher et al. 1991). Physical and 

chemical pretreatments of cellulosic materials can be used to aid enzymatic 

hydrolysis (Fan et al. 1987; Focher et al. 1991). Physical methods include dry and wet 

milling, high pressure treatment, high energy radiation, while chemical methods involve 

the intracrystalline swelling of cellulosic materials by chemical reagents such as NaOH 

solutions, liquid NH3 or aqueous ZnC12 solutions. 

2.1.3 CELLULOSE HYDROLYZING ENZYMES 

Various studies involving the fractionation of culture filtrates (see Wood 1985) have 

revealed three classes of enzymes in both fungal and bacterial cellulase systems: 

l. Endoglucanases (1,4-/3-D-gl ucan-4-gl ucanohydrolases or endo- l ,4-/3-gl ucanases 

(EC 3.2.1.4) randomly cleave the internal cellulosic bonds producing a rapid decrease in 

polymer length along with a slow increase in reducing groups. 

2. Exoglucanases (l ,4-/3-D-glucan cellobiohydrolases (EC 3.2. l.91) and 1,4-/3-D­

glucan glucohydrolases (EC 3.2. l.74)) act from the non-reducing end of cellulose 

chains of cellooligosaccharides, removing cellobiose or glucose resulting in a rapid 

increase in reducing sugar with little change in the overall chain length. 
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3. fJ-glucosidases (/J-D-glucoside glucohydrolase or cellobiases EC 3.2.1.21) 

hydrolyse cellobiose and specifically cleave glucosyl units from the nonreducing ends of 

cello-oligosaccharides thus relieving feedback inhibition of endo- and exo-/J-1,4-

gl ucanases. Some bacteria do not have cellobiases and cleave cellobiose and 

cellodextrins by cellobiose phosphorylases (EC 2.4.1.20) eg. Cellvibrio gilvus (Sasaki 

et al. 1983), Clostridium thermocellum strain 651 (Alexander 1972a) and cellodextrin 

phosphorylases (EC 2.4.1.49) eg. Clostridium thennocellum strain 651 (Alexander 

1972b) respectively. 

2.1.4 MECHANISM OF ENZYMATIC HYDROLYSIS OF CELLULOSE 

The majority of studies on the mechanism of enzymatic degradation of cellulose have 

been concerned with mesophilic fungi (see Wood 1985; Fan et al. 1987; Coughlan and 

Ljungdahl 1988). Three factors have been shown to affect the enzymatic hydrolysis of 

insoluble cellulose: the mode of action and properties of the cellulase, the cellulose 

structure, and the mode of interaction between the enzymes and the cellulose. 

Fan and Lee (1983) devised a kinetic model for enzymatic hydrolysis of cellulose based 

on the assumption that the synergistic action of E1 (endocellulase) and Bi (exocellulase) 

considered as E hydrolyze the insoluble cellulose to cellobiose; the reaction yielding 

cellobiose is controlled by the extent of enzyme adsorption occurring at the surf ace of 

the cellulose, which is inhibited by cellobiose (C) and glucose (G); the cleavage of 

cellobiose to glucose (by ~) in the liquid phase is competitively inhibited by glucose. 

The existence of cellulose as crystalline or amorphous was not considered but the 

conversion of cellulose (S) into a less hydrolyzable form (S') was considered. The 

mechanism of the proposed model results in the following steps: 

Heterogenous and solid phase reactions: 

(E) + (S) <------> (ES) 

(ES) + (C) <----> (ESC) 

(ES)+ (G) <----> (ESG) 

(ESE) ------------> (E) + (C) 

(S) ---------------> (S )' 

Homogenous reactions: 

Adsorption 

Product inhibition 

Product inhibition 

Hydrolysis to cellobiose 

Transformation of cellulose 

(E3 ) + (C) <----> (~C) ----> (~) + (G) Hydrolysis to glucose 

(E_,) + (G) <----> (~G) Product inhibition 
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Studies at the enzyme level (Wood and McCrae 1979; Chanzy and Henrissat 1985) 

show endoglucanases initiate the hydrolysis by randomly cleaving the cellulose polymer 

leaving exposed chain ends. From these ends exocellobiohydrolases remove cellobiose 

units. The secondary function of exoglucanase is the solubilization of the outermost 

chains on the surface of the microfibril allowing access of the endoglucanases to internal 

cellulose chains. Chang et al. (1981) suggested a model in which an individual cellulose 

molecule, once attacked by a cellulase complex, is hydrolyzed completely to cellobiose 

and glucose before the enzyme complex detaches and attacks another molecule. 

2.2 BACTERIAL CELLULASES 

2.2.1 AN OVERVIEW 

The literature on bacterial cellulases is small in comparison to that on fungal cellulase 

systems. Coughlan and Ljungdahl (1988) pointed out that concepts and conclusions 

based on fungal studies have strongly influenced the bacteriologists' perception of what 

(and where) a cellulase is 'supposed' to be. Both aerobic and anaerobic bacteria capable 

of cellulose hydrolysis have been isolated from many different environments including 

the rumen (Hungate 1950), soils (Hagget et al. 1979: Blackall et al. 1985), compost 

(Madden 1983; Jin et al. 1988: Jin and Toda 1988; Sukhumavasi et al. 1988), manure 

(Lee and Blackbum 1975), municipal waste (Stutzenberger et al. 1970), sewage sludge 

(Patel et al. 1980; Murray et al. 1984), fermenting poplar wood (Sleat et al. 1984), reed 

beds (Mullings and Parish 1984), hot springs (Taya et al. 1985a,b; Mohagheghi et al. 

1986; Sissons et al. 1987; Jones 1988; Svetlichny and Svetlichnya 1988; Jones and 

Lindsay 1989; Hudson et al. 1990a), marine sediments (Veiga et al. 1983), and the 

gland of Deshayes in shipworms (Waterbury et al. 1983; Green and Freer 1986). Only a 

few of the cellulases from these isolates have been studied. Bacteria producing enzymes 

with p.l,4-glucanase activity but unable to utilize cellulose as a carbon source have been 

described. These include Clostridium acetobutylicum (Lee et al. 1985), Bacillus spp. 

(Cantwell et al. 1988), Erwinia spp. (Chippaux 1988), and Thermotoga sp. 

(Ruttersmith and Daniel 1991). 

The cellulase systems produced by cellulolytic bacteria are normally comprised of 

multiple activities, classified as exo- or endoglucanases. This classification is based on 

the activities of the enzymes on various model substrates: 



Page8 

Exoglucanases hydrolyze substrates such as p-nitrophenyl--D-cellobiose (pNPC) and 

methylumbelliferyl-P,-D-cellobiose (MUC), they release cellobiose from microcrystalline 

cellulose (eg. Avicel) and they show weak activity on carboxymethylcellulose (CMC). 

Endoglucanases do not hydrolyze the model substrates or exhibit weak activity on 

them, also exhibit weak activity on microcrystalline cellulose, but hydrolyze CMC. 

2.2.2 CHARACTERISTICS OF BACTERIAL CELLULASES 

The types of cellulases produced by a bacterium have been found to vary with the age of 

the culture and the growth substrate used. Various factors which may contribute to this 

include: 

Glycosylation. Clostridium thermocellum has been demonstrated to produce 

glycosylated cellulases (Ng and Zeikus 1981). Lamed et al. (1987) presented 

preliminary evidence that various cellulolytic bacteria secrete glycoproteins. The change 

in cellulase pattern with time in the extracellular medium was suggested by Langsford et 

al. (1984) to be due to deglycosylation. The function of glycosyl groups is not clear but 

they may protect the enzymes against proteolytic enzymes (Langsford et al. 1987) 

Proteolysis. Although some bacteria secrete both proteases and cellulases it has been 

shown that many cellulases retain their activity after truncation by proteases (Langsford 

et al. 1987). 

Binding of cellulaseg to the substrate. Cellulases have been shown to adsorb 

strongly to the cellulose substrate (see Langsford et al. 1984; Coughlan and Ljungdahl 

1988; Lamed and Bayer 1988). Lee and Blackbum (1975) and Langsford et al. (1984) 

found that growth of an organism in the presence of excess cellulose substrate can 

reduce the cellulase activity in the culture supernatant. A low molecular weight, water 

insoluble, yellow affinity substance that promotes the binding of an endoglucanase to 

the cellulose substrate was found to be produced by Clostridium thermocellum 

(Ljungdahl et al. 1983). 

Aggregation of cellulases. The cellulase system of some bacteria has been shown 

to be produced as, or form, an aggregate. The best example and the most thoroughly 

investioated aooregate is the cellulosome of Clostridium thermocellum (Cou!!hlan and e, e,e, ~ 

Ljungdahl 1988; Lamed and Bayer 1988). The cellulosome of approximately 2xl06 

kDa, is comprised of at least 15 polypeptides, many of which have endoglucanase 
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activity. The cellulosome binds to and hydrolyzes crystalline cellulose. The cellulosomes 

form polycellulosomes which appear as blebs on the surface of Clostridium 

thermocellum during the early stages of growth on cellulose. The cells are bound to the 

cellulose by these blebs. Cellulase aggregates have been shown to be produced by other 

bacteria including Bacteroides succinogenes (Groleau and Forsberg 1981), 

Ruminococcus a/bus (Stack and Hungate 1984) and Cellulomonas sp. (Lamed et al. 

1987). 

All of these factors must be taken into consideration in studying or attempting to 

characterize the cellulase system of a given organism. Although some bacterial cellulases 

have been extensively investigated, for example that of Clostridium thermocellum, to 

date no cellulase system has been fully characterized. 

2.3 THERMOPHILIC BACTERIA 

2.3.1 THE TERMINOLOGY OF THERMOPHILY 

Thermophiles have been defined as 'organisms living at high temperatures' (Brock 

1978). This high temperature will depend on the group of organisms under 

consideration. The definition of a thermophile has been further refined by Brock ( 1986) 

to 'an organism capable of living at temperatures at or near the maximum for the 

taxonomic group of which it is a part'. Therefore a thermophilic insect would be one 

living at 45-50°C, a thermophilic alga one capable of living at 60°C, a thermophilic 

bacterium one capable of living at 80°C etc .. Wiegel (1990) points out that in recent 

years the upper and lower temperature limits for the growth of pure cultures of 

microorganisms has been extended to l l0°C and -14°C, respectively. As no organism is 

capable of growth at both ends of this temperature range, organisms are grouped 

according to their growth temperature ranges. Table 2.1 shows how organisms have 

been defined according to their cardinal growth temperatures. 
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Table 2.1 Definition of organisms according to their cardinal growth temperatures (°C) 

Tmin Topt Tmax 

Psychrophi les <0 <15 <20 

Psychrotrophs <5 >15 >20 

Mesophile~ >5 <45 <50 

Thermotolerants <45 >50 

Temperature tolerant thermophiles <45 >65 >70 

Thermophiles >25 >45 >50 

Temperature tolerant extreme thermophiles <45 >65 >70 

Extreme thermophiles >45 >65 >70 

Hyperthermophiles ') <100 >100 

From information of Wiegel (1990) and Stetter (1990). 

2.3.2 THERMOPHILIC ENVIRONMENTS 

The environments from which thermophilic organisms have been isolated are of two 

types, the 'natural' environments and the 'man-made' environments. Natural thermal 

environments can result from volcanic actiYity as in the case of thermal springs, geysers 

and deep-sea thermal vents, or non-volcanic factors as in the case of the Great Artesian 

Basin or solar heated lakes. The thermal environments associated with volcanic activity 

are widely dispersed throughout the world in areas which are tectonically active and 

where major crustal movements occur. The temperature and pH ranges of these thermal 

habitats cover the full range from 40->100°C and 1.0->10 respectively. The non­

volcanic thermal habitats include solar heated lakes, river sediments, soils and decaying 

organic matter. Man-made thermal environments include deep oil reservoirs and 

pipelines, industrial fermentation vessels, food processing plants and hot water systems. 

It must also be noted that thermophilic organisms have been isolated fron non-thermal 

environments, an example of this is the archaea Methanobacteriwn thermoautotrophicum 

which is found in high numbers in lake sediments that do not reach temperatures above 

20°C but the ~>pi of this organism is 68-69°C (Wiegel 1990). 
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2.3.3 DIVERSITY OF THE THERMOPHILIC MICROORGANISMS 

Thennophilic microorganisms can be found within the domains Archaea and Bacteria as 

defined by Woese et al. ( 1990). Those of the domain Bacteria fall into the thermophilic 

and extremely thermophilic categories while those of the domain Archaea additionally 

fall within the growth temperature range of the hyperthermophile category. Both aerobic 

and anaerobic thermophilic bacteria and archaea have been isolated. In addition to 

growing at extreme temperatures, organisms with pH optima at either end of the scale 

from pH 1-10 have been isolated. These thermophilic organisms have been found to 

utilize a wide range of organic and inorganic compounds as energy sources. and 

produce a variety of end products in the aqueous and gasous phases. 

One group of thermophilic organisms which have been researched for nearly one 

hundred years are those capable of cellulose degradation. Both aerobic and anaerobic 

forms have been isolated and characterized. All of the cellulolytic thermophiles described 

fall within the domain Bacteria and as yet no cellulolytic archaea have been isolated. 

2.4 AEROBIC CELLULOL YTIC THERMOPHILIC BACTERIA 

The only aerobic thermophilic cellulolytic bacterium decribed in the literature is the 

moderate thermophile Acidothermus cellulolyticus (Mohagheghi et al. 1986). 

Acidothermus cellulolyticus was isolated from acidic thermal springs of Norris Geyser 

basin area of Yellowstone National Park (USA). The isolate was Gram reaction 

variable, asporogenous, non-pigmented with temperature and pH optima for growth of 

55°C and 5, respectively. A study of the cellulase activity of Acidothermus cellulo(vticus 

showed it to be the most thermostable of those studied, with the endoglucanase having a 

temperature optimum of 83°C (Tucker et al. 1989). Hudson et al. (1991) confirmed this 

finding when they compared the cellulase activity of strain H173 with those previously 

described in the literature. Recently a strain of Bacillus has been isolated from compost 

which degrades cellulose but has complex growth requirements (pers. comm. JA 

Hudson). 
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2.5 ANAEROBIC CELLULOL YTIC THERMOPHILIC BACTERIA 

2.5.1 CLOSTRIDIAL TYPES 

The most fully described anaerobic, cellulolytic, thermophilic bacteria are the spore 

forming clostridia which have been isolated from a wide variety of habitats including 

non-thermophilic ones. Table 2.2 ·shows a comparison of the properties of the spore 

fonning, cellulolytic thermophiles isolated and described in the literature. 

2.5. 1. 1 Early isolation studies 

Since the turn of the century there has been a lot of interest in the potential use of 

thermophilic, cellulolytic bacteria to ferment cellulose directly to ethanol and organic 

acids. The first report of bacteria capable of fermenting cellulose at temperatures above 

50°C was that of MacFayden and Blaxall (1896). They demonstrated an active 

fermentation of cotton and straw when mixed with mud from the River Thames (United 

Kingdom) and incubated at 55°C, but were unable to obtain pure cultures or colonies of 

the cellulolytic organisms involved. Various failed attempts to obtain pure cultures of 

thermophilic, cellulolytic bacteria in the first three decades of this century have been 

outlined by McBee (1950). These included (a) the 'pure cultures' of Langwell and Lymn 

(1923) which grew equally well at37°C and 70°C either aerobically or anaerobically, (b) 

the isolation of an anaerobic cellulose fermenting thermophile by Viljoen, Fred and 

Peterson (1926) which they designated as Clostridium thermocellum; this culture lost its 

ability to ferment cellulose after having been cultured on media containing glucose, (c) 

studies by Rotmistrov (1939) who isolated a culture of a cellulolytic thermophile which 

he designated Clostridium ellipsosporogenes.; the extremely variable nature of this 

organism suggested that it was not a pure culture, a point made and demonstrated later 

by I msenecki (1940). Rotmistrov (1940) did note that a low reduction potential was 

required for the satisfactory growth of this culture indicating its anaerobic physiology. 

2.5.1.2 Clostridium thermocellum and Clostridium thermocellulaseum 

Using the isolation technique developed by Hungate (1944). McBee (1948) obtained 

two cultures of thermophilic cellulose fermenting bacteria which were demonstrated to 

be pure by growing them on cellobiose agar plates followed by transfer to cellulose agar 

plates. The colonies were cellulolytic and had colony morphologies similar to the 

original colony. McBee (1950) compared seven different cultures obtained from various 

places, including one from Sweden, two from France and two from the United States, 
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with his own isolate. After purification of each culture using Hungate's technique and 

comparing the morphology and physiology he concluded that they all belonged to the 

same species, namely C. thermocellum. The characteristics of this species were then 

redescribed by McBee ( 19.54). During this time Enebo ( 1951) had isolated another pure 

thermophilic, cellulolytic anaerobe using cellulose dextrin-agar plates and named it 

Clostridiwn thermocel/ulaseum. He also described two non-cellulolytic organisms 

which were-closely associated with the cellulolytic strain and suggested that the mixture 

of these three organisms represented a symbiotic culture which had higher cellulolytic 

activity than that of the pure culture (Enebo 1949). C. thermocellulaseum had a very 

similar morphology to C. thermocellum. but differences were observed in the carbon 

recovery and the range of sugars fermented by the two species. 

No other cellulolytic, thermophilic bacteria were described in the literature until 1975 

when Lee and Blackbum (1975) isolated a cellulolytic thermophile from manure. This 

isolate, designated Clostridium strain M-7, had cell morphology and fermentative 

properties similar to C. thermocellulaseum . It was not possible for a direct comparison 

to be made of these strains as Enebo's strain had been lost by this time. Two strains of 

anaerobic cellulolytic thermophilic bacteria strains NI and HI were isolated by Ng et al. 

( 1977) from sewage digester sludge and the effluent of a thermophilic dairy manure 

digester respectively. The comparison of strains NI and HI with strain LQ8 (provided 

by LY. Quinn of Iowa State University) showed them to be nearly identical in cellular 

and growth characteristics and it was concluded that they were the same species, namely 

C. thermocellum. A more detailed study of strain LQ8 was carried out by the working 

group of Zeikus who later indicated that it was not a pure culture and identified the 

contaminant as a non-cellulolytic organism. They re-isolated the cellulolytic organism re­

designated as LQRl from the mixed culture LQ8 (Lamed and Zeikus 1980a). Ljungdahl 

et al. ( 1981) isolated a strain of C. thermocellum (JW20) from a cotton bale; the strain 

was deposited as ATCC 31449. 

2.5.1.3 Clostridium stercorarium 

It was not until 1983 that a new species of anaerobic, cellulolytic thermophilic 

bacterium, isolated from compost, was added to the genus Clostridium, namely C. 

stercorarium (Madden 1983). C. stercorarium differed from C. thermocellum in not 

producing yellow pigmentation around cellulose hydrolyzing colonies, by fermenting 

hemicelluloses and by having a slower growth rate on cellulose. 
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2.5.1.4 Strain T x 

The strain T '( also isolated from compost by Taya et al. ( 1984) was identified as a 

Clostridium sp. on the basis of morphological and physiological characteristics. A few 

differences between strain T x and C. thermocellum were noted but the isolate was not 

designated as a new species or further characterized. 

2.5.1.5 Clostridium thermolacticum 

Two strains of sporulating thermophiles strains TC21 and TX41 were isolated from 

methanogenic enrichment cultures on cellulose and xylan respectively (Le Ruyet et al. 

1985). Both strains were designated as a new species of the genus Closrridium, namely 

C. thermolacticum, but only strain TC21 has the ability to weakly ferment cellulose. The 

two strains were differentiated from previously described Clostridium species on the 

basis of carbon utilization properties, the production of lactate as a main end product of 

fermentation and by comparison of its electrophoretic protein pattern with those of other 

thermophilic Clostridia. 

2.5.1.6 Clostridium josui 

An anaerobic, cellulolytic, moderately thermophilic (optimal temperature,45°C), spore­

forming bacterium was isolated from Thai compost and designated as a new species of 

the genus Clostridiwn namely C. josui (Sukhumavasi et al. 1988). The lower growth 

temperature range of C.josui was used to differentiate it from the previously described 

cellulolytic strains. 

2.1.5. 7 Clostridium thermocopriae 

Jin and Toda (1988) described the isolation of six strains (JT) of spore-forming 

anaerobic thermophilic cellulolytic bacteria from camel feces, compost soil and hot 

spring water in Japan. These strains were classified as members of the genus 

Clostridium and designated as a new species, C. thermocopriae with strain JT-3T as the 

type strain (Jin et al. l 988). Differences in optimum growth temperature, end products 

of fermentation and carbon source utilization patterns were used to differentiate the JT 

strains from C. thermocellum and C. stercorarium and justify their designation to a new 

species of the genus Clostridium. The utilization of fructose was used as a 

differentiatino characteristic despite the fact that some of the IT strains gave a weak acid 
0 

reaction on fructose. 



Page 16 

2.5.1.8 Clostridium thermopapyrolyticum and Clostridium cellulosi 

Recently two new thermophilic cellulolytic isolates were designated to the genus 

Clostridium, namely C. thermopapyrolyticum and C. cellulosi. C. thermo­

pap_,rolyticum was isolated from a riverside mud sample in Brazil (Mendez et al. 1991), 

while C. cellulosi was isolated in China from cow manure compost (Yanling et al. 

1991 ). The former species was differentiated from the ether cellulolytic clostridia on the 

basis of it being motile and the subterminal position of its spores in contrast to the 

terminal position of the spores in the previously described strains. The reasons for the 

designation of C. cellulosi as a new species concentrated on different substrate 

utilization properties and the isolate having lophotrichous flagella. 

2.5.1.9 Isolation of clostridial types from thermal springs 

The work of Khraptsova et al. ( 1984) was the first report of the isolation of anaerobic, 

cellulolytic, thermophilic bacteria from a thermal spring. Three strains were isolated 

from thermal spring samples collected in Buryatia (USSR). It was noted that these 

strains acquired a bright yellow pigment after two to four days growth and completely 

decomposed the filter paper substrate within seven days. Two of the isolates formed 

spores but no further characterization of these isolates was described in the literature. 

The isolation of anaerobic, crystalline cellulose decomposing, thermophilic, spore­

forming bacteria from an alkaline hot spring in Japan was reported by Taya et al. 

( 1985a). Strain 25A was reported as being nearly identical to C. thermocellum and strain 

3B as having some different characteristics. Strain 3B decomposed microcrystalline 

cellulose (Avicel) that had not been chemically or physically pretreated. 

Recently a survey of cellulolytic anaerobic thermophiles isolated from hot springs was 

carried out using a variety of media and enrichment temperatures (Hudson et al. 1990a). 

Of the seven strains listed in this work only one was described as a strain of C. 

thennocellum, the others being described as non-clostridial types with higher growth 

temperature ranges. 

All of the above named clostridial type cellulolytic therrnophiles were assigned to the 

oenus Clostridium on the basis of their sporogenous nature. The designation of species 
e 

was on the basis of substrates utilized, end products of fermentation or growth 

temperature ranges. None of these strains of thermophilic clostridia were designated as 

new species on the basis of DNA-DNA hybridization or phylogenetic studies. 
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2.5.2 NON CLOSTRIDIAL TYPES 

The clostridial type cellulolytic thermophilic anaerobes described above were, with the 

exception of strain T x (Taya et al. 1984) found to have temperature maxima less than 

75°C and temperature optima around 60-65°C. In contrast the asporogenous cellulolytic 

anaerobic thermophiles described in the literature have temperature maxima of >70°C 

and higher growth temperature ranges. These organisms have been described as 

asporogenous in that endospores have not been observed. Table 2.3 shows a 

comparison of the properties of these asporogenous isolates described in the literature. 

Ljungdahl et al. ( 1981) first reported the existence of extremely thermophilic cellulolytic 

bacteria when he obtained from an Icelandic hot pool a culture that degraded cellulose at 

84°C. Since the mid 1980s the isolation of a number of anaerobic thermophiles that 

degrade cellulosic materials optimally at temperatures of 70°C and above has been 

reported. 

2.5.2.1 Strain Tp8T. 6.3.3.1 'Caldocellum saccharolyticum' 

Three extremely thermophilic cellulolytic anaerobes isolated from New Zealand hot 

springs that grew at 70°C were compared with C.thermocellum and their cellulolytic 

potential evaluated (Reynolds et al. 1986). The isolation of these three strains, Tp8T. 

6.3.3.1, Tpl I and KT8 along with the isolation of five other similar strains was 

described by Sissons et al. (1987). These isolates which grew at 75°C had a Gram­

positive cell wall structure and did not form endospores. Reynolds et al. (1986) had 

suggested that the similarity of strain Tp8T. 6.3.3.1 to C.thermocellum in cellulase 

production and substrate binding properties and its ability to grow on a defined medium 

known to support clostridial group organisms may have made it more "Clostridium-like" 

than the other isolates from the study. The later study of Sissons et al. ( l 987) stated that 

it was unlikely that the isolates were clostridia as DNA-DNA hybridization studies had 

confirmed the lack of relationship between the isolates and C.thermocellum and that that 

result suooested the isolates belon0°ed to a new genus. Although one of the isolates, 
00 

strain Tp8T. 6.3.3.1, was deposited with the American Type Culture Collection, 

Rockville Md. as ATCC 43494 and it was reported that the name Caldocellum 

saccharolyticum gen. nov ., sp. nov. had been proposed, there have been no subsequent 

reports on the taxonomic status of these isolates. Five of the isolates of Reynolds et al. 

(1986) and Sissons et al. (1987) including strain Tp8T. 6.3.3.1 were compared with 

respect to their ability to degrade lignocellulosic substrates (Donnison et al. 1989). The 

ability of these isolates to degrade the lignocellulosics tested appeared limited when they 
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were used as growth substrates and it was suggested that the use of either crude or 

partially purified enzymes may be more efficient in the hydrolysis of such compounds. 

2.5.2.2 Strain NA 10 

Taya et al. (1985b) in a short communication described the isolation of an anaerobic, 

cellulolytic, thermophile from a hot spring in the Nozawa district of Japan. This isolate 

which was designated as strain NA 10 had a requirement for tungsten. The isolation and 

characterization of strain NA 10 was reported in more detail in a later publication (Taya et 

al. 1988). A comparative study of the properties of NAlO was made with 

Thermoanaerobacter ethanolicus, C.thermocellum, C. thermohydrosul.furicum and strain 

Tp8T. 6.3.3. l. Strain NA IO was found to be similar to C.thermocellum in its ability to 

digest cellulose but differed in being asporogenous and having higher temperature and 

pH optima. The same working group had previously cloned a 4.8kb Hind III fragment 

from NA 10 DNA into Escherichia coli and shown that it directed the synthesis of a 

thermostable ,6-glucanase (Honda et al. 1987). In this report they had assigned NAIO to 

the genus Thermanaerobacter as a species, namely T. cellulolyticus, but to date this 

species name has not been validated. They found that the gene coding the ,6-endo­

gl ucanase activity did not hybridize with the chromosomal DNA of C.thermocellum 

suggesting that the cellulase produced by NAlO was different to that from 

C.thermocellum. They also found that 32P-labelled chromosomal DNA of strain NA IO 

did not hybridise to chromosomal DNAs of C.thermocellum, T. ethanolicus or 

Ruminococcus a/bus. They suggested that strain NAIO was different to the other 

cellulolytic anaerobes and thermophilic anaerobes tested. Although detailed 

physiological data on the cellulolytic thermophile Tp8T. 6.3.3.1 (Sissons et al. 1987) 

was not available they suggested that NA 10 was similar to this strain. The need for 

further studies, including a taxonomic comparison between strain NA 10 and closely 

related anaerobes was recognised, but to date no further information on the taxonomic 

position of strain NA 10 has been published. 

2.5.2.3 Dictyoglomus turgidus 

Svetlichny and Svetlichnya ( 1988) described the isolation and characterization of a new 

extremely thermophilic polysaccharolytic bacterium and assigned it to the genus 

Dictyoglomus as a new species Dictyoglomus turgidus. This morphologically distinct 

organism was reported to utilize starch, glycogen, pectin, cellulose, lignin and humic 

acid, had resistance to rifampin ( lOOµg/ml) and grew at temperatures up to 86°C. This is 

the only report of an anaerobic thermophile utilizing lignin and humic acid. 
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Table 2~. Comparison of the characteristics of the non spore-forming, anaerobic, 
cellulolytic, thermophilic bacteria described in the literature. 

-~,~~ 
~ 

~~~ 
# 
~ 

~,~ 

Characteristic 

Cell size 

Gram stain 

Flagella 

Temperature range 
(optima) ·c 
pH range 
(optima) 

Carbon source 
utilization : 

Xylan 
Glucose 
Fructose 
Raffinose 
Rhamnose 
Starch 
Sucrose 
Mannitol 
Melobiose 

H:.?_S production 

mot% G+C 
Resistance to 
Rifampin( IOOµglml) 

End products e 

0.6x 
3.0-4.0 µm 

ND 
(72) 

ND 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

ND 

+ 

A,L,E 

0.6-0.9 X 

1.8-4.0µm 

+ (pb) 

50-85 
(75) 

6.0-9.5 
(8.0-8.3) 

+ 
+ 

+ 

+ 
+ 

+ 

37.7 

+ 

A,L 

NIY1x 
1.0-3.0 µm 

+(LC) 

55-81 
(-70) 

6.0-7.5 
(ND) 

+ 
+ 
+ 
+ 

+ 
+ 

ND 

ND 

+ 

A, E, L 

-~ o'­
e,i.. 

~~ 
~ 

0.7 X 

2.5-4.0 µm 

+ 

+ (P) 

40-83 
(7'..?.-75) 

5.0-8.3 
(7.1-7.3) 

+ 
+ 
+ 
wd 

ND 
+ 
+ 

ND 

36.7 

+ 

A,E,L 

a ~D. Nol determined. b P, Peritrichous flagella. c L. Lateral flagella. d W, weak gTO\\th. 

c End products A, acetate: E. ethanol: L. lactate. 

ND 

ND 

51-74 
(70) 

5.7-7.7 
(7.0) 

+ 

+ 

ND 

ND 

A,E 
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2.5.2.4 Strain Z-1320 'Anaerocellu,n thermophilu,n' 

The first asporogenous extremely thermophilic, cellulolytic, anaerobe to be designated to 

a new genus was Anaerocellum thermophilum gen. nov., sp. nov. (Svetlichny et al. 

1990a, 1990b). A.thermophilum strain Z-1320 was isolated from a hot spring in the 

Valley of Geysers, Kamchatka, Russia. A full description of the isolate was given and it 

was compared and contrasted with other cellulolytic and non-cellulolytic, anaerobic 

thermophiles. These comparisons are on the basis of phenotypic characteristics, and no 

DNA-DNA hybridization data was presented. It was suggested that A.thermophilum 

may be similar to Ca/docellum saccharolyticum. Strain Z-1320 was also shown to 

constitutively produce extremely thermostable extracellular enzymes of the cellulase 

complex, which are not substrate-bound and have a specific activity greater than the 

analogous activity of C. thermocellum. The genus and species name A.thermophilum 

has not, as yet, been validated or added to the approved list of bacterial names. 

2.5.2.5 Strain HI 73 

Hudson et al. ( 1990b) described the cellulolytic properties of an extremely thermophilic 

anaerobe which they designated Hl73. This organism was isolated from a hot spring 

algal mat using the nutrient rich TYE medium described by Zeikus et al. (1979) with 

larchwood xylan substituted for glucose. Strain H173 grew optimally at 70°C and pH 

7.0, utilizing a narrow range of carbon sources including cellobiose, Avicel, xylan, and 

starch but not glucose. The taxonomic position of strain H173 was not established, but 

it was noted that it appeared different from NAlO due to its pH optima difference and 

different from the other New Zealand strains isolated by Reynolds et al. (1986) due to 

differences in fermentation end-products. The fermentation end products of strain H173 

were determined on a variety of basal media containing various amounts of cellulosic 

substrates. The fermentation end-products were not determined on minimal medium plus 

cellobiose. 

2.5.2.6 Isolation surveys 

A number of workers have carried out extensive isolation surveys in an attempt to 

determine the prevalence of anaerobic cellulolytic thermophiles and optimize the 

enrichment and isolation parameters. 

In poster presentations Jones (1988) and Jones and Lindsay (I 989) described some 

anaerobic, cellulolytic, thermophilic bacteria isolated from hot springs and unheated 
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soils. The results of an extensive sampling, enrichment program in various sites around 

the world were reported. They found that the moderately thermophilic (Topt 50-55°C), 

cellulolytic anaerobes isolated from neutral hot springs were very similar to those 

isolated from the average unheated soil, in so much that they were spore-forming, rod­

shaped bacteria. Such moderate thermophiles from hot springs were all ethanologenic 

while some non-ethanologenic types were found in unheated soils. The extremely 

thermophilic (T opt 70-75°C), cellulolytic, anaerobic, bacteria were only found in 

samples from hot springs with pH values around neutral. No cellulolytic anaerobes were 

enriched at 85°C, or pH 4, or from acidic (solfataric) environments. Only one of the 

extremely thermophilic asporogenous strains isolated was described in detail and 

designated strain F2/1. Strain F2/l was isolated from a sample of damp sand collected 

from a steaming beach at Fumarole, Italy. The isolate had a Gram positve wall structure 

and did not form endospores. Strain F2/ 1 has not been compared or contrasted with 

other isolates from that study or previous studies. 

In a poster presentation Svetlichny et al. ( 1990a) described the diversity and distribution 

of extremely thermophilic, cellulolytic, anaerobes in both freshwater continental and 

shallow marine coastal hot springs of the Soviet Far East. From enrichment cultures 

with micro-crystalline cellulose as the sole carbon and energy source eleven pure 

cultures of freshwater anaerobic, rod-shaped, asporogenous bacteria were isolated. 

These were morphologically and physiologically similar to A.thermophilum and 

Dictyoglomus sp .. From the shallow coastal marine hydrotherms twelve strains of 

marine anaerobic, extremely thermophilic, asporogenous, cellulolytic eubacteria with 

morphologies similar to Thermotoga sp. were isolated from enrichment cultures with 

cellulose as the only carbon source. These isolates, with temperature optima of 80-85°C 

were identified as strains of Thermotoga maritima and Thermotoga neapolitana. This 

report not only described organisms from another family namely Thermotogales that are 

capable of anaerobic degradation of cellulose at high temperature but was the first report 

of cellulose degradation in the higher temperature range ie. at 85°C. The same poster 

described the isolation of a marine, obligately anaerobic spirochete which degraded 

cellulose at 68°C and pH 7.5. This was the first report of members of the genus 

Spirochaeta capable of growth at >60°C and of degrading polysaccharide, in this case 

cellulose. In general the study demonstrated that extremely thermophilic, cellulolytic, 

bacteria are widely distributed in freshwater and marine hot springs and great diversity 

exists within the organisms isolated. Extremely thermophilic, cellulolytic, anaerobes 

were not found in acidic hot springs or in those devoid of allochtous organic matter. No 

archaea capable of cellulose utilization were isolated. 
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A similar survey of thermophilic, cellulolytic, anaerobes from hot springs was carried 

out on samples from New Zealand and the Azores (Hudson et al. 1990a). This study 

demonstrated the influence of substrate on the success of the sampling and enrichment 

program. Avicel, steam exploded poplar(SEP) and alkali washed steam exploded poplar 

(AWS) were used as cellulosic substrates in a number of basal media. The highest 

number of positive enrichments were obtained with Avicel and AWS as the cellulosic 

substrates. As in the surveys of Jones (1988) and Svetlichny (1990a) no acidophilic 

cellulolytic thermophiles were isolated. The isolates from this study were mainly rod­

shaped asporogenous eubacteria similar to strain Tp8T. 6.3.3. l(Sissons et al. 1987) or 

the strain NA 10 (Taya et al. 1988). Only one clostridial type isolate was obtained from 

the large number of pools sampled and it was suggested that the temperatures of 

enrichment incubation 65 and 75°C were too high to allow enrichment of C. 

thermocellum. lf C. thermocellum can be enriched at 65°C then it was suggested that the 

organism was not common in hot springs of New Zealand and the Azores. 

In the abstract of an oral presentation at the 5th European Congress on Biotechnology, 

Copenhagen July 1990, Mathrani and Ahring (1990) described the isolation of 

anaerobic, thermophilic, cellulose and hemicellulose degrading bacteria from several 

natural and man-made anaerobic high-temperature environments, including sludge from 

a paper bound mill and geothermal springs. They reported the isolation of typical rod­

shaped organisms and a long thin hemicellulose degrading rod which formed unusual 

spherical structures. Although not indicated in the abstract the later organism may be a 

Dictyoglomus species. 

2.5.2.7 Cellulase activity in the Thermotogales 

In addition to the report of cellulolytic activity in the Thermotogales (Svetlichny et al. 

1990a), Huber et al. (1990) described a new species of F ervidobacterium, 

Fervidobacterium islandicum and noted that growth was stimulated by the addition of 

cellulose. The type of cellulose used was not reported. Ruttersmith and Daniel (1991) 

reported the purification and properties of a cellobiohydrolase from a Thermotoga sp., 

strain FjSS3 B 1 which does not grow on cellulose as a sole carbon source. 
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2.5.2.8 A study at the genomic level 

In a study of the genotypic properties of several anaerobic, thermophilic 

chemoorganotrophic bacteria a thermophilic asporogenous bacterium capable of 

hydrolyzing cellulose and designated strain ATPl was used in DNA-DNA hybridization 

studies (Krivenko et al. 1987). The source, morphological or physiological properties of 

this isolate were not reported but it was found to have a high homology to the non­

cellulolytic Thermoanaerobium brockii. 

2.6 NON-CELLULOL YTIC THERMOPHILIC ANAEROBES 

It is worth considering the properties of the non-cellulolytic glycolytic thermophilic 

anaerobic bacteria as the organisms described above (section 2.5) may be closely related 

to them or be cellulolytic species of described genera. The non-cellulolytic glycolytic 

thermophilic anaerobes will be listed and a brief description given for the described 

species of each genus. 

2.6.1 Acetogenium kivui 

This asporogenous, homoacetate fermenter was isolated from Lake Kivu (S.E. Africa) 

and characterized by Leigh and Wolfe (1983). Ac. kivui ferments a range of carbon 

sources and grows autotrophically with H/CO2. The Topi and pH range for growth are 

65°C and 5.0-7.7, respectively. Phylogenetically it was found not to be closely related 

to C. thermoaceticwn and C. rhermoautotrophicum but still within the clostridial group 

(Tanner et al. 1982). 

2.6.2 Acetomicrobium Jlavidum 

This Gram-type negative asporogenous acetate forming thermophilic anaerobe was 

isolated from a sewage sludge digester at 60°C, in which the organism made up 40% of 

the microbial population (Soutschek et al. 1984). From 1 mo! hexose this organism 

produces 2 mo! acetic acid. 2 mo! CO2 and 4 mol H2 and was considered an ideal 

organism for use in thermophilic biogas digesters, since it hydrolyses several polymers 

to methanogenic substrates. 

2.6.3 Acetothermus paucivorans 

Another Gram-type negative acetate forming thermophilic anaerobe isolated from a 

sewaoe sludoe dioester at 60°C (Dietrich et al. 1988). Although similar to 
e, e, e, 
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Acetomicrobium flavidum in physiology and morphology, DNA-DNA hybridization 

showed only 24% homology. Acetothermus paucivorans has the very limited substrate 

utilization range of glucose and fructose and a requirement for vitamin B12. 

2.6.4 Clostridium spp. 

The genus Clostridium contains eight non-cellulolytic, thermophilic species: C. 

thermosaccharolyticum, C. thermoaceticum, C. thermohydrosul.furicum, C.thermo­

autotrophicum, C. thermosul.furogenes, C.fervidus, C. thermolacticum (strain TX41), 

and C. thermobutyricum. These species have been isolated from a wide range of thermal 

environments, both natural and man-made. 

C. thermosaccharolyticum was first isolated from 'blown' food cans (McClung 

1935) and subsequently from soils, sewage sludge, and beet sugar juices (see 

DeCampos et al. 1986). The end products of fermentation have been shown to vary 

depending on the growth medium composition and pH (Freier et al. 1989). C. 

thermosaccharolyticum sporulates well and sporulation is enhanced when grown at pH 

values slightly above the pHnzin (Hsu and Ordal 1969). C. thermosaccharolyticum 

differs from C. thernzohydrosul.furicum in forming only small amounts of H2S and in 

having a lower Tnzax ie. 67°C. 

C. thennoaceticum exists as only one strain which was isolated from horse manure 

(Fontaine et al. 1942). The physiology and metabolism of this homo-acetog~nic 

organism has been extensively researched. Like C. thernzosaccharolyticum, C. 

thermoaceticum has a Tmax in the lower temperature range ie. 65°C, but differs in not 

degrading polysaccharides. 

C. thermohydrosulfuricum was first isolated from an Austrian sugar factory 

(Hollaus and Klaushofer 1973) and later from hot springs, river sediments, sewage 

sludge and animal manure (Patel et al. 1988; Wiegel et al. 1979). The majority of the 

research on this organism has been on two strains, a sugar factory isolate (the neotype) 

strain El 00-69 (Matteuzzi et al. 1978) and a thermal spring isolate strain 39E (Zeikus et 

al. 1980). C. thermohvdrosulfuricum utilizes a wide range of substrates including 

polysaccharides such as glycogen, pectin and xylan. The end products of glucose 

fermentation include ethanol, acetate, lactate, CO2 and H2 (Wiegel et al. 1979). This 

organism has the highest Tmar: of the thermophilic clostridia at 78°C and grows optimally 

at 69°C. 

C. thermoautotrophicum has been isolated from hot springs, sediment samples, 

thermal soil and sewage sludge fermenters (Wiegel et al. 1981; Ilarionow 1985). This 
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homoacetogen differs from C. thermoaceticum in its higher sporulation, and wider pH 

and temperature growth ranges; DNA-DNA hybridization showed the two organisms to 

have 50% homology. The study of Bateson et al. (1989) showed the partial 16S rRNA 

sequences of C.thennoautotrophicum and C. thernwaceticum to be 99.8% similar. 

C. thermosulfurogenes. Two pectinolytic strains have been isolated from thermal 

springs (Schink and Zeikus 1983 .). The characteristic that distinguishes this organism 

from the other thermophilic clostridia is its ability to produce large amounts of sulfur 

from thiosulfate. This organism grows optimally at 6Q°C in the pH range 4.0-7.6 on a 

wide range of carbon sources. 

C. fervidus was isolated from a New Zealand hot spring and to date only one strain 

has been described (Patel et al. 1987). The organism produces mainly acetate, CO2 and 

H2 from hexoses and pentoses but differs from the other acetogenic clostridia in not 

forming sulfur from thiosulfate and its inability to grow autotrophically. The 

phylogenetic relationship of this organism to the other thermophilic clostridia is as yet 

unknown. 

C. thermolacticum (strain TX41) was isolated from a methanogenic enrichment 

culture on xylan and designated the type species (Le Ruyet et al. 1985). The organism, 

which produces lactate as the main fermentation end product, was found to have a 

characteristically different protein pattern compared to the other thermophilic clostridial 

species. 

C. thermobutyricum was isolated from a cellulose degrading enrichment culture 

inoculated with horse manure ( Wiegel et al. 1989). This organism, which produces 

butyrate as the main end product of glucose fermentation, has a growth temperature 

range similar to C. thermosaccharolyticum but differs from it in not forming ethanol and 

having a higher GC content. C. thermoburyricum differs from the other moderately 

thermophilic clostridial species in its inability to hydrolyze polymers such as xylan, 

pectin and starch. 

2.6.5 Thermoanaerobium spp. 

Thermoanaerobium brockii was isolated from a hot spring in the Yellowstone 

National Park, USA (Zeikus et al. 1979). The organism had a Topr of 70°C, a Tmax of 

<85°C and fermented a range of carbohydrates including pectin and starch to ethanol, 

lactate, acetate, CO2 and H2. It was assigned to the new genus on the basis of it being 

asporogenous. Recently Cook et al. (1991) induced sporulation in the type strain of T. 

hrockii when it was grown on minimal salts medium. This finding, along with that of 
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Bateson et al. ( 1989) that T. brockii showed high similarity to C . 

thermohydrosulfuricum strain 39E at the 16S rRNA level, brings into question the 

taxonomic position of this organism. 

Thermoanaerobium lactoethylicum. The isolation from a hot spring in Kamchatka 

of Thermoanaerobium lactoethylicum was first described by Zacharova et al. (1987) and 

later by Kondratieva et al. ( 1989). T. lactoethylicum was found to be most similar to 

Thermoanaerobium brockii but differed from T. brockii in that it could not reduce 

acetone to isopropanol and the level of DNA-DNA homology between the two 

organisms was only 14%. The DNA-DNA homology studies of Krivenko et al. (1987) 

and Kondratieva et al. (1989) lead them to suggest that the genera Thermoanaerobium 

and Thermoanaerobacter be combined and the genus name Thennoanaerobium retained. 

As Thennoanaerobacter ethanolicus was not included in their study further taxonomic 

data, possibly at the phylogenetic level would be required before such a change could be 

made. 

2.6.6 Thermoanaerobacter spp. 

Thermoanaerobacter ethanolicus was isolated and characterized by Wiegel and 

Ljungdahl (1981). Two strains JW200 and JW201 were isolated from slightly acidic 

and slightly alkaline hot springs, respectively. Strain JW200 was designated the type 

strain of the species. T. ethanolicus was placed in a genus separate from 

Thermoanaerobiwn brockii on the basis of differences in cell wall structure and Gram­

stain reaction. A wide range of substrates are utilized by both strains of T. ethanolicus 

and the fermentation end products from glucose and starch ar~ mainly ethanol and CO2 

with minor amounts of lactate and acetate. Growth occurs over a wide temperature range 

(37-78°C) and a wide pH range (4.4-9.9). 

Thermoanaerobacter finnii was isolated from a continuous acetate-to-methane 

enrichment culture of a sediment sample from Lake Kivu (Schmid et al. 1986). T.finnii 

utilizes a range of substrates and the main products of glucose fermentation are ethanol 

and CO2. DNA-DNA hybridization showed 75% homology between T. finnii and T. 

ethanolicus but no clostridial type strains were included in the study. The fact that T. 

Jinnii forms heat resistant spores differentiates it from T. ethanolicus. No further 

taxonomic studies have been carried out on this organism, so its taxonomic position 

remains unknown at present. 
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2.6.7 Thermobacteriodes spp. 

Thermobacteroides acetoethylicus was isolated from a thermal spring and was 

determined by dilution enumerations to be one of the most prevalent thermophilic 

bacteria in the hot springs of Yellowstone National Park (Ben-Bassat and Zeikus 1981; 

Zeikus et al. 1980). The organism grows on a range of substrates in the temperature 

range 40-<80°C and ferments glucose to ethanol, acetate, CO2, H2, butyrate and 

isobutyrate but not lactate. Thermobacteroides acetoethylicus was designated a new 

genus on the basis of its distinctive cell wall characteristics, not forming lactate and 

being inhibited by 2% NaCl but not H2. No DNA-DNA hybridization data has been 

presented for this organism. 

Thermobacteroides proteolyticus was isolated from a thermophilic digester that 

was fermenting tannery waste and cattle manure at 55°C (Oliver et al. 1985). This 

organism differed from Thermobacteriodes acetoethylicus in being proteolytic but was 

similar in not producing lactate from glucose fermentation. 

Thermobacteroides leptospartum was isolated from cattle compost and showed 

characteristics simliar to Bacteroides strains, for which reason it was placed in the genus 

Thernwbacteroides (Toda et al. 1988).The production of ethanol as the main product of 

glucose fermentation along with the absence of lactate are characteristics similar to T. 

acetoethylicus and T. proteolyticus. The relatedness of this organism to these species is 

not clear at present. 

2.7 SYSTEMATICS, DIVERSITY, CLASSIFICATION 

TAXONOMY 

2.7.1 SOME DEFINITIONS 

AND 

Systematics is defined by Stackebrandt and Goodfellow (1991) as 'the scientific 

study of the diversity of organisms and their relationships'. Systematics involves 

classification, taxonomy, nomenclature and identification. 

Diversity can be defined simply as 'variety'. It is soon clear to anyone embarking on a 

study of microorganisms that diversity is a key factor. It is the estimation and 

recoonition of the deoree of this diversity that leads to a useful system of classifying the 
e, e, 

organisms under investigation. 
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Classification is defined by Sneath and Sokal (1973) as "the ordering of organisms 

into groups (or sets) on the basis of their relationships." The term relationship may 

indicate a resemblance or overall similarity on the basis of the characteristics of the 

organisms but not implying any relationship by ancestry or it may imply a phylogenetic 

relationship. The term "phenetic relationship" can be used to distinguish between 

relationships judged from phenotypic studies and those from phylogenetic studies. 

Classification is both the name of a process and the end result of that process, as the 

result of classification is a classification. 

Taxonomy. Simpson (1961) used the term taxonomy to mean "the theoretical study of 

classification including its bases, principles, procedures and rules." The term taxon 

(plural taxa) is used as an abbreviation for taxonomic group of any nature or rank as 

suggested by Rickett ( 1958). 

Taxonomies can be of two types, phenotypic or phylogenetic. Phenetic taxonomies are 

based on numerous observed properties of organisms and are the result of an overall 

resemblance measured in units of similarity or dissimilarity. Phenotypic taxonomies 

have no evolutionary implications other than displaying the end product of evolution. 

Phylogenetic classifications are expressions of evolutionary relationships between 

organisms and reflect the degree of change in lines of descent. 

2.7.2 DETERMINATION OF DIVERSITY 

Stackebrandt and Goodfellow (1991) have stated 'there is no choice but to classify, 

identify, and name'. They consider it necessary for microbiologists to know what 

organisms they are working with before they can disclose information in the literature 

about them. Equally, it is important for microbiologists who are involved in work that 

will not be disclosed in the literature to establish the type of organism they are working 

with. Establishing the diversity in a group of organisms under investigation not only 

enables classification and taxonomy but allows organisms with desirable properties to 

be selected for further study. 

The methods available for use in determination of diversity will be briefly reviewed in 

this chapter. Those methods used in this thesis, namely numerical taxonomy, whole cell 

protein electrophoresis and 16S rRNA sequencing will be reviewed and described in 

more detail in the relevant sections. 
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2. 7 .2.1 Classical methods 

In the past, taxonomic studies were performed in order to generate classifications which 

could be used in the identification of new isolates. Such studies were initially applied to 

organisms relevant to disease and food spoilage, where identification methods were 

important. Phenotypic characteristics such as morphology, pigmentation, nutritional 

requirements, susceptibility to antimicrobial compounds were used to assign organisms 

to particular groups. The data obtained was subjected to numerical analysis and used to 

establish relationships between closely related organisms, normally below the genus 

level. Although providing no phylogenetic information such studies are still useful in 

providing a data base of the general characteristics of a group of test organisms and 

demonstrating the degree of phenotypic diversity within them .. A full review of the 

principles and methods of numerical taxonomy is given in section 4.1. 

2. 7 .2.2 Chemical methods 

The study of chemical variation in living organisms and the use of chemical characters in 

classification and identification has been termed chemosystematics, chemo-taxonomy 

and chemical taxonomy (Goodfellow and Minnikin 1985). Komagata and Suzuki 

(1987) suggested that any chemical component that : (i) is distributed universally among 

the organisms to be studied; (ii) the data are homologous among strains within a taxon 

yet showing significant differences between the tax.a to be differentiated; (iii) can be 

easily analyzed on a large number of samples, is useful in bacterial systematics. The 

chemical characters or components which have been used in classification include 

nucleic acids, proteins, lipids, cell wall components, end products of metabolism and 

the whole organism. Chemotaxonomy has benefited from the rapid developments in 

automated analytical instruments. Automated taxonomic methods have the advantage of 

reducing the error found by Sneath and Johnson (1972) to be introduced between 

individual workers and between laboratories in classical taxonomy studies. Some of the 

chemical methods used in taxonomic studies are described below. The study of nucleic 

acids will be considered under molecular methods, while the principles and methods of 

classification based on electrophoretic whole-cell protein patterns will be described in 

chapter 5. 

2. 7 .2.2.1 Lipid analysis 

Fatty acids, mycolic acids, polar lipids, and isoprenoid quinones are lipids that have 

been studied and found useful in bacterial systematics. 
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Fatty acids are an essential component of cellular lipids and the types and relevant 

proportions found in bacterial cells have been shown to be characteristic of particular 

groups of organisms. Langworthy ( 1982) demonstrated the presence of isopranyl 

glycerol ether lipids in archaea in place of the glycerol esters of fatty acids found in most 

bacteria. The presence of isopranyl glycerol ether lipids in an organism can be used as 

one of the criteria for designation to the domain archaea. Bacteria can be divided into 

two groups on the basis of cellular fatty acid composition. One group contains iso­

and/or anteiso-branched fatty acids as the main component while the fatty acids of the 

other group are mainly composed of straight chain acids. Gram positive aerobes such as 

Bacillus (Kaneda 1977) and Micrococcus (Girard 1971) which contain branched acids, 

especially anteiso-acids of C 15:o and C17:o, as major components can be differentiated 

from Gram negative organisms in which this pattern is not found. A similar pattern of 

straight-chain saturated and mono-unsaturated fatty acids is found in both Gram 

negative and Gram positive bacteria; groups for which this has been shown include the 

lactic acid bacteria (Veerkamp 1971), Clostridium (Johnson and Goldfine 1983), 

Enterobacteriaceae (Bergen 1983) and Pseudomonas (Ikemoto et al. 1978). Fatty acid 

analysis has been applied to thermophilic organisms, for example the organisms of 

order Thermotogales have been shown to have nearly identical monobasic and dibasic 

fatty acid compositions (Huber et al. 1990), branched fatty acids have been shown to be 

major components in the fatty acids of Thermus (Oshima and Miyagawa 1974). 

Mycolic acids, which are 2-alkyl-3-hydroxy fatty acids with long alkyl chains, have 

been found to be characteristic lipid components of organisms belonging to the genera 

Mycobacterium, Nocardia. Rhodococcus, and Corynebacterium (Lechevalier et al. 

l 973: Minnikin et al. 1975; Goodfellow et al. 1976). Mycolic acid analysis has been 

useful in classification of these organisms at the genus level since the total carbon 

number for each of these genera is different. 

The phospholipids which are components of the cell membrane are involved in 

permeability and regulation at the membrane. Fingerprint comparisons of two 

dimensional thin layer chromatograms of phospholipids have been used in bacterial 

classification and found to show good correlation with other chemotaxonornic methods 

(Goodfellow et al. 1980; Collins et al. 1980). 

Isoprenoid quinones have an important role in the electron transport system m 

respiration. Various types of quinones are found in microbial cells. The majority of 

aerobic bacteria possess isoprenoid menaquinone and/or isoprenoid ubiquinone. Some 

bacteria have been found to possess unusual quinones. Quinone analysis masbeenused 
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to differentiate Ac:etobacter and Gluconobacter (Yamada et al. 1969) and as evidence for 

the transfer of Pseudomonas maltophilia to the genus Xanthomonas (Swings et al. 
1983) 

2. 7 .2.2.2 Cell wall components 

The majority of bacteria are surrounded by a wall envelope, composed of murein 

(peptidoglycan). Murein is the main cell wall polymer of bacteria and is found in both 

Gram positive and Gram negative types. The Mycoplasmatales and the archaea are 

known to lack murein (Kandler 1982; Schleifer and Stackebrandt 1983). Peptidoglycan 

consists of a glycan moiety, which is an alternating polymer of N-acetylglucosamine 

and N-acetylmuramic acid, and a peptide moiety that links the glycan chain. The 

existence of almost one hundred murein types has been demonstrated by the 

investigation of the chemical structure of thousands of bacterial strains (Schleifer and 

Kandler 1972; Schleifer and Stackebrandt 1983). The chemical structure of the murein 

of Gram negative bacteria is rather uniform and it is in the differentiation of Gram 

positive types that it is a more useful marker. Both the chemical type and the amino acid 

composition of the murein can be used as chemotaxonomic criteria. The presence of 

specific amino acids in the murein has been used in classifications of bacterial groups 

including Microbacterium, Arthrobacter and Pimelobacter (see Schleifer and Kandler 

1972). 

The sugar composition of cell walls has been used in the classification and identification 

of some bacteria, for example some actinomycetes (Lechevalier and Lechevalier 1970). 

Many bacterial taxa do not have a uniform sugar composition and so this method has not 

been widely applied in bacterial systematics. 

2. 7 .2.2.3 End products of metabolism 

When fermentative bacteria metabolize carbohydrates or nitrogenous substrates a 

complex range of metabolic end products is usually formed. These end products can 

include organic acids, alcohols, ketones, and amines. End products are known to vary, 

both qualitatively and quantitatively, in response to variations in cultural conditions 

including availability of growth substrate, growth rate, pH and gaseous atmosphere 

(Shah et al. 1985). Gas liquid chromatography has been used for end product analysis 

in the identification of many different types of bacteria ( Holdeman et al. 1977; Deacon 

et al. 1978; Hammann and Werner 1980; Cresci et al. 1988). High performance liquid 
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chromatography has also been used in the identification of end products of bacterial 
metabolism. 

2. 7 .2.2.4 Whole organism 

One method in which the composition of the whole organism is analyzed is pyrolysis 

mass spectrometry. In pyrolysis mass spectrometry pyrolysis fragments are detected 

and quantified by mass spectrometry. The mass spectra produced are treated as chemical 

profiles or "fingerprints' of the organisms analyzed. Unknown isolates can be identified 

by comparison of their profile with reference spectra held in a data base. Extensive 

pyrolysis mass spectrometry studies have been carried out on mycobacteria (Wieten et 

al. 1981, 1982), selected yeast species (Windig and Haverkamp 1982), lactic acid 

bacteria (Shaw et al. 1985), Bacillus (Shute et al. 1984), and legionella (Kajioka and 

Tang 1984). One study of thermophilic bacteria of the genus Thermus was compared 

with the numerical taxonomy data of the same group of isolates (Dennison et al. 1986). 

2. 7 .2.3 Molecular methods 

The methods described under classical and chemical methods have been used to classify 

bacteria on the basis of phenotypic characteristics. Harvey and Pickett (1980) estimate 

that conventional phenotypic tests measure at best only 10% of the chromosomally 

coded capability of the microbial cell, therefore studies at the DNA level are especially 

important for organisms for which very few tests are available for species 

differentiation. In many cases these methods are not precise enough for distinguishing 

superficially similar organisms. Johnson ( 1989) outlined several of the advantages to be 

gained by basing classifications on genomic relatedness: '(i) a more unifying concept of 

a bacterial species is possible; (ii) classifications based on genomic relatedness tend to 

be stable, that is, they accommodate new information; (iii) reliable identification 

schemes can be prepared once organisms have been classified on the basis of genomic 

relatedness; (iv) information can be obtained that is useful for understanding how 

various bacterial groups have evolved and how they can be classified according to their 

ancestral relationships'. 

The greatest source of information at the genomic level lies in the nucleotide sequence of 

the complete genome but at present sequencing the latter is not a practical proposition. 

Since the early 1960s, analysis of the chromosomal DNA of microorganisms has been 

used in classification. Two approaches that have been widely used in bacterial 

classification are the estimation of the base composition of DNA and the estimation of 
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the extent of base pairing in homology studies. The genome size expressed in daltons or 

in number of nucleotide pairs has also been used to distinguish between organisms 
(Owen and Hill 1979). 

2.7.2.3.1 DNA base composition 

The first feature of DNA that was recoe:nized as beino useful in differentiatino between 
~ t:, t:, 

organisms was the ratio of adenine (A) plus thiamine (T) to guanine (G) plus cytosine 

(C), or the mot% guanine plus cytosine [%GC=lOO(G+C)/(A+T+G+C)]. The value of 

%G+C in bacteria varies between different taxa within the range 23-78 (Hollander and 

Pohl 1980). In the interpretation of mol% G+C values other types of taxonomic data 

must be considered along side the G+C data as similarity in % G+C of DNA samples 

does not necessarily imply biological relatedness since unrelated organisms can have 

identical GC ratios. Goodfellow and Minnikin (1985) suggest that bacteria with DNA 

differing by more than 5% G+C should not be classified in the same species and those 

showing differences of over 10% should not be assigned to the same genus. 

2.7.2.3.2 DNA-DNA molecular hybridization 

DNA homology or nucleic acid similarity has been determined by measurement of the 

extent to which single-stranded DNA from one bacterial strain reassociates or hybridizes 

with single-stranded DNA from another strain. Stackebrandt and Goodfellow (1991) 

point out that the experience of the last thirty years has demonstrated that DNA-DNA 

hybridization data are most relevant when investigating relationships within and between 

bacterial species. Bacteria which have DNA homology above 70% are considered to be 

the same genomic species (Wayne et al. 1987). Various methods have been used in 

determination of DNA-DNA homology, these include, membrane-filter method, 

hydroxyapatite batch procedure, S1 endonuclease assay, fluorometric assay and 

spectrophotometric method. The methods of DNA-DNA hybridization are in general 

laborious and time-consuming and so not applicable to large-scale studies of diversity in 

large numbers of new isolates but have been widely used in the description of new 

genera and species. 

2.7.2.3.3 DNA-rRNA molecular hybridization 

Ribosomal RNA genes have been found to be more highly conserved than the bulk of 

the DNA (Doi and Igarashi 1965; Dubnau et al. 1965), making them useful in taxonomic 

and phylogenetic investigations at the generic and suprageneric levels. The two most 
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widely used DNA-rRNA hybridization techniques are the competition method and the 

saturation hybridization method. DNA-rRNA hybridization has been used in the 

taxonomic studies of a range of bacteria including enterobacteria and myxobacteria 

(Moore and McCarthy 1967), Desulfovibrio species (Pace and Campbell 1971. ), 

Agrobacterium species (De Smedt and De Ley 1977). streptococci, enterococci and 

lactococci (Schleifer and Kilpper-Balz 1987). 

2. 7 .2.3.4 Other molecular methods 

Plasmids are found in a wide range of bacteria but their presence or profiles have not 

been widely used in taxonomic studies. Plasmid profiles have been used in the 

identification of lactic streptococci (Davies et al. 1981) and in epidemiological studies of 

Staphylococcus epidermis (Parisi and Hecht 1980) and Gram-negative bacilli (Schaberg 

etal.1981). 

A number of DNA fingerprinting methods involving the analysis of restriction 

fragments have been developed and used for taxonomic purposes (Grimont and 

Grimont 1991). These methods are based on the fact that short sequences of double­

stranded DNA are recognised by restriction endonucleases as cleavage sites. Depending 

on the number and position of these sites on the DNA molecule a varying number of 

fragments of differing sizes are generated. The separation of these fragments on an 

agarose gel provides a restriction profile which can be compared between organisms. 

Restriction profile analysis can be applied to both plasmid (Meyers et al. 1976) and 

chromosomal DNA (Bove and Saillard 1979). Bacterial restriction endonuclease DNA 

analysis (BRENDA) has been applied to a wide range of bacteria including Legionella 

pneumophila (van Ketel et al. 1984), Campylobacter (Penner et al. 1983; Kakoyiannis 

et al. 1988), Vibrio cholerae (Wachsmuth 1986) and Leptospira (Marshall et al. 1981; 

Ellis et al. 1988). 

The analysis of restriction patterns of rRNA genes, known as ribotyping, has also been 

applied to bacterial taxonomy. The patterns are obtained by hybridizing Southern-blotted 

DNA fraoments with end-labelled 16S and 23S rRNA from E.coli (Grimont and 
I:> 

Grimont 1986), with end-labelled oligonucleotides complementary to conserved 

sequence portions of rRNA (Moureau et al. 1989), nick-translated cloned rRNA genes 

(Brosius et al. 1981), or nick-translated total DNA from a phylogenetically remote 

bacterium (Grimont and Grimont 1986). The specificity of rRNA gene restriction 

patterns has been found to vary with the species studied and the restriction endonuclease 

chosen (Grimont and Grimont 1991).This method has be-en used in taxonomic and 
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epidemiological studies of a range of organisms including Bruce/la species (Verger et al. 

1987), Legionella species (Saunders et al. 1988), Pasteurella mulrocida (Snipes et al. 

1989),and Mycohacterium leprae (Sela et al. 1989). 

2.7.3 AN OVERALL STRATEGY FOR DETERMINATION OF 
DIVERSITY AND SUBSEQUENT CLASSIFICATION 

The constraints of time and expenditure prevent the majority of microbiologists from 

applying more than two or three of the above methods to a group of isolates in which 

they want to determine the degree of diversity. The methods applied depend in many 

cases not only on the purpose of the study but also on the available facilities and 

expertise. It is therefore not uncommon to find working groups which specialize in one 

particular technique and apply it to a wide range of organisms or in some cases to a wide 

range of isolates of a particular taxonomic group. 

In most cases a newly isolated strain or group of strains is not isolated randomly and 

some strategy has already been applied with respect to the isolation technique before 

pure cultures are obtained. This could involve isolation from a particular environment 

(eg. thermal springs, food products), isolation using a particular enrichment substrate 

(cellulose, acetate), isolation under a particular physiological condition (pH, 

temperature, anaerobiosis). When the isolates from this isolation strategy have been 

obtained in pure culture then the process of classification can begin. Before applying 

those methods described above, the majority of which apply to organisms with some 

degree of relatedness, some general characterisics of the isolates should be determined. 

Those characteristics which are useful at this level of classification include 

morphological and structural features, physiology and metabolism. and pathogenicity. 

Organisms which show similarities at this level can be further characterized using the 

methods described above. The information obtained may then be used to define and 

describe new taxa or demonstrate diversity within existing taxa. 

Assigning an isolate to a previously defined or new genus is the first step in 

identification of microorganisms. Murray et al. ( 1990) put forward ways of approaching 

the taxonomy of the Proteobacteria, but such ideas can be applied to any microbial 

group. They recognised that a polyphasic approach, including phenotypic and 

phylogenetic data is essential and recommended that 'descriptions of new genera 

should, whenever possible, include either sequencing or hybridization data'. Below the 

genus in the taxonomic hierarchy is the species. Truper and Kramer (1981) outlined the 

minimal requirements for a description of a new species, as shown in Table 2.4. 
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Table 2.4 Minimum list of data for a description of a new species 

Cell morphology 

Colonial morphology 

Staining behavior 

Cell constituents 

Physiology 

Ecology 

Required 

Cell shapc3 

Cell size (diametcr,Jength) 

Motility 

Visible internal and external structures3 

Formation of typical cellular aggregates3 

Occurrence of cell differentiation3 

Ultrastructure (genera)b 

Appearance of cell suspensions 

Appearance of colonies 

Gram stain 

DNA base ratio 

Reserve materials 

Temperature rdllge 

Optimal temperature 

pH range 

pH optimum 

Modes of energy metabolism 

Relation to oxygen 

List of electron acceptors 

List of carbon sources 

List of nitrogen sources 

List of sulfur sources 

Natural habitat(s) 

Required if applicable 

Color 

Aagellation3 

Sporesl1,appendages3,capsules3 ,sheaths3 

Life cycle3,heterocysts3 ,hormogonia3 

Ultrastructure(flagella,envelope,cell wall) b 

Color of suspensions 

Color of colonies 

Motility of colonies 

Formation of fruiting bodies3 

Formation of mycelia3 

Acid-fast, spore stain,llagella stain 

Nucleic acid homologies 

Cellular pigments 

Cell wall constituents 

Typical enzymes 

Salinity or osmolarity requirements 

Vitamin requirements 

Typical metabolic products formed 

Tolerdllces 

P.<1thogenicity,host rnnge 

Antigen formation 

Serology.phage susceptibility 

a To be demonstrated by photograph. b To be demonstrated by electron micrograph 
Reproduced from Trupcr and Kmmer ( 1981 ). 
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This data can then be used to explain why a new species should be defined by 

comparing the new and the known species. Wayne et al. (1987) stated that 'the 

phylogenetic definition of a species generally would include strains with approximately 

70% or greater DNA-DNA relatedness and with 5°C or less .t\T m· Both values must be 

considered'. They recommended that 'a distinct genospecies that cannot be differentiated 

from another genospecies on the basis of any known phenotypic property not be named 

until they can be differentiated by some phenotypic property.' A species can be divided 

into two or more subspecies based on minor but consistant phenotypic differences or on 

genetically determined clusters of strains within a species. The subspecies is the lowest· 

taxonomic rank that has official standing in bacterial nomenclature but inf rasubspecific 

ranks can be used to further differentiation, these include biovar, serovar, pathovar, 

phagovar and morphovar (Staley and Krieg 1984) .. 

2.8 CONCLUSION 

The structure of cellulose and the factors influencing its degradation either by microbial 

cultures or microbial enzymes was found to have been extensively investigated and 

reported in the literature. Reviewing the literature of both the cellulolytic and the non­

cell ulolytic thermophilic anaerobes reveals the great degree of diversity within this 

group. The clostridial types have been assigned to the genus Clostridium on the basis of 

their sporogenous nature but the criteria used in the designation of species seems less 

convincing and therefore a full taxonomic study at the genomic level may be useful to 

complement the phenotypic data already available. The taxonomy of the asporogenous 

thermophilic anaerobes, both cellulolytic and non-cellulolytic, would seem to be in 

chaos and an extensive study at the genomic level would be required before a taxonomy 

can be established and genera and species designations revised. The methods available 

to investigate the taxonomy of any group of microorganisms are numerous. The choice 

of method will be determined by the availabilty of the equipment, expertise and not least 

on the basis of the aims of the study to be undertaken. A pathway involving both 

phenotypic and phylogenetic methods would be required if new taxa are to be described. 
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CHAPTER 3 

THE ISOLATION OF ANAEROBIC CELLULOLYTIC 
THERMOPHILIC BACTERIA 

INTRODUCTION 

The literature review of chapter 2 described the anaerobic cellulolytic thermophiles that 

have been isolated by various working groups around the world using a variety of 

enrichment media and techniques. In order to increase the number of isolates from 

geographically distant sites in New Zealand and investigate the use of an alternative 

enrichment medium a limited isolation study was undertaken. Samples from a thermal 

site that had never before been sampled for microbiological purposes were included in 

this study. 
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3.1 THE PRINCIPLES AND METHODS OF ISOLATION 

Numerous different kinds of microorganism live side by side in the natural environment, 

this is also true for the thennophilic environment. The degree of diversity in a 

thermophilic environment may be less than that of many nutrient rich mesophilic 

environments. In any isolation study the physical conditions of the sample site must be 

measured and taken into consideration in the design of an isolation strategy-. No single 

culture medium will allow the growth of all bacteria occurring in the environment to be 

sampled. In the majority of cases microbiologists have some idea as to the type of 

organism they want to isolate, this may be a particular nutritional type or physiological 

type. Enrichment medium composition is probably the most important factor after the 

physical parameters such as pH and temperature have been decided. 

In any batch enrichment culture with high substrate concentrations the organisms that are 

enriched are the fastest growing under those conditions. Organisms that may be present 

in relatively high numbers but that are slow to grow under the conditions of the 

enrichment culture may be out-grown by other organisms and subsequently not isolated. 

In order to isolate organisms capable of utilizing a particular carbon source it is normal 

to include that substance in the enrichment medium as the sole carbon source. Earlier 

workers in anaerobic microbiology additionally added large amounts of yeast extract and 

peptones which may have resulted in the enrichment of large numbers of clostridial type 

isolates. pfennig (1984) points out that the use of a nutritionally rich medium or a 

medium resembling the conditions of the natural environment influences the type of 

organism that is enriched. In recent years the working groups of N. pfennig, F. Widdel 

and B. Schink have used bicarbonate buffered low phosphate medium to isolate 

numerous new genera and species of sulphate-reducing and fermentative anaerobes. 

Other factors that may influence the type of anaerobic bacteria isolated include the 

reducino aoent used and the size of the inoculum (see Janssen 1989). e, e, 

The literature regarding the isolation of anaerobic thermophiles indicates that the majority 

of isolates have come from batch enrichment cultures. A recent example of the use of in 

situ enrichment techniques to isolate acetate-utilizing bacteria from a thermal spring 

involved the semi-continuous feeding of ammonium acetate into the spring over a period 

of several weeks (Konradsdottir et al. 1991). Normal enrichment techniques were then 

used to isolate the acetate utilizing organisms the numbers of which had presumably 

been increased in the natural environment due to the abundance of acetate. 
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3.2 METHODS USED IN THE ISOLATION OF ANAEROBIC 
CELLULOLYTIC THERMOPHILIC BACTERIA 

As pointed out in chapter 2 the anaerobic cellulolytic thermophiles isolated to date have 

all been members of the domain Bacteria and have fallen into two categories, the 

clostridial sporogenous types and the non-clostridial asporogenous types. All of these 

strains were isolated by conventional enrichment techniques using various medium 

compositions and enrichment substrates. Hudson et al. (1990a) described an in situ 

enrichment method using filter units containing steam exploded poplar which were 

submerged in thermal springs for periods of 2-7 months. Although some of these 

enrichments produced positive cultures, on subculturing none yielded pure cultures 

when plated out on solid medium. Table 3.1 summarizes the information from the 

literature regarding the enrichment and isolation of some of the described strains of 

anaerobic cellulolytic therrnophilic bacteria. 

Table 3.1 Source and enrichment conditions used in the isolation of some anaerobic 

cellulolytic therrnophilic bacteria 

Strain Source Substrate Temper- YE Reductant 
ature CC) (gll) 

C. stercorarium compost filter paper 60°C 1.0 cysteine HCl 

C. thermolacticum compost xylan 65°C 5.0 cysteine HO 

C. thermocopriae various cellulose 55-60°C 6.0 cysteine HO 

Tp8T 6331 hot spring Sigmacell 50 70°C 3.0 cysteine HCl 

NAl0 hot spring cellulose (floe) 8C>°C 1.0 sulfide 

F2/1 hot spring amorphous cellulose 70°C 1.0 NA 

A. thermophilum hot spring filter paper 1s0 c 1.0 sulfide 

H173 hot SQrins xylan 70°C 3.0 cysteine HCl 

The three clostridial isolates in Table 3.1 were enriched at lower temperatures than the 

non clostridial types. This difference in enrichment incubation temperature may have had 

some influence on the type of organism enriched. In the isolation study of Hudson et al. 

( 1990a) the temperature of incubation of the enrichment culture was found to influence 

the number of positive enrichments. Using the same media and samples twenty four 

positive enrichments were obtained at 75°C compared to forty three at 65°C. The non 
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clostridial strains in Table 3.1 were all isolated from thermal springs while the source of 

the clostridial types was compost. The five strains of C. thermocopriae described by Jin 

et al. ( 1988) were isolated by the same enrichment procedure but from varying sources, 

including camel feces, soil, compost and hot spring. The strain designated the type 

species was a compost isolate. Yeast extract was used in all of the enrichments at 

concentrations from 1-6g/l. 

3.3 AN ISOLATION STUDY 

3.3.1 WHY MORE ISOLATION ? 

The reader may wonder why additional isolation work was undertaken when a large 

number of isolates requiring characterization were available from previous isolation 

studies. There were three reasons which prompted further isolation work. Firstly in 

order to obtain additional isolates from New Zealand hot springs previously not sampled 

or not giving a positive enrichment. Such isolates were required to add geographical 

diversity within the New Zealand isolates since seven isolates had been isolated from the 

same hot spring namely Rt8 and this may have put a bias on the numerical taxonomy 

study to be carried out. The second reason was partly curiosity by the author who after 

hearing of the potential of isolating anaerobes using low phosphate sulfide reduced 

medium (pers comm Bernhard Schink) wanted to test the method. Thirdly the possibility 

to sample a new thermal site, that of Raoul Island, Kermadec archipelago, New 

Zealand. 

3.3.2 METHODS AND MATERIALS 

3.3.2.1 Enrichment medium and culture conditions 

The medium used for enrichment was bicarbonate-buffered medium (CBM), containing 

(per litre): NaCl, 0.9 g; MgCl2.6H20, 0.2 g; KCl, 0.5 g; NH4Cl, 0.3 g; KH2PO4, 0.2 

g; 0.15 % (w/v) FeCl3, 1 ml; 0.1 % (w/v) resazurin, 1 ml; trace element solution SLIO 

(without FeSO4) and selenite-tungstate solution (Widdel et al. 1983) 1ml each. Sodium 

bicarbonate (2.5 g/litre) was added to boiled, cooled medium which was dispensed in 10 

ml aliquots in 23 ml anaerobic culture tubes (Bellco) gassed with NzlCO2 mixture 

(80%/20% v/v) and sealed with butyl rubber stoppers. Sulfide-calcium solution 

(containing Na2S.9H20 36 g/litre; CaCl2.2H20 15 g/litre; pH 7.2) at 2 ml/litre and a 7-
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vitamin solution (Widdel and Pfennig 1981) at 1 ml/litre were added to the autoclaved, 

cooled medium from sterile stock solutions. When changing the salinity of the medium, 

NaCl and MgCl2.6H20 were varied at a fixed ratio of 20 g to 2.7 g/litre respectively in 

the medium CBM. The final medium pH was 6.9 to 7.1 unless otherwise specified. The 

enrichment substrates were added from anaerobic sterile neutralized stock solutions. 

3.3.2.2 Preparation of amorphous cellulose 

Amorphous cellulose was prepared by adding 25 g of Avicel to 1,000 ml 5 M ZnCl2. 

The suspension formed was added to 4,000 ml vigorously stirred distilled water. The 

resulting white flocculent was recovered by centrifugation at 8,000 rpm. for 20 min. 

The combined pellets were washed three times with distilled water and suspended 

overnight in 1,500ml 25 mM Na2. EDTA. The flocculent was centrifuged again and 

washed four times with distilled water. The washed amorphous cellulose was stored as 

a slurry at 4°C. Amorphous cellulose was added to bicarbonate-buffered medium at 5g/l 

of the slurry. 

3.3.2.3 Roll tube method 

The roll tube method was as described by Hungate (1969). The appropriate bicarbonate­

buffered medium was solidified by the addition of purified agar (Oxoid) at 18g/1. The 

medium was dipenesed in 5ml aliquots in 23ml anaerobic culture tubes. Serial dilutions 

of positive enrichments were made in the molten medium maintained at 55°C. After 

mixing the tubes were continously mechanically rolled at 4°C until the agar solidified. 

The tubes were then incubated at 70°C at a 45° angle in order to stop the agar sliding to 

the bottom at the high temperature and to allow the condensate to collect in the bottom of 

the tube. Single colonies were removed from the agar as small cores using a pasteur 

pipette which had 5mm of the end bent at a right angle. These agar plugs were placed in 

liquid medium and crushed against the side of the tube to release the cells. 

3.3.3 RES UL TS AND DISCUSSION 

3.3.3.1 Raoul Island samples 

Durino the 1990 visit of the RIV "Akademik Alexander Nesmeyanov" (Far East Branch, 
e, 

Academy of Sciences of the USSR) to the Kermadec archipelago, sediment and water 

samples were collected anaerobically from springs on Raoul Island. This is the largest 
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island of the group and lies 1.000 km to the north-east of New Zealand (Figure 3. la,b ). 

Spring RI 19, one of the many hot water springs on the south-west shore of Green Lake 

on Raoul Island (Figure 3.lc), had a pH of 7.0 and temperature of 65°C. Before the 

most recent volcanic eruption at the site of Green Lake in 1964 the water had a sodium 

content of 20 ppm and a chloride content of 35 ppm. The boiling water which 

discharged into the lake after the 1964 eruption was essentially sea-water modified by 

dilution by meteoric groundwater and enriched in Li, Ca, F, B, As, and HCO3 with 

respect to diluted sea-water (Weissberg and Sarbutt 1966). The sample of water from 

spring RI 19 used in this study had a sodium content of 2,920 ppm and a chloride 

content of 4,800 ppm (Na and Cl levels in sea-water are 11,000 ppm and 19,000 ppm 

respectively). The conductivity of the sample RI 19 was 15.3 mS (20°C), equivalent to 

salt concentration of 0.76% (w/v) NaCL Other hot springs (RI 1 and RI 2) in the 

surrounding rock of Green Lake are fresh water and contain algal mat. The algal mat 

from springs RI l and RI 2 had a pH of 6.5 for both samples and were at 66 and 67°C 

respectively. To the best of my knowledge the samples collected and used in this study 

were the first from Raoul Island to be investigated microbiologically and definitely the 

first from this site to be used for the enrichment of thermophilic bacteria. The area of 

Green Lake is an interesting thermal site with both brackish and freshwater thermal 

springs in a small area. It is also rich in organic matter as can be seen from Figure 3. lc 

and therefore an ideal sample source for the enrichment of cellulolytic or 

polysaccharolytic thermophilic organisms. 

Ten milliliters of CBMlO (CBM with the NaO and MgCl2.6H20 increased to 10 g/litre 

and 1.5 g/litre respectively) plus amorphous cellulose was inoculated with 1 ml of 

sample RI 19 at the sample site and incubated at 70°C without shaking on return to the 

laboratory. These cellulose enrichments did not show any signs of growth after 5 days 

incubation. CBMIO containing 0.5 g/litre glycogen was also inoculated with 1 ml of 

sample RI 19, and after 3-5 d incubation gas production and visible turbidity were 

observed indicating substrate utilization. Microscopic examination of the glycogen 

enrichment culture revealed two distinct morphologies: Thermotoga-like cells with 

characteristic sheath-like structure (Windberger et al. 1989), and thin helical organisms. 

The two cell types were separated into pure cultures by serial dilution in agar roll tubes 

as described above. The cells which were shown by electron microscopy to be 

spirochetes had fluffy white colony morphology in the agar roll tubes while those of the 

Thermotoga-like cells were cream in color with entire edges. The isolated spirochete was 

designated RI 19. Bl, and the Thermotoga-like isolate RI 19.82. It is worth noting that 

enriching sample RI 19 in phosphate buffered medium containing yeast extract and 

trypticase with glycogen as the substrate and reduced with cysteine HCl gave only the 
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Thermotoga-like organism, and the spirochete was not observed in the enrichment 

culture. A number of reasons could be put forward to explain this finding including 

inhibition of the spirochete by phosphate or cysteine HCl, the yeast extract and 

trypticase allowing the Thermotoga-like organism to completely out grow the spirochete. 

An extensive enrichment study would be required in order to establish the true reason 

and this was thought to be outside the scope of this thesis. 

Samples of algal mat from two freshwater hot springs on Raoul Island were used to 

inoculate 10ml CBM containing amorphous cellulose as the enrichment substrate. These 

enrichments were incubated at 7Q°C for 3-5cl when gas production and visible turbidity 

were observed indicating substrate utilization. Microscopic examination of these 

enrichment cultures revealed rod shaped organism of one morphotype. These positive 

enrichments were processed by the roll tube technique using agar containing amorphous 

cellulose and the colonies showing zones of cellulose hydrolysis were further purified. 

This resulted in two rod shaped cellulolytic organisms being designated strains RI l.B I 

and RI 2.Bl. 

3.3.3.2 New Zealand samples 

Samples from New Zealand freshwater thermal springs (Table 3.2) were processed as 

for the Raoul Island samples with CBM plus amorphous cellulose or Avicel being used 

as enrichment substrates. The cellulolytic organisms from positive enrichments were 

isolated using the roll tube method. Pure cultures of cellulolytic isolates were obtained 

from eight thermal springs which had either not been sampled before or that did not 

yield positive enrichments from previous samples on other enrichment media. It should 

also be noted that the medium used to isolate these organisms did not contain yeast 

extract in contrast to that used in the isolation of the strains listed in Table 3.1. 
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Table 3.2 Site conditions and the isolates obtained from enrichments on CBM. 

Isolate Enrichment substrate Source teme CC) Source eH 
Okl. Bl amorphous cellulose 50 9.6 
Ok2. Bl amorphous cellulose 73 8.1 
Ok9.Bl Avicel 79 7.6 
Rt4. B3 amorphous cellulose 67 7.1 

Rt UK4 Avicel 60 8.7 

Tok9. Bl amorphous cellulose 56 6.4 

Wai28. Bl amorphous cellulose 64 ND 

Wai35. Bl amo!:Ehous cellulose 69 ND 
ND, not determined 

3.3.4 CONCLUSION 

This limited isolation demonstrated the use of one particular enrichment medium in the 

isolation of cellulolytic and polysaccharolytic thermophilic anaerobes. The organisms 

isolated did not require yeast extract for growth. In the case of the RI 19 sample 

bicarbonate buffered medium (CBM) was used to enrich a thermophilic spirochete not 

enriched in phosphate buffered medium. The usefulness of the roll tube method (not 

previously applied by our laboratory to thermophilic anaerobes) for obtaining pure 

cultures of cellulolytic organisms on the basis of cellulose hydrolysis and in obtaining 

pure cultures of two differing colony types was demonstrated. 

The study provided the first information, although limited, on the microbiology of the 

thermal springs around Green Lake , Raoul Island. The one sampling trip and the 

limited enrichment work carried out on the Raoul Island samples yielded three 

morphologically distinct thermophilic anaerobes. Further work on samples from this site 

may produce isolates with various morphologies and with different physiological 

characteristics. The isolates from the freshwater New Zealand thermal springs added to 

the geographical diversity of the rod shaped cellulolytic anaerobes. 

The ten anaerobic cellulolytic thermophilic rod shaped organisms could not be easily 

differentiated and so were added to the collection of previously isolated and in some 

cases described anaerobic cellulolytic thermophilic rod shaped bacteria. The degree of 

diversity within these isolates was determined by a numerical taxonomy study as 

described in chapter 4. The full characterization of the two morphologically distinct 

isolates RI 19. B 1 and RI 19. 82 is described in chapters 7 and 8. 
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CHAPTER 4 

A NUMERICAL CLASSIFICATION OF SOME ANAEROBIC, 

CELLULOL YTIC, THERMOPIDLIC, ROD SHAPED BACTERIA 

INTRODUCTION 

Most major groups of microorganisms have been studied by numerical taxonomic 

methods. It was over 30 years ago that P. H. A. Sneath first applied numerical 

taxonomic methods to bacteria (Sneath 1957a,b). Jones and Saclcin (1980) noted that 

from 1957-1978 ca. 500 publications of numerical taxonomy studies could be found in 

the literature. A large number also appeared in the 1980s, but recently such studies are 

becoming less popular with the increasing use of molecular techniques in taxonomic 

studies. Sneath (1989) has pointed out that the aim of taxonomy is 'to give a 

classification that is useful for varied scientific purposes, including identification, and 

also (a point often overlooked) to produce the data bases that summarize as much 

relevant information about organisms as possible'. The information obtained from 

molecular methods, for example 16S rRNA sequence data, can be used to show the 

relatedness of a group of organisms but does not provide information on the physiology 

of the organisms. Numerical taxonomy studies although not providing phylogenetic 

information do demonstrate the degree of relatedness of the organisms in the study and 

also provides a lot of information on their general characteristics and physiology. 

Numerical taxonomy studies of thermophilic organisms have been restricted to the 

genus Thermus. In three studies Hudson et al. (1986, 1987, 1989) examined the 

phenotypic and geographic diversity of New Zealand, Icelandic and global hot spring 

isolates of the genus Thermus. A similar study was carried out on Thermus isolates 

from hot springs in Portugal (Santos et al. 1989). To date no numerical taxonomy 

studies of thermophilic anaerobes have been described in the literature. 

This chapter is divided into two sections. In section 4.1 the principles and methods of 

numerical taxonomy are reviewed. These principles and methods are applied in a study 

of the diversity of a group of anaerobic, cellulolytic, thermophilic bacteria which is 

described in section 4.2. 
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4.1 A REVIEW OF THE PRINCIPLES AND METHODS OF 

NUMERICAL CLASSIFICATION AND TAXONOMY STUDIES. 

4.1.1 INTRODUCTION TO THE DEFINITIONS AND TERMS USED IN 
TAXONOMY 

Taxonomy. Simpson (1961) used the term taxonomy to mean "the theoretical study of 

classification including its bases, principles, procedures and rules." The term taxon 

(plural taxa) is used as an abbreviation for a taxonomic group of any nature or rank as 

suggested by Rickett ( 1958). 

Taxonomic relationships may be phenetic or cladistic. Phenetic relationship (Cain 

and Harrison 1960) is based on numerous observed properties of organisms, is 

equivalent to an overall resemblance and is measured in units of similarity or 

dissimilarity. Cladistic relationship (Cain and Harrison 1960) is the inferred relationship 

by ancestry shown by phylogenetic branching patterns or cladograms. 

Numerical Taxonomy was defined by Sneath and Sokal (1973) as "the grouping by 

numerical methods of taxonomic units into taxa on the basis of their character states. 

The term includes the drawing of phylogenetic inferences from the data by statistical or 

other mathematical methods to the extent to which this is possible." A similar definition 

was put forward by Jones and Sackin (1980), defining numerical taxonomy as "the 

computer assisted numerical evaluation of similarities between groups of organisms and 

the ordering or arrangement of these groups into clusters or taxa based on these 

similarities. On the basis of this clustering a classification can be constructed. The 

groups or taxa can be quantitatively defined and their relationships to each other 

measured by their intra- and inter-group similarity or dissimilarity values." They also 

stated that as "numerical taxonomy is based on phenetic evidence ie. similarities between 

organisms based on observable and recordable characters without regard to ancestry. the 

relationship between organisms and any hierarchies constructed from these relationships 

are phenetic not phylogenetic." Sokal (1985) noted that due to a lack of faith in 

phylogenetic interpretation of numerical taxonomy data microbiologists had practised 

phenetic taxonomy in the great majority of cases. 
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4.1.2 THE FUNDAMENTAL POSITION OF NUMERICAL TAXONOMY 

The fundamental position of numerical taxonomy has been summarized by Sneath and 

Sokal ( 1 '573) in a set of principles which can be traced to concepts of Michel Adanson a 

French botanist of the 18th century: 

" 1 . The greater the content of information in the taxa of a classification and the more 

characters on which it is based, the better a given classification will be. 

2. A priori, every character is of equal weight in creating a natural taxa. 

3. Overall similarity between any two entities is a function of their individual 

similarities in each of the many characters in which they are being compared. 

4. Distinct taxa can be recognized because correlations of characters differ in the 

group of organisms under study. 

5. Phylogenetic inferences can be made from the taxonomic structures of a group and 

from character correlations, given certain assumptions about evolutionary 

pathways and mechanisms. 

6. Taxonomy is viewed and practiced as an empirical science. 

7. Classifications are based on phenetic similarity." 

4.1.3 THE PROTOCOL OF A NUMERICAL TAXONOMY STUDY 

Below are listed the series of steps carried out in the following sequence for a numerical 

taxonomy study: 

4. 1.3.1 Choice of strains 

The term applied to the strains to be classified by a numerical taxonomy study is 

Operational Taxonomic Units (OTUs). The type of study to be carried out and its aims 

will influence the number and type of strains (OTUs) included. Jones and Sackin (1980) 

outlined some considerations in the choice of strains for numerical taxonomy studies. 

To enable comparisons to be made, strains should be obtained from other collections, 

these should include reference strains and type strains. When type strains are not 

available authentic representatives of species or subspecies should be included; this may 

be important if the designated type strain is found not to be typical of the taxon. The 

inclusion of new isolates in studies concerned with the taxonomic revision of known 

structures is useful as greater evidence is added to the conclusions if several strains of a 

taxon form tight clusters. Cultures used in numerical taxonomy studies should be pure 
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and this purity should be checked during the course of the study either microscopically 
or by plating on non-selective media. 

4.1.3.2 Test selection 

The questions of how many and which type of tests to employ in a numerical taxonomy 

study must be considered in the early planning stages. 

4.1.3.2.1 Number of tests 

The decision of how many tests to use in a numerical taxonomy study will be influenced 

by both the amount of useful information they will supply and the physical constraints 

of carrying out a very large number of tests. In all the reviews and studies published no 

definitive answer as to the number of tests to use in a numerical taxonomy study has 

been given, however, some recommendations have been made. It would seem logical 

that the larger the number of tests the better, as a better measure of the phenome 

(reflecting the genome) would be made with a larger number of tests used. Lockhart 

( l 967) makes the logical assumption that any adequately large sample of the total 

properties of two strains will yield an estimate of their phenetic similarity that gets close 

to the true value which would be obtained if all their properties were compared. The use 

of a large number of tests is suggested by Harwood (1980) who claims that when a 

large number of independent characters are employed the effect of a plasmid-borne trait 

would normally be expected to be small. The use oflarge (> 100) numbers of tests also 

has negative aspects as outlined by O'Brien and Colwell (1987) who suggest it can lead 

to overrepresentation of some classes of the tests or to large gaps in the data due to the 

fact that not all tests are applicable to all strains. Sneath (1978) suggests that with higher 

numbers the gain in information falls off disproportionately to the effort involved in 

obtaining the data. An upper limit of 200 characters (<200 tests) has been 

recommended. 

The lower limit of the number of tests in a numerical taxonomy study has also been the 

focus of much debate. This lower limit may be dictated in some part by the sampling 

error which is significant when the number of tests is low (Sneath and Johnson 1972). 

Numerical taxonomists such as Lockhart ( 1967) claim that 40 characters are sufficient 

while others recommend a minimum of 50-60 test characters (Sokal and Sneath 1963, 

Skerman 1967). Austin et al. (1981) state that no fewer than 40 tests should be 

included. Similarly, less than 50 tests is considered by Jones and Sackin (l 980) not to 

supply enough information to be discriminatory. 
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With the use of disposable items such as test tubes. petri dishes and microtitre plates 

and the use of techniques for replica plating and multipoint inoculation most laboratories 

should be capable of handling 50-200 tests. This number may also vary depending on 

the number of strains to be tested. 

4.1.3.2.2 Type of tests and test characters 

The tests chosen should reflect as much phenetic information as possible. A test 

character has been defined as 'any property or attribute that can vary between strains and 

the values assigned to them as character states each of unit weight and ideally each 

mutually exclusive; each character state should contribute one piece of new information' 

(Sneath 1962). So growth at 80°C is a character with the states positive and negative 

usually coded numerically as 1 (or+) or O (or-) respectively. Such two-state or binary 

characters are the most common type used in numerical taxonomy studies. Less 

commonly used multistate characters include qualitative (eg. pigmentation) and 

quantitative (eg. enzyme activity levels) features. Qualitative multistate characters are 

normally scored as plus for the character state observed and minus for the alternatives. 

The additive method of Sneath and Sokal (1973) can be used to score quantitative 

multistate characters. Tests used in numerical taxonomy studies can be categorized into 

various groups. Examples of these groups and of the tests include: cytological ( eg. cell 

dimensions. spore formation). cultural (eg. colonial morphology, particulate growth), 

physiology (eg. pH or temperature growth range). biochemical (eg. urease production), 

nutritional (eg. utilization of carbon sources), chemical constituents (eg. lysine in the 

cell wall), antimicrobial susceptibility (eg. sensitivity to rifampin), tolerance tests (eg. 

ethanol. sodium chloride), serological (eg. agglutination by an antiserum to a reference 

culture). molecular genetic (eg. mol % G+C). Less frequently used test categories may 

include ecological (eg. habitats, hosts) and behavioural (eg. chemotactic response). 

4.1.3.3 Choice of tests 

O'Brien and Colwell ( 1987) point out that tests selected for use in a numerical taxonomy 

study should represent a broad range of the biological attributes of the organism i.e. 

reflect as much phenetic information as possible and that provide information about a 

single property. Some tests and test characters are by their nature inadmissible in 

numerical taxonomy studies as they do not reflect the nature of the organism ( eg. strain 

names or culture collection numbers) and are therefore meaningless. Lapage (1974) 

points out the properties of an organism which are a logical consequence of another 
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property should be omitted from analysis (eg. detection of the first enzyme in the 

metabolic pathway of a particular carbon source should not be included with the 

utilization of the same carbon source). This point is also made by Russek-Cohen and 

Colwell (1986) who suggest that many catabolic properties may be involved in only a 

limited number of biochemical pathways. A test may be inapplicable if under certain 

conditions a result cannot be determined; an example used by Lapage (1974) is that of 

the oxidase reaction of Chromobacterium being confused with the organism's violet 

pigmentation. A test may be meaningless if a result is required for a test that cannot be 

determined (eg.testing of cellulose hydrolysis at 75°C when some of the strains being 

tested have T°Cma."{ of 65°C). The aim of the numerical taxonomy study should also be 

considered when choosing tests. Tests involving cell wall constituents may be useful in 

separation of genera while carbon source utilization tests or fermentation end product 

tests may be useful in differentiation at the species level. The use of criteria for choosing 

of tests does to some extent introduce an element of character weighting. Tests which 

prove to give the same result with all strains tested (either a positve or negative result in 

all cases) should not be included in the final analysis as this introduces a weighting in 

the taxonomy. 

4.1.4 NUMERICAL METHODS 

4. 1.4.1 Coding of tests 

The method of coding of data will depend on the type of computer program used to 

carry out the numerical analysis. There are many different programs as outlined by 

Sackin ( 1987), including, Genstat (Statistics Department, Rothamstead Experimental 

Station, Harpenden, England), Clustran (D. P. C. Wishart, Kingsburgh Rd, 

Edinburgh, UK), Taxan (R. R. Colwell, University of Maryland, USA), Taxpak (M. J. 

Sackin Department of Microbiology, University of Leicester, Leicester, England) which 

all carry out the same type of analysis. They tend to vary in the types of characters 

which are permitted in the entry of data. Some programs require all characters to be 2-

state i. e. 'all or none' characters eg. 0, 1 or-, +. Other programs allow multi-state 

characters eg. 0, 1, 2. or the use of missing-data entries termed NC ('no comparison') 

and entered as* or 9 for example. 
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4. 1.4.2 Test error and reproducibility 

Sneath and Johnson (1972) pointed out that a large degree of error could occur in 

characterization tests. Errors may be of two types (Lapage 1974), firstly mistakes (eg. 

misnumbering or cross-contamination) and secondly, those due to failure of test 

reproducibility whether between laboratories or within a laboratory. Lapage (1974) has 

shown that under most circumstances the contribution of mistakes to test error is much 

less than that due to the lack of test reproducibility. The studies of both Sneath and 

Johnson (1972) and Lapage (1974) generally agree that test error can be significantly 

high even when the test methods have been standardized. O'Brien and Colwell (1987) 

outlined some of the factors which may act singly or in combination to affect test 

reproducibility, these included time of reading of the tests, incubation temperature, 

culture media, mutations, source and size of inoculum and substrate concentration. 

For statistical purposes, test error p may be defined as the probability that a test is 

erroneous averaged over n tests, taking it as equally probable that a negative will be 

misread as a positive and vica versa, and also assuming that the probabilities are the 

same for both strains (Sneath and Johnson 1972). Sneath and Johnson (1972) 

reccomended that tests with> 10-15% error should be rejected. According to Jones and 

Sackin ( 1980) it is usual practice to repeat the tests on at least 25% of the strains used in 

order to assess the reliability of each test. The figure of the number of strains duplicated 

in a study is found to vary eg.93% (Williams et al. 1983), 27.4% (Hudson et al. 

1986), 7.6% (Priest et al. 1988), 11.2% (Goodfellow et al. 1990), 9.6% (Dobson et al. 

1991) and no firm criteria for this seem to have been established. 

4. 1.4.3 Resemblance 

There are two types of resemblance measures, similarity and dissimilarity coefficients 

and as pointed out by Sokal ( 1985) all commonly used coefficients were established 

during the early studies of numerical taxonomy. Sneath and Sokal (1973) define a 

similarity coefficient as 'a quantification of the resemblance between the elements in the 

two columns of the data matrix representing the character states of the two OTUs in 

question.' 

Similarity coefficients are computed with two-state characters coded O or 1. When 

character states are compared over pairs of columns in a conventional data matrix the 

outcome can be summarized in a conventional 2x2 frequency table: 
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OTUj 

I 0 

I a b a+b 

0 C d c+d 

a+c b+d n=a+b+c+d 

Here a= the number of characters coded 1 in both OTUs, whiled= the number of 

characters coded O in both OTUs; b and c register the number of characters in which the 

two OTUs disagree being coded 1 for the OTU j and O for the OTU k or vice versa; n = 

the sample size. 

Many different similarity coefficients have been devised but only a few have been used 

routinely in numerical taxonomy studies of microorganisms. These include: 

Simple matching coefficient, S SM: 

a + d 
5sM = a + b + c + d 

This coefficient was introduced by Sokal and Michener (1958) and has been used in the 

majority of microbiological numerical taxonomy studies carried out to date. It is the 

proportion of characters that have the same state (both negative or both positive) in the 

pair of OTUs being compared. Characters for which either or both OTUs have a 

missing entry (NC) are ignored. 

Jaccard's coefficient, S1 : 

It was in Sneath's first numerical taxonomy study ( 1957a) that Jaccard's coefficient 

was used. Jaccard's coefficient is the same as the simple matching coefficient except that 

it omits the consideration of negative matches. Although Sneath (1957b) excluded 

negative matches by using Jaccard's coefficient most studies using similarity 

coefficients since 1957 have included negative matches in their coefficients. Jones and 
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Saclcin (1980) suggest that the choice between S s.\.f and Sj is somewhat arbitrary, but 

suggest that valuable information may be lost when using Sj rather than SsM- Sneath 

and Sokal (1973) note that it can be argued that basing similarity between two species 

on the mutual absence of a certain character is improper and use the example of the 

absence of wings among a group of distantly related organisms (such as camel, louse 

and nematode) would be an absurd indication of similarity. They suggest that the 

exclusion of negative matches may be a safe procedure in bacteriological studies since a 

large group of negatives may on occasion be due to an unrecognised metabolic block 

which in tum prevents the expression of many other characters. 

Gower's coefficient, S6 : the similarity for any one character was given by: 

S .. _ 1 IXirXi/d 
lJk- - R 

where Stjk is the similarity between OTUs j and k for the ith character, Xi being the 

state of the ith character and R is its range. This coefficient proposed by Gower (1971) 

is a combination of both Ss.\1 and S1 which allows the use of multistate characters. In 

contrast to Ss.\1 and S1 where each character contributes either a similarity or no 

similarity, in Sa a character may contribute a partial similarity. If a certain character can 

have the states negative, weakly positive and strongly positive, coded as 0, 1, 2 

respectively, then a pair of identical states will yield a complete similarity, a O compared 

with a 2 will give no similarity, and a O compared with a 1, or a 1 compared with a 2, 

will give half similarity. Sa also allows the use of non-ordered multistate characters eg. 

pigmentation, with states red , yellow, orange, brown in which a match (eg. same 

pigmentation) counts as a whole similarity and a mismatch counts as no similarity, so 

there are no partial similarities. As such characters are rarely of bacteriological 

application it is usually more useful to break them down into several two state characters 

as outlined by Sneath and Sokal (1973). 

The coefficients of resemblance described above all give equal weighting to the 

characters in accordance with the Adansonian principles. 

4. 1.4.4 Clustering 

The calculation of similarity values for each pair of organisms enables the formation of a 

symmetrical matrix of similarity values. The two fundamental methods of clustering are 

hierarchical and non-hierarchical systems. Non-hierarchical techniques are not used 

frequently in biology. When using a hierarchical method clusters may be formed either 
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by the gradual addition of OTUs to the cluster (agglomerative) or by the gradual splitting 

of the OTUs into clusters (divisive). Due to the ease of computer programming 

agglomerative techniques have become the most commonly used (Sneath and Sokal 

1973). The choice of the use of non-overlapping (no OTU may belong to more than one 

cluster at any taxonomic rank) or overlapping (an OTU may belong to more than one 

cluster) clustering has to be made. Rohlf (1970) suggests that overlapping methods may 

permit a better representation of the similarity matrix, but the non-overlapping technique 

is considered the more conventional method and results in the formation of nested 

clusters. 

The starting point in the process of clustering is finding the pair of closest OTUs which 

then form a cluster. The similarities between this cluster and each of the remaining 

OTUs are computed and the process starts again treating the newly formed cluster as an 

OTU, to find the new highest similarity. This new highest similarity may be either 

between two single OTUs or between an OTU and the cluster just formed during the 

first clustering cycle. The clustering process is complete when all the OTUs have been 

joined to form one cluster. 

Various methods of clustering can be used, the most common belonging to the SAHN 

(Sequential Agglomerative Hierarchical Non-overlapping) type. These include single 

linkage, complete linkage and average linkage clustering: 

Single linkage clustering was used in early numerical taxonomy studies by Sneath 

( 1957b) and is also called the nearest neighbour technique (Lance and Williams 1967). 

Single linkage defines similarity between two clusters as the similarity of the two most 

similar OTUs. one from each cluster. Connections between OTUs and clusters and 

between two clusters are established by single links between pairs of OTUs. 

Complete linkage clustering is the direct opposite of the single linkage method and 

is also known as farthest neighbour clustering (Lance and Williams 1967). An OTU that 

is a candidate for admission to an existing cluster has similarity to that cluster equal to its 

similarity to the farthest member of the cluster. When two groups or clusters join, their 

similarity is that existing between the two most distant members, one in each cluster. 

Average linkage clustering. Sneath and Sokal (1973) describe four methods of 

average linkage clustering, arithmetic average clustering, centroid clustering, weighted 

average clustering and unweighted average clustering. An unweighted average 

clustering method, UPGMA (unweighted pair-group method using arithmetic averages) 
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is the most frequently used clustering strategy in microbiological numerical taxonomy 

studies. Sokal ( 1985) points out that taxa constructed by numerical taxonomy must have 

members that resemble each other more than they do those of other taxa at the same or at 

other rank levels in the hierarchy. 

On reviewing these various methods one is faced with the question as to which 

technique to use? The literature does not give a definitive answer. Dunn and Everitt 

(1982) state that the method used depends on the situation, while single linkage is the 

most mathematically respectable it is the least satisfactory in practice and they suggest 

that the average linkage methods provide the best solution. Sokal (1985) is in agreement 

based on the intuitive notion that within a taxon, similarity encompasses an average 

measure rather than the maximum or minimum thresholds. In reviewing the various 

numerical taxonomy studies presented in the literature it is clear that average linkage 

clustering (usually UPGMA) has become the method of choice. 

4.1.4.5 Display of numerical taxonomy results 

The results of numerical taxonomy studies are most commonly displayed as 

dendrograms or phenograms. Sneath and Sokal ( 1973) prefer the term phenogram over 

the term dendrogram which can include phenograms (which display phenetic similarity) 

and caldograms (which represent evolutionary positions). Simplified phenograms are 

often used in publications ( eg. Hudson et al. 1986) and have the advantage of making 

the interpretation of large numerical taxonomy studies much easier. Another method 

used is the shaded triangle in which the organisms are arranged so that clustered 

organisms are adjacent. Graded shades of blacklgrey from black (showing high 

similarity) to white (showing low similarity) are used to represent the similarity values 

between pairs of organisms (eg. McCarthy and Cross (1984)). A triangle can be 

constructed with the clusters represented along the diagonal edge as dark triangles. 

4.2 THE NUMERICAL TAXONOMY STUDY 

4.2.1 INTRODUCTION 

The potential use of anaerobic, thermophilic bacteria in the hydrolysis of cellulosic 

wastes has recently lead to extensive isolation studies and surveys of both thermophilic 

and non-thermophilic ecosystems (Jin and Toda 1988; Jones and Lindsay 1989; 

Hudson et al 1990a; Svetlichny et al 1990a). As described in chapters 1 and 2 the 
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anaerobic. cellulolytic, thermophilic organisms isolated from these studies have fallen 

into two categories, the thermophilic organisms isolated from compost or non­

thermophilic environments and the extremely thermophilic organisms isolated from 

thermal springs.The majority of the organisms in the thermophilic category have been 

assigned to the genus Clostridium on the basis of their sporogenous nature, these have 

included C. thermocellum (Ng et al 1977), C. stercorarium (Madden 1983), C. 

thermolacticum (LeRuyet et al 1985), C. thermocopriae (Jin et al 1988) and C. 

thermopapyrolyticum (Mendez et al. 1991). The isolates in the extremely thermophilic 

category. with the exception of strain Z-1320 (Anaerocellum thermophilum) have not 

been fully characterized or assigned to a tax.on. All of these isolates were rod-shaped 

and therefore not morphologically distinct as in the case of the thermophilic, cellulolytic 

spirochete described in chapter 7. 

In order to investigate the diversity within this group of rod-shaped organisms and 

determine their relatedness if any to the clostridial type strains. a numerical taxonomy 

study was planned and carried out as described below. An additional reason for 

undertaking this study was to build up a data base of phenotypic characteristics of this 

group of isolates for use in the selection of organisms with desirable properties for 

future research and biotechnological purposes. 

4.2.2 METHODS AND MATERIALS 

4.2.2.1 Source of strains 

Fifty-one strains were obtained from public and private culture collections as shown in 

Table 4.1. The temperature and pH of the sample sites are included where available. 

Strains 2-1320, 2713-32, 2706-27, 2711-28, 2805-34, 2906-25, 2705-55 were 

provided by VA Svetlichny and H Yu Aksenova (Institute of Microbiology, Academy 

of Sciences of the USSR, Moscow). B E Jones (Royal Gist-Brocades, Delft, The 

Netherlands) provided strain F211. 

Each strain was examined for 92 unit characters (Table 4.2). All tests were done in 

triplicate on each strain. 
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Table 4.1 Anaerobic. cellulolytic. thermophilic isolates used 

The isolates are arranged in the order of the clusters shown in Figure 4.1, with their source 
temperature and pH when available. 

Cluster Isolate* Source Country Source Source 
of origin teme(°C) eH 

A AZ2. Bl Hot spring Azores 75 7.1 

A Z-1320 Hot spring Russia 90 6.5 

A COMP. Bl Compost New Zealand NA NA 

A CO!\1P. 84 Compost New Zealand NA NA 

A Tok9. Bl Hot spring New Zealand 59.5 6.4 

A Tp8T. 6.3.3.1 Wood in hot spring New Zealand 78 NA 

A 2713-32 Hot spring sludge Russia 80 6.5 

A Rt8.B2 Hot spring New 2.ealand 63 8.8 

A 2706-27 Hot spring Russia 97 5.0 

A 2711-28 Soil Russia 56 6.5-7.0 

A 2805-34 Hot spring algae Russia 50 5.0 

A F2 I Hot spring Italy 58 7.0 

A 1'A 10 (IFO 14436) Hot spring Japan 75-85 9.0 

A Rt8. Bl 1 Hot spring 1'ew 2.ealand 63 8.8 

A Oki. Bl Hot spring Kew 2.ealand 53 8.7 

B Tp883. 2 Wood in hot spring t\ew 2.ealand 78 NA 

B Tp8T2.3 Wood in hot spring Kew 2.ealand 78 NA 

B Tpll. Wl Hot spring Kew 2.ealand 88 7.0 

B Wai 35. Bl Hot spring l\:ew 2.ealand NA NA 

B Rll. Bl Hot spring algae Raoul Island 66 6.5 

H Rl2. Bl Hot spring algae Raoul Island 67 6.5 

B 2906-25 Hot spring Russia 82 6.5 

H 2705-55 Hot sand Russia 70 7.0 

C AZ.1. HI Hot spring Azores 72 8.6 

C Rt8. 87 Hot spring r-.:ew 2.ealand 63 8.8 

C Rt8. 84 Hot spring !'-:ew 7..caland 63 8.8 

C Rt8. 86 Hot spring Kew 2.ealand 63 8.8 

C Rt8. B8 Hot spring Kew Zealand 63 8.8 



Page60 

Cluster lsolate* Source Country Source Source 
of origin temJ>1,°C) pH 

D Rt8. B15 Hot spring New Zealand 63 8.8 

D Rt613. Bl Hot spring New 2.caland K-\ K-\ 

D Rt613. B2 Hot spring New Zealand K-\ K-\ 

D Tok8. Bl Hot spring New Zealand 52 6.2 

D RtUK4. Bl Hot spring New 2'.ealand 55 7.6 

D Tok9. B3 Hot spring New Zealand 56 6A 

D Ok9. Bl Hot spring New Zealand 79 7.6 

D Ok2. Bl Hot spring New Zealand 73 8.2 

D Wai28. Bl Hot spring New Zealand 80 7.9 

D Rt69. 82 Hot spring New 2'.ealand 79 7.2 

D Rt69 83 Hot spring New Zealand 79 7.2 

D Wai2l. WI Hot spring New 2'.ealand 52 5.2 

D Rt426. Bl Hot spring New 2'.ealand K-\ ~A 

D Rt4. B3 Hot spring New Zealand 6-4 6.5 

D Ok8. Bl Hot spring New 2'.ealand 65 6.4 

E RL~l. Bl Hot spring New 2'.ealand ~ 8.3 

E NCIMB 1175-4 C. stercorarium Compost NA :--;A ~.-\ 

E DSM 2911 C. thermolacticum Compost France :,..;A :,.;.\ 

E TplO. Bl Hot spring New Zealand 55 7.0 

E 1AM 13577 C. themwcopriae Compost Japan :,.;_-\ :,.;_-\ 

Rt69. Bl Hot spring New Zealand 79 7.2 

Rt69. 8-4 Hot spring New Zealand 79 7.2 

DSM 1237 C. thermocellum Compost NA :,.;_-\ :,.;_-\ 

:--:A, :--:ot available. 

*Abbreviations used: C.. Clostridium. New Zealand thermal sites: Tok, Tokaanu; Rt. Rotorua; Wai, Waimangu 

Valley; Ok, Orakei Korako; Tp, Taupo. Other thermal sites: AZ, Azores. Culture collections: IFO, Institute of 

Fermentation, Osaka, Japan; NCIMB, National Collection of Industrial and Marine Bacteria, United Kingdom; 

DSr-.-1, Deutsche Sammlung von Mikroorganismen, Braunschweig, FRG; 1AM, Iostsitute of Applied 

Microbiology, Tokyo.Japan. 
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4.2.2.2 Culture conditions 

Strains were routinely cultured on 2/1 cellobiose medium. The 2/1 basal medium 

contained (per litre): NH4CI. 0.9g; NaCl, 0.9g; MgCI:::!. 0.2g: KH2PO4 , 0.75g; 

K:::!HPO-1-. 1.5g: cysteine-HCI. 0.75g; trypticase peptone. 2g: yeast extract, lg; 

0.2%(w/v) resazurin, 1ml; 0.15%(w/v) FeCf:'\, 1ml: trace element solution SLlO 

(without FeSO-1-> and selenite-tungstate solution (Widdel et al 1983 ). 1ml each. The 2/1 

cellobiose medium was prepared by the addition of cellobiose ( lg/litre) to 2/1 basal 

medium. For solid medium, purified agar (Oxoid) was added at 15g/l. The medium with 

a final pH of 7.0 was dispensed as 10ml amounts in Hungate tubes under an 

atmosphere of NiH2 (95%/5% ). All manipulations of agar plates and microtitre plates 

were carried out in an anaerobic chamber (Coy, USA) with an atmosphere of N2'H2 

(95%/5% ). Inoculated media were incubated at the optimal growth temperature of the 

test organism which was either 65°C or 7Q°C. Strains were maintained at room 

temperature on 2/1 cellobiose medium. Subculturing and microscopic checking of purity 

strains was performed twice monthly on all strains. 

4.2.2.3 Morphology and growth characteristics 

Colonial morphology was examined on isolated colonies grown on 2/ 1 cellobiose agar 

for 3d. Cellular morphology was examined on negatively-stained preparations by 

electron microscopy. Negatively-stained specimens were prepared as described in 

section 4.1.2.2. The presence of particulate growth and slimy cell pellet formation were 

determined after 3d growth on 2/1 cellobiose medium. The presence of a slimy cell 

pellet was determined after the test culture had been standing at room temperature for 2d 

following incubation for 3d at the optimal growth temperature. Lysis of cells in 3% 

KOH was tested using the method of Gregersen ( 1978). 

4.2.2.4 Utilization of carbon sources 

Carbon source utilization was tested using a microtitre plate method for soluble carbon 

sources and a tube method for insoluble carbon sources. All carbon sources were 

obtained from Sigma Chemical Co. (USA) and were the best grade available. A vicel ( 

export grade) was obtained from Asahi Chemical Industry Co. Ltd (Osaka, Japan). 

Amorphous cellulose was prepared as described in section 3.3.2.2. Soluble carbon 

sources were autoclaved as 10% (w/v) solutions.The microtitre plates were of the U­

bottomed type which enabled the visualization of cell pellet formation. Each well 

contained 100µ1 of 2/1 basal medium containing 0.2% (,v/v) test carbon source and 

0.01% (w/v) phenol red. The inoculum was lOOjtl of a 1/50 dilution of an 18h liquid 
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culture. After inoculation 100µ1 of sterile liquid paraffin was added. The edges of the 

microtitre plates were sealed with masking tape and placed in plastic bags before heat 

sealing and incubation. Microtitre plates were incubated for 24h and growth was scored 

by examining for the presence of cell pellets and acid production indicated by the phenol 

red indicator. For insoluble carbon sources 2/1 basal medium containing lg/litre 

insoluble carbon source and 0.01 % (w/v) phenol red was dispensed in 10ml amounts in 

Hungate tubes and inoculated with 100µ1 of an 18h liquid culture. After incubation the 

tubes were examined for visible growth and acid production after 24h and 72h .. 

4.2.2.5 Antibiotic resistance 

Antibiotics were obtained from Sigma Chemical Co. (USA). Stock solutions were 

prepared in preboiled distilled water and filter sterilized into sterile N2 flushed serum 

vials. Minimum inhibitory concentrations (MICs) of antibiotics were determined using a 

microtitre plate technique. To each well was added 100µ1 2/1 cellobiose medium 

containing 0.02% (w/v) phenol red, which had been inoculated with 2%(v/v) of a 18h 

liquid culture. This was followed by 100µ1 of the appropriate filter sterilized antibiotic 

solution. diluted in 2/1 cellobiose medium. The inoculation, microtitre plate sealing, 

incubation and examination were as for the carbon source utilization tests. MIC values 

differentiating between the strains were chosen as the test values. 

4.2.2.6 Degradation of polysaccharides 

The radial diffusion assay described by Williams (1983) was modified for use in 

detecting polysaccharide degradation by the test strains. The dyes and polysaccharides 

were obtained from Sigma Chemical Co. and BDH Chemical Co. Ltd. The 

polysaccharide substrate (lg/litre) was dissolved/suspended in 2/1 basal medium and 

dispensed in 10ml amounts in Hungate tubes. Inoculated tubes were incubated at the 

optimum growth temperature of the test organism for 42h. The visual presence or 

absence of growth was recorded and 50µ1 of the whole culture used in the radial 

diffusion assay. 

For the radial diffusion assay the polysaccharide substrate (2g/litre) was 

dissolved/suspended in 2/1 basal medium minus cysteine-HCI and resazurin. Purified 

agar (Oxoid) ( 15g/litre) was added and the medium dispensed as 20ml amounts in 9cm 

petri dishes. Wells (4mm dia.) were cut in the agar plates.Whole culture (50µ1) was 

applied to the wells and the plates were incubated at the optimum temperature of the test 

organism for 12h. Uninoculated medium was used as a control for each substrate tested. 



Page 63 

The zones of hydrolysis were visualised by flooding the plates with an aqueous solution 

of Congo red (lg/litre) for carboxymethyl cellulose locust bean oum ouar oum 
' e, , e, b ., 

Cetraria islandica lichenan, Laminaria digitata laminarin; Gram's iodine (12, lg/litre; Kt 

6.6g/litre) for crab shell chitin, larchwood arabinogalactan, karaya gum, dahlia tuber 

inulin, rabbit glycogen. oat spelts xylan, soluble starch, Saccharamyces cerevisae 

mannan; 95% (v/v) ethanol for Aureobasidium pullulans pullulan, each for 15min. The 

staining/precipitating solution was poured off and the plates flooded with IM NaCl for a 

further 15min. The width of the zone of hydrolysis was measured using a micrometer. 

Zones of hydrolysis >2mm were scored as positive degradation of the test 

pol ysaccharide. 

4.2.2. 7 Growth in the absence of growth supplements 

2/1 basal medium was prepared without the addition of trypticase or yeast extract. 

Growth on cellobiose, amorphous cellulose and Avicel was tested in the absence of 

trypticase and yeast extract; growth was recorded after 3d. Cultures showing growth 

were subcultured to the same medium and incubated for 3d to eliminate the possibility of 

growth due to 'carry over' of yeast extract and trypticase from the initial inoculum. 

4.2.2.8 Tolerance tests 

2/1 cellobiose medium was used as the basal medium. Growth at 45°C was recorded 

after 10d, and growth at 75°C and 80°C after 3d. Growth at pH 5.5. 7.5 and 8.0 was 

determined in media adjusted to the appropriate pH with cone. HCl or l0M NaOH 

before autoclaving; growth was recorded after 3d. Growth in the presence of NaCl (0.5 

and l.0%w/v) and ethanol (2.0 and 3.0% v/v) was recorded after 3d. 

4.2.2.9 Fermentation end-products 

2/1 cellobiose (l0mM) medium was used as the growth medium. Cultures were 

incubated for 3d. Acetate, lactate and ethanol were determined by HPLC using the 

method of Patel et al. ( 1987); GLC was used to determine the presence of butyrate and 

iso-butyrate by the method of Patel et al. ( 1985a). Acetate and lactate were recorded as 

main products when the other end-products were present at concentrations less than 

3mM. Ethanol was recorded as a major end-product at concentrations greater than 3mM 

and as a minor end-product at concentrations less than 3mM. Butyrate and iso-butyrate 

were recorded as end-products at concentrations greater than 0.5mM. 
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4.2.2.10 Viability after Sd at optimum growth temperature 

Liquid cultures of 2/ l cellobiose were incubated at optimum growth temperature for 5d 

and 0.1ml transferred to a fresh 2/1 cellobiose tube which was incubated for 3d before 

growth was recorded. 

4.2.2.11 Hydrogen sulfide production 

The production of H2S was determined using SIM medium (Baltimore Biological 

Laboratory). SIM medium was dispensed anaerobically and the agar concentration 

increased to l .5g/l. 

4.2.2.12 Presence of DNAase 

The method of Jeffries et al. (1957) was followed. Calf thymus DNA (BDH) was 

added to 2/ 1 +cellobiose agar to a concentration of 2g/l before autoclaving. Plates were 

incubated anaerobically for 3d before being flooded with IM HCI. DNA which had not 

been degraded precipitated as an opaque white precipitate. Cultures were scored as 

positive for DNAase production where a zone of clearing was observed around the area 

of growth. 

4.2.2.13 Calculation of test error. 

At the begining of the study six cultures were each transferred to two tubes and each 

replicate was treated as a separate isolate during testing. These replicates were used to 

estimate the test error by the method of Sneath and Johnson ( 1 CJ72) which calculates the 

probability of obtaining an erroneous result from the proportion of mismatches between 

duplicate strains. Sneath and Johnson ( 1972) considered an error of <5% to be 

achievable within one laboratory. 

4.2.2.14 Analysis of results 

The 92 unit characters used were scored as one of two mutually exclusive states, 

positive or negative, coded as 1 and O respectively. The cluster analysis facilities of the 

GENST AT program (The Numerical Algorithms Group, Rothamsted Experimental 

Station, Harpenden, United Kingdom) were used to process the data. 
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The simple matching (Ssu, Sokal and Michener 1958) and Jaccard (S1, Sneath 1957a) 

coefficients were used to calculate similarity matrices. Oustering was achieved using the 

unweighted pair group method with arithmetic averages (UPGMA) algorithm (Sneath 

and Sokal 1973). The results were displayed as both simplified and detailed 
phenograms. 

4.2.3 RESULTS AND DISCUSSION 

4.2.3.1 Choice of tests 

The characters tested are listed in Table 4.2. These tests were chosen to represent a wide 

range of characterisics of this group of organisms. The full data set obtained in the study 

is presented in appendix 1. In order to obtain information on the cellulolytic and 

polysaccharolytic nature of the isolates a large number of the tests used represented 

these characteristics. Tests which were found to give a uniform result (either negative or 

positive) for all isolates tested were not included in the numerical analysis, these 

included Gram reaction (negative), utilization of cellobiose (positive), production of 

indole (negative), growth at 65°C (positive) and growth at pH7.0 (positive). 

4.2.3.2 Experimental error 

The experimental error was calculated from the data collected on the 6 duplicate strains. 

The average probability (p) of an erroneous test result was 3.5% which is within the 

acceptable range suggested by Sneath and Johnson ( 1972). The 6 pairs of duplicate 

strains showed a mean observed similarity of 94.8 % Ss_\1• 

4.2.3.3 Clustering of the isolates 

From the SsulUPGMA analysis, five clusters containing five or more isolates were 

formed at or above the 70% similarity level as shown in the simplified phenogram 

(Figure 4.1 ), these have been labelled A to E. In addition there was one two-membered 

cluster and one single-membered cluster. 
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Table 4.2. Percentage distribution of positive characters to cluster-groups defined at 
the 70% level (Ss_,1) 

Cluster group A B C D E 
Number of strains 15 8 5 15 5 

Character 
Colonial morphologies: 

Rat/raised 27 50 0 0 0 
Conve:,c 7 12 20 87 60 
Umbonate 67 37 80 13 40 
Entire 27 25 60 93 0 
t;ndulateilobate 73 75 40 7 100 

Cellular characteristics: 
Length >2.5µm 53 75 0 13 100 
Width >OAµm 60 50 60 60 60 
Flagella 73 62 100 60 80 
Ends blunt 47 37 80 67 20 
KOHLysis 100 100 100 100 60 

Gro\\th in liquid culture: 
Particulate 0 0 0 13 0 

Slimy sediment 7 25 0 0 0 

Uilization of soluble carbon sources: 
Amygdalin 27 0 0 0 20 

Arabi nose 87 100 0 40 80 

Raffinose 33 75 0 13 20 

Galactose 93 100 0 27 100 

Glucose 100 100 0 47 100 

Sorbitol 0 0 0 7 60 

Lactose 100 87 60 80 60 

Xylose 93 100 0 40 80 

Ribose 20 0 20 27 80 

l\Ielezitose 20 25 0 0 0 

Fructose 100 100 0 40 80 

Sucrose 80 100 0 13 60 

Mannose 93 100 0 53 80 

Rhamnose -1-0 50 0 0 40 

l\fannitol 27 0 0 7 60 

Maltose 73 100 0 20 60 

Mclibiosc 20 50 0 13 60 

l ·tilization of polysaccharide carbon sources: 
Laminarin (72h) 100 100 100 73 100 

Lichenin (72h) 100 100 100 100 100 

Gum Locust Bean (72h) 93 100 100 93 100 

Pullulan (72h) 100 100 40 93 100 

Glycogen (72h) 93 87 40 93 100 

GumGuar (72h) 100 100 100 100 80 

Inulin (72h) 80 100 0 40 80 

Pectin (72h) 87 87 0 33 100 

Amorphous cellulose (24h) 93 100 100 100 0 

Amorphous cellulose (72h) 100 100 100 100 46 

Avicel (24h) 80 75 60 100 0 

Sigmacell 20 (24h) 73 100 80 100 20 

Sigmaccll 20 (72h) 100 100 100 100 40 

Sigmacell 50 (24h) 80 100 80 100 20 

Sigmacell 50 (72h) 93 100 100 100 20 

Sigmacell 100 (2-1-h) 20 12 40 40 () 

Sigmaccll l 00 (72h) 67 62 80 93 0 
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Cluster group A B C D E 
Number of strains 15 8 5 15 5 

Character 
Degradation of polysaccharides: 

Carboxymcthylcellulosc 87 100 100 93 80 
Starch 73 100 20 80 100 
Xylan 93 100 60 87 80 
Laminarin 73 100 100 53 80 
Lichcnin 100 100 100 87 60 
Gum I .ocust Bean 93 100 100 87 80 
GumKaraya 7 100 0 7 20 
Chitin 7 100 0 0 0 
Pullulan 100 100 40 67 100 
Glycogen 67 100 0 47 100 
Mannan 13 100 0 20 20 
Arabinogalactan 13 100 0 7 0 
GumGuar 93 100 100 93 40 
lnulin 0 100 0 0 0 

Growth on medium without gro"1h supplements: 
Cellobiose (24h) 73 25 80 27 0 
Cellobiose (72h) 100 87 100 87 20 

Amorphous cellulose (24h) 27 25 100 27 0 

Amorphous cellulose (72h) 100 75 100 93 0 

Avicel (24h) 7 12 60 0 0 

Antibiotic MICs (µg/ml): 
Penicillin-G (.MIC>7.8) 87 100 100 93 100 

Bacitracin (MIC>l.95) 80 50 80 20 100 

Polymyxin (MIC>7.8) 53 62 60 53 100 

Streptomycin (MIC>l5.6) 93 87 60 73 100 

:--iovobiocin (.MIC>l5.6) 60 50 20 13 100 

Cycloserine ('.\HC>62.5) 93 87 80 87 100 

Rifampin (~1IC>50) 93 100 100 100 0 

Growth inhibited by: 
Ethanol (2% (v,v)) 7 0 0 7 40 

Ethanol (3% (v v)) 80 37 80 53 60 

NaCl (0.5% (w'v)) 13 37 80 100 0 

NaCl (1.0% (w·v)) 73 87 100 100 40 

Growth at: 
pH 5.5 100 100 60 73 40 

pH 7.5 93 75 60 80 100 

pl-18.0 33 0 40 0 40 

45°C (lOd) 80 62 80 53 80 

75°C (3d) 100 100 100 100 60 

8o·c (3d) 73 75 80 53 0 

Fermentation end products: 
Acetate/lactate ( l: l) 40 25 100 13 0 

Acetate (main end product) 53 75 0 87 60 

Lactate (main end product) 7 0 0 0 40 

Ethanol (major end product) 20 0 0 0 100 

Ethanol (minor end product) 60 37 40 7 0 

isa-Butyrate 20 25 0 0 20 

Butyrate 7 12 () 0 60 

Other tests: 
Viability after 5d at optimum temperature 100 100 100 93 80 

H2S production 7 12 0 0 20 

DNAase 87 75 40 80 (,0 
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Figure 4.1 Simplified phenogram based on the UPGMA analysis of a similarity 

matrix derived from the Ss.\fcoefficient. 

55 
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Figure 4.2 Detailed phenogram based on the UPGMA analysis of a 
similarity matrix derived from the SsM coefficient. Clusters are defined at 

70% similarity level. 
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Figure 4.3 Detailed phenogram based on the UPGMA analysis of a similarity matrix 
derived from the S1 coefficient-

Page 70 

30 



Page 71 

A a 8 
• 

<;_ · t 
-

-
D l C 

, , 

E 

I 

• 

Figure 4.4 A~E Negatively stained preparations showing typical morphologies 

of representative isolates from clusters A-E. A. COMP. B4. B. Wai 35. Bl. C. 

Rt8. B4. D. Ok8. Bl. E. Rt51. Bl. Bar= l.0µm. 
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The Ss_dUPGMA detailed phenogram (Figure 4.2) showed some differences from the 

S1 UPGMA detailed phenogram (Figure 4.3). These differences indicate that some of 

the clusters formed in Figure 4.3 may reflect a significant component of negative 

matches. Clusters A and B remain identical irrespective of the similarity coefficient 

used. In the S1 analysis cluster Dis split to form two additional clusters of five isolates 

each, the remaining isolates become ungrouped with the exception of strains Rt69. 82 

and Rt69. 83 which moved to cluster A. One member of cluster A. strain Rt8. 811 

moved to group with organisms from the split cluster D. In both cluster analyses the 

isolates of cluster C group together, in the case of S1 analysis clustering with one group 

of cluster D isolates (those with limited carbon source utilization range). The five 

members of cluster E in the Ss_t/UPGMA still cluster together and strains Rt69. Bl. 

Rt69. 84 and C. thermocellum remain unclustered. 

Since negative matches provide as much information and are as important as positive 

ones in this type of study further comments are restricted to the SsM/UPGMA 

phenogram. 

4.2.3.4 Composition and characteristics of the clusters 

The composition of the clusters formed with the SsM''UPGMA analysis is shown in 

Figure 4.2. The distribution of positive characters among the clusters with the 

Ss_\/UPGMA analysis is displayed in Table 4.2. Wide ranges of source temperature are 

found within the clusters eg. cluster A 50-90°C, cluster D 52-80°C. Typical 

morphologies of representative isolates from clusters A-E are shown in Figure 4.4. 

Cluster A contained fifteen strains including all the isolates described in the literature 

as asporogenous organisms (strains Z-1320, Tp8T. 6.3.3.1. F2/1 and NAlO) with the 

exception of strain Hl73 (Rt8. 86). This cluster contained isolates from a mix of 

geographically isolated (Russia, New Zealand, Italy and Japan) thermal sites with 

temperatures and pH values ranging from 50-90°C and 5.0-9.0 respectively. Two 

highly similar isolates (strains COMP. B 1 and COMP. 84) from commercially prepared 

compost are also contained in cluster A. Thirteen isolates formed the main part of the 

cluster at 76% Ss_H• while a further two isolates joined to form a homologous phenon at 

72% S .. The isolates within cluster A utilized a wide range of carbon sources and .<i.\f 

degraded the majority of the polysaccharides tested. Eighty percent of the isolates 

formed ethanol as a fermentation end-product, 20% as a major and 60% as a minor end­

product. 
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Cluster B contained eight isolates from New Zealand, Raoul Island and Russian 

thermal sites which formed a homologous phenon at 77% Ssu The isolates in cluster B 

utilized a narrower range of soluble carbon sources, sugars not utilized included 

amygdalin. sorbitol, ribose and mannitol. All of the polysaccharides tested were 

degraded by all of the isolates of cluster B. The isolates of cluster B were found to be 

unique to the organisms tested in their ability to degrade the fructose polymer inulin. 

None of the isolates of cluster B grew at pH 8.0. The majority of the isolates in cluster 

B formed acetate as the main fermentation end product, no members of the cluster 

formed lactate or ethanol as major end products. Cluster B merged with cluster A at 

below 70% Ss,\J· 

Cluster C contained five isolates of which four were from the same sample site, 

namely thermal spring Rt8 (New Zealand). The fifth isolate was from an Azores thermal 

spring (AZ3).The isolates of cluster C form a homologous phenon at 79% Ss.H· The 

main characteristic of the cluster C isolates is their extremely limited soluble carbon 

source utilization range. Three isolates were found to utilizes only lactose and one 

isolate only ribose in addition to cellobiose (which was utilized by all isolates in all 

clusters). The only soluble carbon source utilized by strain Rt8. B7 was cellobiose. This 

narrow utilization range with respect to soluble carbon sources was not the case with the 

polysaccharides tested since a large number of the polysaccharides tested were utilized 

by all of the isolates of cluster C. A cell length of <2.5µm and the presence of flagella 

were found to be characteristics of the isolates of cluster C. Acetate/lactate in a ratio of 

1: 1 were produced as the fermentation end-products of the cluster C isolates. Two of the 

isolates in cluster C produced ethanol as a minor fermentation end-product; butyrate and 

iso-butyrate were not produced by members of this cluster. 

Cluster D was made up of fifteen isolates all of New Zealand thermal spring origin. 

These isolates were from thermal sites with a wide range of source temperature (52-

80°C) and pH (5.2-8.8) values. The cluster was composed of two subclusters (one 

containino nine isolates and one six isolates) which formed a homologous phenon at 
e, 

73% Ss\f· The colonial morphology of the majority of the isolates of cluster D was 

convex with entire edges. Morphologically the majority of the isolates were short rods 

( <2.5µm in length). The isolates of the nine member subcluster are similar to the 

isolates of cluster C in their utilization of a very narrow range of carbon sources; the 

isolates of the six member subcluster utilized a wider range of carbon sources. A wide 

range of polysaccharides were utilized and degraded by the cluster D isolates. All of the 

isolates of cluster D were inhibited by 0.5% (w/v) NaCl; growth at pH 8.0 was not 

observed in any of these strains. Acetate was the main end-product of fermentation of 
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most of the isolates of cluster D with only one isolate producing ethanol as a minor end­

product; butyrate and iso-butyrate were not produced by any members of cluster D. 
Clusters C and D merged at below 70% Ssu-

Cluster E was made up of three clostridial type strains (C. stercorarium, C. 

thermofacticum, C. thermocopriae) and two New Zealand isolates forming a 

homologous phenon at 71 % Ss.\f• Cluster E joined clusters A, B, C, D to form a 

homologous phenon at 58% SsM- The two New Zealand strains were thermal spring 

isolates in contrast to the clostridial type strains which were isolated from compost. All 

of the isolates of cluster E had undulate/lobate colony morphology and had a cell length 

of >2.5µm. A wide range of carbon sources were utilized and polysaccharides degraded 

by the isolates of cluster E. The results from the utilization of the insoluble carbon 

sources ( eg. amorphous cellulose, A vicel and Sigmacell 20, 50, 100) show that the 

isolates of cluster E utilize these substrates more slowly than the isolates of the other 

clusters. With the exception of one isolate, the members of cluster E require growth 

supplements for growth on cellobiose, amorphous cellulose and A vicel. Rifampin was 

found to inhibit all of the isolates of cluster Eat concentrations less than 50µg/ml this is 

in contrast to the isolates of the other clusters all of which have MICs >50µglml for 

rifampin. The isolates of cluster E displayed a greater resistance to NaCl than the 

isolates of the other clusters. None of the isolates of cluster E grow at 80°C. Ethanol 

was produced as a major end-product of fermentation by all of the isolates of cluster E; 

butyrate was produced by 60% of the cluster E isolates. 

4.2.3.S Tests and information which distinguish between the clusters 

From the test results the identification of isolates and assigning them to a cluster group 

is based more on general characteristics than on specific tests. The fact that the majority 

of isolates in clusters C and D were <2.5µm in length makes the cell length a useful 

characteristic for identification. Isolates with a cell length of <2.5µm can be excluded 

from belonoino to cluster E in which all the isolates were found to have a cell length of 
e, e, 

>2.5µm. Isolates can be identified as members of cluster C or the nine member sub 

cluster D on the basis of their utilization of a narrow range of carbon sources, but it 

should be noted that the unclustered type strain C. thermocellum also utilized a limited 

range of carbon sources. The fact that all isolates of cluster E are inhibited by rif ampin at 

50µglml clearly distinguishes them from the other isolates and makes sensitivity to 

rifampin a useful identification test. Inulin was only degraded by the isolates of cluster 

Band can be used to identify strains of cluster B. The production of ethanol as a major 

end-product of fermentation could be used in the identification of cluster E isolates. The 
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cluster E isolates did not grow at 80°C in contrast to the majority of isolates in clusters 

A-D and so growth at 8()°C could be used for identification purposes. 

Many of the tests suggested as being useful in identification of isolates do not stand 

alone as specific for a particular cluster but could be used in combination to exclude an 

isolate from, or assign an isolate to a particular cluster. 

4.2.4 GENERAL CONCLUSION 

The results of this study have shown that the anaerobic, cellulolytic thermophiles 

represent a phenotypically diverse group of bacteria. The isolates which have been 

described in the literature as asporogenous cellulolytic thermophiles (strains Z-1320, 

Tp8T. 6.3.3. l, F2/l and NAIO) were all found to be members of cluster A, forming a 

homologous phenon at the 76% Ss.H level. The exception was strain Rt6. 86 (strain 

Hl73) described by Hudson et al. (1990b) which was a member of cluster C. The 

clustering pattern demonstrated that with the exception of strains Rt51. Bl, TplO. Bl, 

Rt69. BI and Rt69. 84 the isolates tested are not closely related to the clostridial type 

strains. None of the isolates were found to cluster with C. thermocellum suggesting 

either that this organism is not widespread in thermal springs or that the isolation 

methods used do not enrich for this organism. The one thermal spring isolate (strain 

Rt5l. Bl (Hl97)) described as "C. thermocellum -like" by Hudson et al. (1990a) was 

found to cluster with C. stercorarium, a compost isolate. The two non-type strain, 

compost isolates COMP. BI and COMP. 84 clustered with the thermal spring isolates 

of cluster A indicating that the non-clostridial type organisms are not exclusive to 

thermal spring environments. 

The isolates of cluster C and the majority of those in cluster D were found to utilize or 

degrade a wide range of polysaccharides but not simple carbon sources, such as 

glucose. It could be considered that in the natural environment they have a hydrolytic 

role, providing simple carbon sources for commensal organisms. None of the 

previously described anaerobic, thermophilic bacteria have utilized a restricted range of 

carbon sources, making the organisms of clusters C and D unique in this respect. The 

isolates of cluster B were found to degrade all the polysaccharides tested in this study 

thus demonstrating that enrichment on cellulose can yield organisms not only cellulolytic 

but generally polysaccharolytic. 
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Clusters A and B were found to contain isolates from geographically distant thermal 

sites. A subcluster of cluster B contained one isolate from New Zealand, two isolates 

from Raoul Island and two isolates from Russia, forming a homologous phenon at 83% 

S_.,._\1· With the exception of strain AZ3. Bl (Azores isolate) all of the isolates in clusters 

C and D were from New Zealand thermal springs. The sample of isolates from locations 

other than New Zealand was not large enough to determine if the clustering was 

influenced by the geographical source of the isolates. The fact that the seven Russian 

isolates fall in clusters A and B only, may suggest that the isolates of cluster D are 

unique to New Zealand thermal sites. The results obtained do show that isolates with 

similar phenotypes exist in geographically distant thermal sites. 

The results of this study demonstrated that there is diversity within this group of 

organisms, thus enabling unrelated organisms to be chosen for future enzymatic and 

biotechnological studies. The study also provided a useful data base on these isolates. 

This information has been used in choosing organisms with required characteristics eg. 

a strain which grows at pH 8 and 80°C. 

4.2.S TAXONOMIC CONCLUSION 

It is difficult to make taxonomic conclusions from a study such as that described above. 

Few criteria have been laid down in the literature for the designation with respect to the 

level of similarity at which isolates are assigned to genera or species. The majority of 

numerical taxonomy studies have been of groups of organisms of known or assumed 

genera eg. the genus Thermus (Hudson et al. 1989), the genus Bacillus (Priest et al. 

1988) and the genus Streptomyces (Williams et al. 1983 ). An example of a numerical 

study of a group of isolates of unknown generic position is that of some leuconostocs 

and related bacteria from distilleries (Priest and Pleasants 1988) in which the genera 

leuconostoc and Lactobacillus are separated at the 57% Ss.H level. In a similar study of 

moderately halophilic Gram-negative rods from an inland saltem the genus Vibrio was 

separated from the genera Alteromonas, Deleya, Acinetobacter and Pseudomonas at the 

59% Ss_\1 level, the later three genera separated at the 66% Ss_H level (Del Moral et al. 

1988). 

The problem with this study of anaerobic, cellulolytic, thermophiles is that the majority 

of isolates were found not to cluster with the clostridial type strains which were included 

on the basis of being thermophilic and cellulolytic. The isolates of clusters A-O could 

constitute one or more new genera depending on the levels chosen to designate genera 
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and species levels. Another possibility is that they could be cellulolytic species of non­

cell ulolytic thermophilic genera. for example Thermoanaerobium or Thermo­

anaerobacter. Organisms from these non-cellulolytic genera were not included in this 

study as many of the characteristics tested were restricted to cellulolytic organisms and 

would therefore have weighted the study. In order to determine the taxonomic position 

of the isolates of clusters A-D. studies should be carried out at the genomic level and 

representatives of these anaerobic. thermophilic bacteria should be included. 
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CHAPTER 5 

DIFFERENTIATION OF ANAEROBIC CELLULOLYTIC 
THERMOPHILIC BACTERIA BY ELECTROPHORESIS OF 
THEIR PROTEINS 

INTRODUCTION 

The electrophoresis of microbial proteins has been used in taxonomic, systematic and 

identification studies. The limiting factors in previous studies have been the degree of 

reproducibility and the time-consuming nature of the techniques. In this chapter, two 

electrophoresis methods, both of which were semi-automated to some extent and one of 

which gave a result within twenty-four hours, were used to determine the degree of 

diversity within a group of anaerobic, cellulolytic thermophiles. The potential to use one 

of the methods as an identification system was investigated. 
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5.1 A REVIEW OF THE PRINCIPLES AND METHODS OF 

CLASSIFICATION AND IDENTIFICATION OF BACTERIA BASED ON 
ELECTROPHORESIS OF THEIR PROTEINS 

5.1.1 INTRODUCTION 

Workers such as P. Jackman, K. Kersters and J. De Ley have over the years 

demonstrated the use of polyacrylamide gel electrophoresis (PAGE) as a convenient and 

valuable tool in microbial systematics and identification. The application of whole-cell 

protein PAGE in microbial classification, identification and typing has been reviewed by 

Kersters and De Ley (1980) and Jackman (1985, 1987). 

Jackman ( 1985) estimated that the expression of the microbial genome results in the 

synthesis of about 2000 protein molecules that make up the microbial cell. Kersters and 

De Ley ( 1980) point out that a bacterial strain growing under standardized conditions 

always produces the same set of proteins. Applying electrophoresis to mixtures of cell 

proteins under standardized conditions produces protein banding patterns often referred 

to as electrophoretograms. These protein banding patterns can be considered 'finger 

prints' of the bacterial strains under investigation. The early work of Kersters and De 

Ley ( 1975) applied numerical taxonomic analysis and demonstrated that bacterial strains 

that were closely related displayed similar or almost identical protein banding patterns. 

On the basis of this finding the technique has been widely used in taxonomic and 

identification studies. 

Before a large taxonomic study of a group of organisms is embarked upon it is worth 

considering the drawbacks of this particular taxonomic or identification technique. One­

dimensional protein patterns have a similar level of taxonomic differentiation to DNA­

DNA hybridization data, and therefore are most useful for discriminating between 

strains at the species level. This has been demonstrated in a large number of taxonomic 

groups. Jackman ( 1987) indicates that the technique is not normally useful for the study 

of taxonomic relationships at the genus level and so some preselection of extremely 

diverse groups of organisms is required. At the other end of the taxonomic ladder very 

closely related organisms eg. serovars, are not well discriminated by the technique, and 

in such cases 2-D techniques have been applied more sucessfully. It is essential to 

investigate the degree of diversity within a group of isolates using some classical 

techniques before starting an electrophoresis study. 



Page80 

5.1.2 METHODS 

The electrophoresis of bacterial proteins has been carried out in one of the following 

ways or by using a modification of these methods: 

l. Solubilized proteins from cell-free extract or from total cell mass have been submitted 

to electrophoresis in polyacrylamide gels. These gels have been stained before the 

complete banding patterns are examined and compared with the patterns of other strains. 

A miniaturized, rapid, standardized method useful in the comparison and identification 

of bacterial strains is described in section 5.3. 

2. Native proteins, usually from cell-free extracts have been separated by electrophoresis 

in a non-denaturing system and stained for specific enzyme activities. The result is a 

zymogram from which comparisons of specific enzymes on the basis of their 

electrophoretic mobilities can be made. 

3. Radiolabelled proteins from total cell mass have been separated by electrophoresis 

and after autoradiography the pattern and relative quantities of labelled proteins 

analyzed. A fully automated system based on this method has been developed and 

marketed for taxonomic and identification studies; it will be described in section 5.2. 

Jackman ( 1985) proposed that an electrophoresis method based on that of Laemmli 

( 1970) was the most suitable for use as a standard 1D technique in taxonomic studies. 

The culture medium used to grow the organisms under investigation should support 

good growth in all cases and the culture conditions should be kept constant within a 

study and between studies if they are to be compared. The majority of organisms can be 

lysed by boiling in SDS buff er but others have been found to require lysozyme treatment 

or mechanical disruption. The method should however be kept constant for all 

organisms in a particular study. Soluble proteins are separated by SDS-PAGE using a 

10mm long 5% stacking gel and 100mm long 10% separation gel for 3-4 hours at 

constant current of 30mA. Gels are stained overnight in a stirred Coomassie brilliant 

blue solution before destaining and drying. Analysis of the protein banding patterns can 

be carried out visually, noting differences between strains, or scanned using a scanning 

densitometer linked to a computer. Numerical taxonomic analysis can be applied to 

densitometer traces, similarities calculated and cluster patterns produced. 
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5.1.3 USE OF PAGE IN TAXONOMIC STUDIES 

The numerical analysis of whole-cell protein patterns has been applied to a wide range of 

microorganisms, examples include Yersinia pestis (Hudson et al. 1976), Zymomonas 

species (De Ley and Swings 1976), Clostridium species (Cato et al. 1982), 

Corynebacterium (Carlson and Vidaver 1982), Streptobacillus moniliformis (Costas 

and Owen 1987), Streptomyces (Manchester et al. 1990), Campylobacter species 

(Vandamme et al. 1990) and Acidovorax species (Willems et al. 1992). Simple visual 

comparisons of protein banding patterns are now widely used in description of new 

isolates or groups of isolates. This is demonstrated by the fact that in the first issue of 

the International Journal of Systematic Bacteriology of 1992 there are three papers in 

which protein banding patterns are used as evidence in the description of new species or 

in reclassifiying particular organisms (Busse et al. 1992; Pot et al. 1992; Willems et al. 

1992). One example of protein banding pattern analysis in the description of a 

thermophilic bacterium is Clostridium thermolacticum where the profile of the new 

isolate was compared with other thermophilic clostridial species (Le Ruyet et al. 1985). 

5.1.4 COMPARISON WITH OTHER METHODS 

5.1.4.1 Comparison with numerical taxonomy based on classical tests 

One of the main advantages of a numerical taxonomy based on whole-cell protein 

patterns over one based on classical tests is that in the former case all the data is obtained 

at one time from a single 'test'. The fact that the results of this single 'test' can be read 

automatically is an additional advantage as it reduces the error involved in reading large 

numbers of tests. The ability to adjust the level of discrimination by selecting tests to 

match the level of variation found in the group of organisms being studied is an 

advantaoe of taxonomies based on conventional tests. The level of discrimination in 
e, 

studies based on whole-cell protein analysis is fixed and this may be too high or too low 

for some studies. 

5.1.4.2 Comparison with DNA-DNA hybridization 

Many examples can be found in the literature where the taxonomy resulting from whole­

cell protein analysis has been compared with that resulting from DNA-DNA 

hybridization studies on the same set of isolates (eg. Kersters and De Ley 1975; Cato et 

al. 1982; Dicks et al. 1990; Dijkshoorn et al. 1990). ln a study of the protein profiles of 
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Acinetobacter by Dijkshoorn et al. (1990) many of the DNA groups were found to 

correspond to the electrophoretic clusters. It was suggested that the whole-cell protein 

method may be useful in routine identification as it had the advantage of providing rapid 

results and was more easily accomplished than DNA-DNA hybridization. The study of 

the Clostridium species by Cato et al. (1982) found that generally, strains with greater 

than 80% DNA-DNA homology produced identical protein patterns while major 

differences were observed in the protein patterns of strains unrelated by DNA-DNA 

homology. It was also noted that strains with similar phenotypic properties were often 

more similar than those with dissimilar phenotypic properties. One disadvantage of both 

whole-cell protein analysis and DNA-DNA hybridization is that both methods require 

cell breakage which in some cases can be difficult. 

.S.2 THE USE OF THE AUTOMATED MICROBIOLOGY IDENT­

IFICATION SYSTEM (AMBIS) TO STUDY THE DEGREE OF 

DIVERSITY AMONG ANAEROBIC, CELLULOLYTIC, THERMO­

PHILIC BACTERIA 

.S.2.1 INTRODUCTION 

An alternative approach to the staining of whole-cell protein patterns is the radiolabelling 

of the proteins and detection of the protein banding patterns by autoradiography. This 

method was applied by Howard et al. (1981) in the differentiation of serovars of 

Ureaplasma ureolyticum of human and bovine origin. Extensive studies comparing the 

protein banding patterns of 35S-methionine labelled proteins of a wide range of 

medically important microorganisms were carried out by Tabaqchali (1985), Tabaqchali 

et al. (1984; 1986), Stephenson and Tabaqchali (1986), and Stephenson et al. (1986). 

The radiolabelled protein patterns were found to be significantly different between 

species and these differences could be easily identified. The usefulness of the method in 

differentiating below the species level was also demonstrated (Tabaqchali et al. 1986; 

Stephenson and Tabaqchali 1986; Stephenson et al. 1986). Although sensitive, the 

autoradiography approach is slow, requiring one to five days depending on the signal 

strength. This problem was overcome by the design of a scanner to detect beta emission 

(Tabaqchali et al. 1987), an instrument which was later patented by Automated 

Microbiology Systems (AMBIS), (San Diego, USA). AMBIS financed the development 

of a complete system for the automated pattern matching of proteins labelled with 35S­

methionine. Due to the expense of the AMBIS it is as yet not widely used in routine 
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laboratories. A recent study by Rowe and Finn (1991) demonstrated the use of the 

AMBIS in differentiating biovars of Pseudomonas jluorescens. The opportunity to use 

an AMBIS was provided at the Agriculture and Food Microbiology Division, The 

Department of Agriculture, Northern Ireland, but due to time constraints only a limited 

number of isolates could be analysed. An outline of the AMBIS and the results of the 

study carried out are presented below. 

S.2.2 THE AUTOMATED SYSTEM 

The system consists of three main components: a computer/VDU system, an automated 

electrophoresis unit and a scanner. The electrophoresis unit and the scanner are 

controlled by an IBM pc/AT computer with a high quality graphics screen. The 

computer also collects, stores, and manipulates the scan data. A flat bed computer 

controlled electrophoresis unit with special sensors that automatically terminate the end 

of a run is used for the separation step. Precast gels are used to avoid interlaboratory 

variations in preparation. A wide range of data analysis features are available in the 

software package including molecular weight calibration. pattern recognition against a 

data base of known isolates, selective analysis of protein banding pattern, and cluster 

analysis. 

S.2.3 METHODS AND MATERIALS 

S.2.3.1 Bacterial strains 

Strains were selected on the basis of the results of the numerical taxonomy study 

described in chapter 4. Isolates from the phenons A-D of the numerical taxonomy study 

were included along with two clostridial type strains.The isolates included were Z-1320, 

Tp8T. 6.3 .3 .1, Wai 35. B 1, Rt8. B4, Rt8. B6, Rt8. B8. AZ3. B 1, Ok8. B 1, Rt613. 

Bl, Clostridium stercorarium, and Clostridium thermocopriae. The source, source 

temperature and pH of these strains are given in Table 4.1 ( chapter 4). 

S.2.3.2 Incorporation of 35S-methionine into bacterial proteins and 

sample preparation 

The isolates were grown overnight in 2/ l cellobiose medium as described in section 

4.2.2.2 at 65°C. The methionine free-medium for the labelling step consisted of 2/1 
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cellobiose medium without the trypticase and yeast extract and with an eighteen amino 

acid solution added. The final concentration of each amino acid was O.Olg/1. To 50µ1 of 

methionine-free medium in a 0.5ml eppendorf tube was added lµl overnight culture and 

1µ1 L-35S-methionine (IOµCi) (Amersham International plc, UK) and overlaid with 

80µ1 sterile liquid paraffin. The manipulation of cultures and labelling assay was carried 

out in an anaerobic chamber (Coy Ltd, USA). The cultures were incubated with the 

labelled methionine for 12h at 65°C. 

After incubation the liquid paraffin was removed and an equal volume (50µ1) of lysis 

buff er containing O. l 25mol/l Tris-HCl (pH 6.8), 10% v/v 2-mercaptoethanol, 4% w/v 

sodium dodecyl sulphate, 20% v/v glycerol and 0.002% w/v bromophenol blue was 

added to the culture and the mixture boiled for 2min. 

5.2.3.3 Electrophoresis and analysis of the profiles 

SDS-polyacrylamide gel electrophoresis (SDS PAGE) was carried out as described by 

Tabaqchali et al. (1987). The cell lysate (8µ1) was loaded into pre-cast 12% w/v 

polyacrylamide gels (AMBIS Systems, San Diego) using an eighteen well applicator 

strip. Electrophoresis was carried out at 8°C and the gel was run at 20W constant power 

for 20min followed by a resolving step of ffJW constant power for 120min. Prior to 

scanning gels were dried for lh on an integral scanning unit. 

The scan data were visualized on the VDU screen in the form of an image resembling an 

autoradiogram. The lanes were normalised against a reference strain (strain Tp8T. 

6.3.3.1) so eliminating any variations across the gel introduced by the electrophoresis 

step. The normalized profiles were compared using the Pearson Product Moment (PPM) 

correlation coefficient. The correlation coefficient data was subjected to cluster analysis 

using the UPGMA to produce a dendrogram showing the similarity between the 

different strains. A autoradiogram can be produced from the dried gel and is useful for 

making visual comparisons of the protein bandings patterns of the strains tested. The 

autoradiogram from this study is shown in Figure 5.1. 
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1 2 3 4 S 6 7 8 9 10 11 12 13 14 l.S 16 

Figure .S.1 The autoradiogram produced from the AMBIS gel. Lane 1. Rt8. Bl 1. Lane 2. 

Ok8. Bl. Lane 3. Rt613. B2. Lane 4. C. thermocopriae. Lane .S. C. stercorarium. Lane 6. 

AZ3. Bl. Lane 7. AZ2. B 1. Lane 8. Rt8. B2. Lane 9. Rt8. B8. Lane 10. Tp8T. 6.3.3.1. 

Lane 11. Rt8. B4. Lane 12. Z-1230. Lane 13. Wai35. B 1. Lane 14. Rt8. B6. Lane 1.S. 

NAIO. Lane 16. Rt8. BlO. 
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S.2.4 RESULTS AND DISCUSSION 

The dendrogram produced from the study of a limited number of anaerobic, cellulolytic 

thermophiles is shown in Figure 5.2. The cluster designations from the numerical 

taxonomy data are listed alongside the strains to allow a comparison to be made. Before 

interpreting the results obtained, the level of discrimination involved in the AMBIS 

technique should be considered. The only data showing the level of discrimination is 

that of Rowe and Finn (1991). Their study of the protein banding patterns of 

Pseudomonas fluorescens biovars demonstrated that duplicate runs could differ by as 

much as 12% in respect to similarity values obtained, this is below the value of 20% 

recommended by Jackman (1985). The level of similarity between different biovars of 

P. fluorescens was as low as 63%. Since no data was presented showing the level of 

similarity between other Pseudomonas species, the potential use of AMBIS in 

differentiation at the species level cannot be determined. 

Numerical Taxonomy 
Cluster Designation Strains 

B Wai 35. Bl 
A Z-1320 
D Rt613. Bl 
C Rt8. B6 
C Rt8. B8 
C Rt8. B4 
C AZ3. Bl 
A Tp8T. 6331 
A Rt8. B2 
E C. stercorarium 
A NA lO 
A AZ2. Bl 
D Ok8. Bl 
E C. thermocopriae 

l.C 0.8 

Similarity (r-value) 

0.6 

I 
I I 

I 
I 

l 

0.4 

__ 6] 

O.'.! 

Figure S.2 Dendrogram showing similarity of protein profiles of the isolates tested, 

the cluster designation of these isolates in the numerical taxonomy study is also shown. 

Due to the limited time scale of this study it was not possible to run large numbers of 

duplicates of the strains under investigation. Duplicates of strain Tp8T. 6.3.3. l gave a 

similarity of 90%. From the dendrogram (Figure 5.2) it can been seen that the levels of 

similarity between any of the isolates are less than 80%. Those organisms of cluster 

group C in the numerical taxonomy are also found to cluster together in this protein 

banding pattern study. It is interesting to note that strains Tp8T. 6.3.3.1 and Rt8. B2 
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cluster at similar levels in both studies. The differences found between this study and the 

numerical taxonomy study cannot be explained fully but the fact that two different 

similarity coefficients were used in the calculation of similarity may contribute to the 

differences observed. Both methods have however demonstrated that the isolates of 

cluster C are closely related, and using the information of Rowe and Finn (I 99 I) it 

could be considered that these organisms represent one species. 

5.3 THE USE OF THE PH AST SYSTEM TO DIFFERENTIATE 

BETWEEN ANAEROBIC, CELLULOLYTIC, THERMOPHILIC 
BACTERIA 

5.3.1 INTRODUCTION 

From the methods described in section 5.2.1, it is clear that some of the steps involved 

in SOS-PAGE are time consuming and open to operator-introduced errors which may 

affect the reproducibility. The PhastSystem marketed by Pharmacia LKB Biotechnology 

AB (Uppsala, Sweden) claims to give 'reproducible, high resolution, publication-quality 

results quickly, and with a minimum of effort'. The PhastSystem consists of a 

separation unit and a development unit and uses pre-cast gels (3.5x4.0 cm). The high 

degree of reproducibilty claimed by the manufacturer is due to the strict control of 

separation temperatures, sample application, power settings, and staining parameters. 

The total process for SOS-PAGE on a PhastGel gradient 10-15, including staining, is 

less than 90 min. The PhastSystem was used to compare the protein banding patterns of 

a selection of anaerobic, cellulolytic, thermophilic isolates which had previously been 

studied using classical numerical techniques as described in chapter 4. The protein 

banding patterns were visually compared and a group of bands shown to be useful in the 

identification of one group within the isolates investigated. 

5.3.2 METHODS AND MATERIALS 

5.3.2.1 Bacterial strains and culture conditions 

The strains used in this study are listed in Table 5.1. The isolates were grown on 2/ I 

cellobiose medium as described in section 4.2.2.2. Cultures were incubated for 18h at 

the optimum growth temperature, 65°C or 70°C, depending on the particular strain. 
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To determine the degree of reproducibility of the system a duplicate culture, the 

identity of which was unknown to the operator, was included. 

5.3.2.2 Sample preparation 

The cells were recovered by centrifugation at 5, 000 rpm for 15min, before washing 

with fresh 2/1 cellobiose medium. The cell suspension was diluted to a OD650 1.0. To 

the cells recovered from 50µ1 of this cell suspension was added 150µ1 of lysis buffer 

(150mM Tris-HCI (pH6.8), 10% v/v 2-mercaptoethanol, 4% w/v SDS, 20% v/v 

glycerol and 0.002% bromophenol blue) and the mixture boiled for 10 min before 

cooling on ice. The size range of the proteins in the protein banding patterns were 

determined using molecular weight markers in the range 10-180 kD (Pharmacia LKB, 

Sweden and Sigma, USA). 

5.3.2.3 Electrophoresis and analysis of the profiles 

The samples were applied to the PhastGel gradient 10-15% using the PhastGel sample 

applicator 8/1 which applies eight lµl samples automatically and simultaneously when 

the separation program is started. The electrophoresis was carried out in the separation 

unit as recommended by the manufacturers for 65Vh. After separation the PhastGel was 

placed in the development unit and stained using the PhastGel Blue R Coomassie blue 

staining procedure. The gel was then automatically destained using methanol:acetic 

acid:water (50:20:30). After drying the gel was viewed and photographed using FP4 

film (Ilford, UK). 

All samples were run in duplicate and the protein extract of strain Rt8. 86 was run on all 

gels as a standard. The protein banding pattern of Rt8. 86 was used to set the start of 

the profiles for the calculation of Rr values, the solvent front was detected as the marker 

dye. The typical protein banding patterns obtained are shown in Figure 5.3 and the 

distribution of specific protein bands for each strain is shown in Table 5.1. 

5.3.3 RESULTS AND DISCUSSION 

The initial aim of this study was to produce protein banding patterns using the automated 

?hast System, which was available in our laboratory, scan the gels and carry out 

numerical analysis of the data. Obtaining the required software for a single study was 
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outside the budget of this project and so the protein banding patterns were visually 
analysed. 

The protein banding patterns obtained contained numerous protein bands ranging in size 

from greater than 180kD to lOkD. It was clear to see that in some regions of the protein 

banding pattern it was not possible to differentiate between the individual protein bands, 

while in other regions individual bands could be seen clearly. After looking at the overall 

protein banding patterns of the various strains and calculating the Rr values for certain 

bands, a set of bands were selected and their presence or absence recorded for each 

strain tested. The results are shown in Table 5.1. 

By comparing the bands present in the various strains it was found that some protein 

bands are specific to particular groups of organisms. These groupings were found to 

correspond in most cases to the groupings obtained in the numerical taxonomy study 

described in chapter 4. The organisms of clusters A, B, E had protein bands unique to 

the strains within those groups. The organisms of clusters C and D in the numerical 

taxonomy were found to have three high molecular weight proteins which are not found 

in the strains of other groups. It is interesting to note that the cluster A strains do not 

have a homologous banding pattern within the overall cluster, but that strains 2805-34 

and NA 10 which were part of a subcluster within cluster A have the same protein bands 

in this study. Using this method of differentiation the organisms of clusters C and Dare 

found to have the same proteins within their banding pattern. It should be considered 

that there may be other proteins within the protein banding patterns of these organisms 

which were not considered in this set of results that may differentiate between the strains 

of clusters C and D. The duplicate culture was identified as a member of the cluster 

group C by this method and was revealed to the operator after the results had been 

analysed to be a duplicate of strain Rt8. B8. 

·- Rt8. 86 Cluster C isolate 

Tp8T 6.3.3.1 Cluster A isolate 

Wai 35. Bl Ouster B isolate 

Figure S.3 Typical protein banding patterns of representatives of 

three of the clusters as defined in the numerical taxonomy study 

(section 4.2) 
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Table S.l Distribution of protein bands within the protein banding patterns of some isolates. 

Protein bands (Rr value) 

Strain3 Clusterb 0.02 0.04 0.05 0.11 0.12 0.13 0.15 0.46 0.47 0.50 0.52 0.53 

AZ2. Bl A + + + + + 

COMP. B4 A + + + + + 

Tp8T. 6.3.3.1 A + + + + + 

Rt8. B2 A + + + + + 

2805-34 A + + + + + 

NAlO A + + + + + 

Tp8T2.3 B + + + + + 

Tpll. Wl B + + + + + 

Wai35. Bl B + + + + + 

Rll. Bl B + + + + + 

Rt8. B4 C + + + + + + + + 

Rt8. B6 C + + + + + + + + 

Rt8. B8 C + + + + + + + + 

Rt8. Bl5 D + + + + + + + + 

RtUK4 D + + + + + + + + 

Ok9. Bl D + + + + + + + + 

Wai28. Bl D + + + + + + + + 

Rt426. Bl D + + + + + + + + 

Ok8. Bl D + + + + + + + + 

Rt51. B 1 E + + + + + 

C.stercorarium E + + + + + 

C.thermolacticum E + + + + + 

C.thennocopriae E + + + + + 

C.thermocellum + + + + + 

astmin abbreviations as in chapter 4_bc1usters as determined by the numerical taxonomy study described in 
chapter 4. 
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5.4 CONCLUSION 

This study demonstrated the use of semi-automated electrophoresis of cell proteins for 

determination of diversity within a group of environmental isolates. The limited study 

using the AMBIS procedure confirmed the finding that the isolates of cluster C (formed 

in the numerical taxonomy study of chapter 4) are closely related. The AMBIS system 

would be useful for building up a data base of protein banding patterns for a wide range 

of organisms. It could be used for the determination of differences at the subspecies 

level but its value for differentiation at the species or genus level has as yet not been 

determined. Although automated, the AMBIS procedure still requires two cultivation 

steps before the radiolabelled proteins can be separated by electrophoresis, followed by 

drying and scanning of the gel. The PhastSystem, also automated at the electrophoresis 

step. gives the protein banding pattern in a much shorter time than the AMBIS system 

but its suitability for scanning and numerical analysis has not been determined. Visual 

analysis of the protein banding patterns from the PhastSystem gels was shown to be 

useful in differentiating between isolates. By selecting bands that are both similar to all 

isolates and bands unique to certain isolates, it was possible to design an identification 

scheme for grouping the isolates. The groupings were generally found to correspond 

with clusters formed in the numerical taxonomy study described in chapter 4. The 

method was also shown to be applicable to the identification of subclusters. The 

controlled conditions and pre-cast gels make the system very reproducible as was found 

in this study. This simple and rapid method has been shown to be useful in determining 

the degree of diversity within a group of isolates. It may also be a valuable tool in 

assigning isolates to groups defined on the basis of numerical ta'<.onomy data. 
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CHAPTER 6 

PHYLOGENETIC ANALYSIS BASED ON 16S rDNA 
SEQUENCE DATA OF ANAEROBIC CELLULOLYTIC 
THERMOPHILIC ROD-SHAPED BACTERIA 

INTRODUCTION 

The results of the numerical taxonomy study described in chapter 4 gave some indication 

that the rod-shaped, anaerobic, cellulolytic thermophiles studied constituted a 

heterogeneous group. The majority of the isolates did not cluster with the clostridial-type 

strains. Due to the nature of the numerical taxonomy study and the limited conclusions 

that could be made from it, a phylogenetic study of selected isolates was undertaken. 

This chapter is divided into two sections. Section 6.1 describes the principles and 

methods used in phylogenetic analysis, while section 6.2 describes the phylogenetic 

study and the results obtained. 
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6.1 A REVIEW OF THE PRINCIPLES AND METHODS OF 
PHYLOGENETIC CLASSIFICATION 

6.1.1 INTRODUCTION 

As discussed in section 2.7.1, microbial classifications can be of two types, phenetic 

and phylogenetic. The phenetic classifications are derived from similarities and 

differences in phenotypic characteristics; such classifications do not provide information 

on the evolutionary pathway but only show the end product of the process. The 

evolutionary relationships between organisms are expressed in phylogenetic 

classifications. In addition, such classifications reflect the degree of change in 

evolutionary lines. The first classifications of microorganisms were based on phenotypic 

characteristics and the taxonomic structures proposed the result of numerical analysis of 

this data. It later became clear that reliable phylogenetic classifications were not possible 

using numerical analysis of phenotypic characteristics. The introduction of molecular 

methods of analysis such as rRNA sequencing techniques was a major breakthrough in 

determining the evolution and phylogeny of microorganisms. 

6.1.2 RESTRUCTURING SYSTEMATICS; THE DOMAINS 

Since it was realised that molecular structures and sequences give a better insight into the 

evolutionary relationships between organisms than the classical phenetic methods, the 

basis for the definition of taxa has moved from the level of the whole organism via the 

cellular level to its current position at the molecular level. Molecular comparisons had 

shown that living things can be divided into three primary groupings known as the 

eubacteria, the archaebacteria, and the eukaryotes (Woese et al. 1985: 1987). Such 

comparisons revealed that the evolutionary differences among eubacteria, archaebacteria 

and eukaryotes are greater than those used to distinguish traditional kingdoms such as 

animals and plants. Woese et al. ( 1990) added a new taxonomic rank at the top of the 

hierarchy, the 'domain'. For the eubacteria, the formal name Bacteria was suggested. 

The term Eucarya was proposed for the eukaryotes, reflecting the group's cytological 

characteristic of having well-defined encapsulated nuclei. The term Archaea, proposed 

for the archaebacteria, indicates their apparent primitive nature. At the same time, the 

domain Archaea was divided into two kingdoms, namely Euryarchaeota and 

Crenarchaeota. The three groupings previously used ie. archaebacteria, eubacteria and 

eukaryotes had been defined on the basis of relatively few small subunit rRNA 
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sequences. Recently the domains Bacteria. Archaea and Eucarya have been defined in 

terms of the characteristics of a greater number and range of small subunit rRNA made 

available through the ribosomal RNA database project. University of Illinois (Winker 

and Woese 1991). 

6.1.3 CHRONOMETERS USED IN THE DETERMINATION OF 
PHYLOGENETIC RELATIONSHIPS 

6.1.3.1 Molecular chronometers 

The idea of using molecular chronometers to determine phylogenetic relationships was 

proposed in detail by Zuckerkandl and Pauling (1965). yet nearly a decade passed 

before microbial taxonomists tested out their ideas. A chronometer is any molecule 

whose sequence changes randomly in time. The amount of change that a chronometer 

accumulates is a product of the rate at which mutations occur and the time period over 

which the changes have occurred. The comparison of some original state to some final 

state would be a measure of this change. but this is not possible since the original state is 

not available. To overcome this problem, the fact that two (or more) versions of a given 

sequence occurring in existing representatives of two or more lineages have initially 

come from the same common ancestral pattern has been applied. Thus, by measuring the 

sequence difference between the two or more existing versions, which is approximately 

twice the amount of change occurring in each of the lineages (assuming similar rates of 

change), the evolutionary distance can be determined. 

Woese (1987) outlined the criteria of a useful chronometer based on certain 

specifications with respect to '(i) clockwise behavior (changes in its sequence have to 

occur as randomly as possible), (ii) range (rates of change have to be commensurate 

with the spectrum of evolutionary distances being measured), (iii) size (the molecule has 

to be large enough to provide an adequate amount of information.' Molecules that have 

been used as chronometers include cytochrome c. ferredoxin, ribosomal RNAs, /3-
subunit of the ATPase (atpD gene) and the tu/ gene (Ludwig 1991). Those most 

extensively studied are cytochrome c and the rRNAs. Molecular chronometers should 

measure, and be representative of, the overall rate of evolutionary change in a line of 

descent. The more useful molecules for use in phylogenetic analysis are those 

representing highly constrained functions. In some cases these sequences change slowly 

enough to span the full evolutionary spectrum. 
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Cytochrome c was the first molecule used in phylogenetic measurements and was found 

to be useful in the phylogenetic analysis of eukaryotes (Zuckerkandl and Pauling 1965; 

Fitch and Margoliash 1967). It was found to be less useful in the study of bacterial 

phylogeny because of the enormous scope of bacterial evolution. In bacterial phylogeny 

its effective range is restricted to the level of subdivision, since in the case of the a-

purple bacteria the molecule changes in size and thus distorts the true phylogenetic 

situation (Amber et al. 1979). This is an example of a molecular chronometer that is too 

fast to be used accurately in bacterial phylogeny. Additionally, cytochrome c does not 

remain functionally constrained across the evolutionary distances found among the 

bacteria, and is not found in all bacterial groups. 

The 5S rRNA sequence has been used as a molecular chronometer in bacterial 

phylogeny studies (eg. Woese et al 1976; Hori and Osawa 1979; Kuntzel 1982; 

MacDonell et al. 1986 ; Dams et al. 1987). This molecule is small in size and comprises 

only 4-5 separate double helical elements. Woese et al. (1976) showed several examples 

for the 5S rRNA in which one of these regions was found to have changed in size, 

introducing non-clock-like changes into the sequence which results in a distorted 

phylogeny with overestimated phylogenetic distances. For large molecules like the 16S 

with about fifty helical regions (Woese et al. 1980), a change in size or structure of one 

such region would not have such a drastic effect on the phylogenetic analysis as in the 

case of the 5S rRNA. 

6.1.3.2 Ribosomal RNAs as useful molecular chronometers 

Woese (1987) wrote 'rRNAs are at present the most useful and most used of the 

molecular chronometers', five years later this statement is still valid. As essential 

components of the protein synthesis machinery, rRNAs are found universally in cellular 

life forms and are therefore useful in studies of microrganisms (with the exception of 

viruses). The two large rRNAs, the 16S rRNA and the 23S rRNA, are the most useful 

since they are extremely constant in function, large in size, universal in distribution, and 

moderately to highly conserved in sequence across extensive distances (Woese 1982). 

The laroe size of these molecules means that they constitute a larger number of 
e, 

functionally defined subunits or domains (.50 in the case of 16S ,r RNA and about 100 in 

23S rRNA) than the smaller molecules. The phylogenetic categories defined using the 

larger molecules apppear to be more consistent than those defined using the 5S rRNA 

( Woese et al. 1985). 
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One important characteristic of rRNA as a chronometer is that even though some 

changes in rRNA would seem to have a neutral effect, it is the combination of changes 

that results in the viable lines of descent. Woese (1985) used the following example to 

demonstrate this: 'it is unlikely that a change in one member of a base pair in a helix is a 

selectively neutral event; however altering both members of a pair thus retaining pairing 

can be'. Another characteristic of this chronometer is the frequency of changes which 

can vary by at least two orders of magnitude at different positions in the molecule. 

Positions are found to change from species to species within a genus, and while other 

positions show little difference across an entire primary kingdom, some appear not to 

vary at all (Woese et al. 1983). This characteristic makes the rRNA a useful chronometer 

for measuring the full range of phylogenetic relationships. The great disparity in the 

rates at which mutations become fixed in different parts of the molecule is another 

characteristic of the rRNA chronometer. From this it can be considered that the rRNA 

chronometer is a clock with many hands, but unlike a conventional clock, when this 

clock speeds up ( due to increased mutation rate in a particular line of descent) the other 

hands of the clock do not speed up at the same rate but rather speed proportionally. This 

characteristic improves the determination of branching orders since relative clock speeds 

within groups of organisms can be determined intrinsically. 

6.1.4 THE METHODS APPLIED TO 16S RIBOSOMAL RNA IN THE 

DETERMINATION OF PHYLOGENETIC RELATIONSHIPS 

6.1.4.1 The 16S rRNA molecule 

The rRNA molecule most characterized for phylogenetic analysis to date is the 16S 

rRNA subunit. Comparative analysis has shown the rRNA molecules to have a highly 

conserved secondary structure. The primary structure is composed of a number of 

domains, the primary nucleotide sequence of which is found to vary. Near universal 

conservation is found in some domains, and this can be used to advantage in the design 

of sequencing primers, and in the designation of hybridization probes for 16S rRNAs of 

all oroanisms for use in techniques such as ribotyping. In the majority of the molecule, 
e, 

primary sequence differences occur but the secondary structure remains conserved. 

These regions may contain domains that are conserved in specific phylogenetic groups 

and can be used in sequencing or for probing groups of related organisms. Highly 

variable regions are also found, these can be used in the design of oligonucleotide 

probes for identification of specific microorganisms. 
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6.1.4.2 Oligonucleotide cataloging 

Oligonucleotide cataloging was the first method applied to the measurement of 

phylogenetic relationships by 16S rRNA in the late 1970s and early 1980s (Fox et al. 

1977; Fox et al. 1980; Stackebrandt et al. 1981). The original method as described by 

Uchida et al. (1974) involved the addition of 32P04 to cultures in the exponential phase 

of growth followed by the isolation of the labelled 16S rRNA. This labelled RNA was 

then digested with Tl ribonuclease to produce a set of oligonucleotides usually up to 15-

20 bases in length, each ending in a G residue and preceded by a number of non-G 

residues. These oligonucleotides were then separated by two-dimensional paper 

electrophoresis. The individual oligonucleotides were then sequenced by a combination 

of endonuclease digestion steps to produce a catalog of sequences that is characteristic of 

he organism under investigation. The alternative method described by Stackebrandt et al. 

( 1980) involved digestion of unlabelled 16S rRNA with Tl ribonuclease, removal of the 

terminal phosphates and enzymatic addition of a 32P labelled phosphate on the 5' end of 

each oligonucleotide, followed by separation and sequencing. The resulting catalogs 

were analysed by a binary method in which each catalog was compared individually to 

every other catalog and the oligonucleotides of six residues or larger common to any two 

catalogs are scored to produce a SAB value characteristic of that pair of organisms (Fox 

et al. 1977). The SAB values ranged from 1.0 for identical RNAs to about 0.03 for 

randomly related sequences. To these S.-\B values standard clustering methods were 

applied and dendrograms produced. 

The data provided by oligonucleotide cataloging laid the basis for bacterial phylogeny 

and was used to define most of the major lines of descent. In general the technique failed 

to resolve the branching orders within the lines of descent and their subdivisions. 

Oligonucleotide cataloging was replaced by full sequencing of 16S rRNA, a more 

powerful tool in phylogenetic analysis. 

6.1.4.3 Reverse transcriptase sequencing of 16S rRNA 

The reverse transcriptase sequencing protocol evolved from the dideoxynucleotide 

chain-terminating, copying method of Sanger et al. ( 1977). Lane et al. ( 1985) described 

a protocol and a series of universally conserved primers that simplified the Sanger 

method. The use of low salt buffers and higher temperatures to overcome the 

ambiouities sometimes associated with 'N-banding' or 'pausing' in Kienow sequencing 
e, 

was suggested by Ornstein and Kashdan ( 1985). These concepts were applied by Lane 
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et al. (1988) and Shimomaye and Salvato (1989) to reverse transcriptase sequencing of 
rRNA. 

Reverse transcriptase sequencing involves the annealing of an oligonucleotide to the 

template nucleic acid under conditions of stringency that facilitate its binding at a 

particular location. This oligonucleotide serves as a primer for the synthesis of a DNA 

copy of the template extending from the 3' end of the primer which becomes 

incorporated into the reverse transcript. By including low levels of one 

dideoxynucleotide triphosphate in the reaction, random terminations of reverse 

transcription occur at positions corresponding to the nucleotide complement of that 

dideoxynucleotide in the template strand. Four separate reactions are run, each 

containing one of the four dideoxynucleotide triphosphates. Lane (1991) notes that, in 

general, high stringency conditions are applied and this results in 'clean sequence' with 

respect to its readability. Lower stringency conditions can be useful in situations where a 

particular primer does not completely complement the target site. After electrophoresis 

and autoradiography of the reverse transcriptase reactions, the sequence data can be 

recorded in a suitable data base before analysis. The reverse transcriptase technique has 

been widely used in the last six years to determine the 16S rRNA sequence of numerous 

microorganisms. One of the limitations of the technique is the requirement to isolate 

RNA, which requires a 500ml cell culture and numerous large volume purification 

steps. The introduction of the polymerase chain reaction (PCR) and the direct 

sequencing of the PCR products (Gyllensten 1989; Hultmanet al. 1989) has already 

relegated reverse transcriptase sequencing to a secondary position. 

6.1.4.4 Polymerase chain reaction (PCR) and direct sequencing of the 

PCR products 

The polymerase chain reaction (PCR) first described by Saiki et al. ( 1985) provides a 

rapid means to obtain multiple copies of specific DNA regions. Target regions up to 10 

kilobases have been amplified (Jeffreys et al. 1988), which is within the size range of 

the l 6S rDNA fragment. The fact that sequence information is required about the target 

region to be amplified makes PCR useful in the amplification of rRNA genes about 

which much is known. 

The PCR reaction is composed of three steps which are repeated in multiple cycles: (i) 

the double stranded DNA sample is melted, (ii) two primers are annealed to opposite 

DNA strands and (iii) the primers are enzymatically extended by the addition of 

nucleotides to produce a copy of the targeted gene. It is the oligonucleotide primers that 
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introduce specificity to PCR and the repetition of the cycles that produces the multiple 

copies of the targeted gene. As the number of copies increases exponentially, with 30-40 

cycles it is theoretically possible to amplify the target a million-fold in a few hours. The 

enzyme involved in the addition of nucleotides to the primers is a DNA polymerase. In 

the first PCR experiments, the Kienow fragment of DNA polymerase I from£. coli was 

used (Saiki et al. 1985). As this enzyme was irreversibly denatured at 94°C, fresh 

enzyme had to be added for each PCR cycle, making the overall process extremely 

tedious. These problems were overcome by the use of the thermostable DNA 

polymerase from Thermus aquaticus (Taq polymerase) (Saiki et al. 1988). The use of 

the thermostable polymerase not only simplified the PCR procedure but allowed the 

introduction of high temperature annealing steps and, more importantly, allowed 

automation of the process. The methodology of a typical PCR process for the 

amplification of 16S rDNA is described below. 

The Taq polymerase possesses no 3' exonuclease activity and this is thought to 

contribute to the high processing rate of the enzyme (Giovannoni 1991) but a drawback 

of this is the misincorporation of nucleotides due to reading errors. Such errors are a 

problem when PCR products are to be sequenced and the information used in 

phylogenetic analyses. Various rates of misincorporation have been described in the 

literature, for example 1 in 4000-5000 base pairs after 35 cycles (Innes et al. 1988). A 

much higher rate of 0.3% was reported by Dunning et al. ( 1988). The effect that such 

errors could have on microbial systematic studies is open to speculation. Another 

problem with PCR is contamination, this has been studied by various workers (see 

Kwok and Higuchi 1989). The high sensitivity of PCR allows the detection of single 

gene copies, therefore the slightest contamination of reagents or materials could result in 

the amplification of the 16S rDNA of the contaminant or the generation of a PCR 

product containing a mixture of products. To reduce the possibility of contamination, 

sterile working practices should be used and control reactions set up routinely. 

In sequencing of double stranded DNA the oligonucleotide primer is annealed to the 

denatured template DNA. The complementary DNA strand is synthesized in vitro by 

elongation of the primer using a DNA polymerase. The incorporation of a nucleotide 

analogue (2',3'-dideoxynucleoside 5'-triphosphate) that does not support continued 

DNA synthesis (due to it lacking a 3'-OH group) terminates the elongation reaction. The 

polymerase synthesises random-length copies of the DNA template. By performing four 

reactions, one for each of the ddNTPs, full sequence information can be obtained. DNA 

polymerases which can be used in chain termination DNA sequencing include: (i) the 

large fragment (Kienow fragment) of£. coli DNA polymerase I, (ii) the T7 DNA 
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polymerase (Tabor and Richardson 1987) and its genetic variant Sequenase marketed by 

USB, Ohio, (iii) reverse transcriptase, and (iv) Taq polymerase. Ludwig (1991) 

suggests that the modified T7 DNA polymerase gives the most uniform band patterns. 

The sequencing reaction products are separated by acrylamide urea gel electrophoresis 

and detected by autoradiography. 

6.1.4.5 Sequence data analysis 

Before a set of sequences can be phylogenetically analysed they must be aligned. The 

high degree of primary sequence conservation among rRNAs and the conservation of 

secondary structure aids the process of sequence alignment. It is more difficult to align 

sequences in variable regions and in most cases these highly variable regions are 

eliminated from the comparative analysis, an approach known as 'restricted' or 

'masked' analysis. When sequences that are being compared are very closely related the 

variable regions can be included in the analysis which is unmasked or unrestricted. 

It is possible to use the similarity between any pair of aligned sequences for 

identification purposes, or to suggest possible phylogenetic position. The percentage 

similarity value will vary depending on the number and position of the nucleotides 

included in the analysis. Absolute percentage similarity values cannot be defined for use 

in determination of different taxonomic levels for all groups of microorganisms. 

It is the phylogenetic tree that is used to compare sets of sequence data and infer 

phylogenetic relationships. A large number of methods of reconstructing phylogenetic 

trees have been used and compared in the literature (see Olsen 1987; Lake 1987; Gouy 

and Li 1989; Penny 1991). The results obtained using these methods have been shown 

to be influenced by various factors including the amount of sequence data (Gouy and Li 

1989), the alignment and assumptions made about mutational rates at each base position 

(Olsen 1987). It is generally accepted that the more sequence data included in an analysis 

the greater the validity of the phylogenetic result. 

Analysis of the information contained in large numbers of the sequences has revealed 

features of primary and secondary structure that can be used to identify certain groups of 

organisms. These signature sequences can be used to verify the phylogenetic position to 

which an organism has been assigned on the basis of either sequence similarity or 

treeing (Woese 1987; Woese et al. 1985). 
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The majority of literature on the various methods of reconstructing phylogenetic trees is 

weighed down with complicated mathematics and statistics. Woese (1987) to some 

extent simplified the situation and described three methods used in phylogenetic 
analysis: 

Distance matrix methods use only the sequence distances between pairs of sequences, 

which is the fraction of positions in which the sequences differ. Such distances are 

considered to be an underestimation of the true evolutionary distance between 

sequences. Since all lineages and positions in a sequence are not changing at the same 

rate, correction for multiple changes is a problem. In distance matrix treeing, the 

evolutionary distances are assumed to conform to a tree topology. To the matrix of 

evolutionary distances various algorithms can be applied to generate the 'best' tree. 

In maximum parsimony analysis the tree that requires the smallest number of changes 

along the edges of the tree is accepted. Such a tree is considered the most parsimonious 

one. The process of finding the correct tree can be extremely computationally intense 

and a large number of algorithms; have been developed to attempt to reduce this 

problem. 

Cluster analysis methods can also be used in the analysis of sequence data. The methods 

involve the grouping of sequences on the basis of their similarity to one another or to 

other groups of sequences. This method is considered the least accurate and is very 

sensitive to the problem of different parts of a sequence evolving at different rates. 

Sneath ( 1989) pointed out some of the problems associated with phylogenetic analysis 

of sequence data. The various methods for sequence alignment, the different similarity 

coefficients and the numerous treeing techniques can yield slightly different results but 

in oeneral the differences are minor (Sneath 1989). One of the main sources of errors in 
e, 

phylogenetic analysis is the sampling error, since a tree from one semantide can differ 

from one produced from another semantide. This sampling error will be greater for 

smaller sequences therefore the use of more complete sequence information is desirable. 
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6.1.5 INFORMATION PROVIDED BY THE PHYLOGENETIC 

ANALYSIS OF rRNA SEQUENCE DATA AND ITS RELEVANCE TO 
THERMOPHILIC BACTERIA 

The last five years have seen a large amount of rRNA sequence data obtained in various 

laboratories around the world, the majority of this has now been deposited in accessible 

data bases including that of the ribosomal RNA database project at the University of 

Illinois. The collection of bacterial, archaeal, and eucaryal small subunit rRNA 

sequences available is roughly 400, 40 and 80 respectively (Winker and Woese 1991). 

This information was used to define the domains as described in section 6.1.2. 

Phylogenetic information is becoming common place in descriptions of new bacterial 

and archeal genera and species. 

The bacterial (then eubacteria) phylogenetic tree (Figure 6.1), based on 16S rRNA 

sequence comparison, was shown to have various lines of descent, of which 

Thermotoga maritima was the deepest (Woese 1987). Nine of the ten branches were 

found to branch from the same region of the tree. The exception to this was the green 

non-sulfur bacteria. The rooting of the tree with an archeal consensus sequence placed 

Thermotoga maritima as the most ancient member of the tree, well separated from the 

other lines of descent. On the basis of this tree, the slowly evolving nature of 

Thermotoga maritima, and its position as the deepest branch, Achenbach-Richter et al. 

(1987) suggested that the original bacteria (then eubacteria) were thermophiles. The fact 

that the other deep branch of the tree, that of the green non-sulfur bacteria and their 

relatives, contained thermophilic members (ie. Chloroflexus and Thermomicrobium) 

added weight to this suggestion. The organisms since isolated and assigned to the same 

branch as Thermotoga maritima have all been thermophiles and the branch has been 

designated as the order Thermotogales (Huber et al. 1989; Huber et al. 1990). There is 

always a special interest in the phylogenetic position of new thermophilic isolates and 

what the analysis can tell us about the phylogeny of thermophilic bacteria. 

Three phylogenetic studies were carried out on thermophilic bacteria in this thesis, one 

on a group of rod-shaped cellulolytic thermophiles is described in section 6.2, the 

phylogenetic position of a thermophilic spirochete is described in section 7.3 and in 

chapter 8 the analysis of a member of the Thermotogales is described. 
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6.2 PHYLOGENETIC ANALYSIS OF A GROUP OF ANAEROBIC 

CELLULOL YTIC THERMOPHILIC ROD SHAPED BACTERIA 

6.2.1 INTRODUCTION 

A phylogenetic study was carried out on a group of anaerobic, cellulolytic, thermophilic 

bacteria. The isolates were selected on the basis of their position in the numerical 

taxonomy study. Strains were selected from the various clusters, two from cluster A 

(Tp8T. 6.3.3.1 and NAIO), two from cluster B (Rl2. Bl and Wai35. Bl), one from 

clusters C and D (Rt8. B7 and Rt8. Bl5 respectively) and one isolate from cluster E 

(Rt51. B 1). In the case of the two isolates of clusters A and B they were chosen from 

distinct sub clusters, so as to provide the most diverse isolates from the same group. 

Partial l 6S rDNA sequences were obtained for these isolates and also for some of the 

clostridial type strains including, C. thermocellum, C. stercorarium, C. thermocopriae. 

Partial sequence was also obtained for Thermoanaerobium brockii in order to include a 

asporogenous representative of the Gram type positive thermophiles. 

6.2.2 METHODS AND MATERIALS 

6.2.2.1 Culture conditions 

All of the isolates and type cultures were grown in 2/1 cellobiose medium as described 

in section 4.2.2.2. 

6.2.2.2 Isolation of genomic DNA 

1 ml of an overnight culture was transferred to an Eppendorf tube, cells were harvested 

and resuspended in 400 pl saline-EDTA. After the addition of 10µ1 of lysozyme 

(0.lmg/ml), cells were incubated for 15min at 60°C. Lysis was completed by adding 

10µ1 proteinase K ( 1.0 % w/v) and 10µ1 SDS (25 % w/v). The crude extract was 

purified with equal volumes of phenol, phenol-chloroform (I: 1) and chloroform­

isoamylalcohol (24: I). Nucleic acids were precipitated with ammonium acetate (Brow 

1990), washed with 70 % ethanol, dried and dissolved in sterile distilled water. The 

concentration was determined spectrophometrically. 
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6.2.2.3 Amplification of 16S rDNA by polymerase chain reaction (PCR) 

400ng of bacterial DNA was used per reaction in a total volume of 100µ1 .SOmM KCI, 

1 OmM Tris/HCI pH 8.4, 2.5mM MgC12, 0.1 % gelatine, 400µM of each dNTP (dA TP, 

dCTP, dGTP, dTTP) and 0.5µM of each amplification primer. The first denaturation 

step was carried out at 98°C for 2min. Samples were then chilled on ice, 2.5 units of 

Taq polymerase (Perkin-Elmer Cetus) was added and the reaction mixtures overlayed 

with 80µ1 of light mineral oil (Sigma). The thermal profile included repeated cycles of 

primer annealing at 48°C for 1 min, extension for 2min at 72°C, and denaturation for 

1 min at 93°C. After 28 cycles, primer annealing was repeated followed by a final 

extension step at 72°C for lOmin. Amplification of 16S rDNA between positions 29 and 

1521 (£. coli numbering system [Woese et al. 1983]) was performed with the primer 

combination 5'GAG TTT GA T CCT GGC TCA G' (forward primer) and 5'AGA AAG 

GAG GTG ATC CAG CC3' (reverse primer). 

6.2.2.4 Purification of PCR products 

The aqueous phase of the PCR was extracted with chloroform to remove any residual 

mineral oil, sodium acetate precipitated, dried and the pellet dissolved in 20µ1 of distilled 

water. Fragments were separated from bacterial genomic DNA, excess primer and 

nucleotides by 0.6 % (w/v) agarose gel electrophoresis. Agarose blocks containing the 

DNA of the desired size were cut from the agarose gel. Products were recovered by the 

freeze/squeeze method of Dretzen et al. (1981), using Millipore Filter Units Ultrafree 

MC (0.22µm, Millipore, Gottingen, Germany). DNA was precipitated with ammonium 

acetate (Brow 1990), washed with 70 % ethanol, dried and dissolved in 14µ1 of distilled 

water. Towards the end of this study a Prep-a-Gene DNA purification kit (Biorad, 

Australia) was used for the purification of PCR products, following the manufacturers 

instructions. 

6.2.2.5 Direct sequencing of PCR products 

The nucleotide compositions of the sequencing primers have been recently published 

(Stackebrandt and Charfreitag 1990) and are listed in Table 6.1. The sequencing 

protocol was modified as follows: 7µ1 of the dissolved template DNA was mixed with 

2µ1 5x reaction buffer and l µl sequencing primer (.SOng/µl in distilled water), denatured 

by boiling for 2 min and snap-frozen by chilling the tube in a mixture of dry ice and 

ethanol for 15 sec (Casanova et al. 1990). The labelling solution containing 2µ1 5x 

diluted labelling mix, Iµl 0.1 M dithiothreitol, 3 units Sequenase (Sequenase Kit 
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Version 2.0. United States Biochemicals) and lOµCi of [a-32P]dATP was added 

immediately to the denatured DNA/primer mix, and the labelling reaction carried out at 

20°C for 45-60sec. Aliquots of 3.2µ1 were added to the prewarmed termination 

solutions and incubated for 4min at 37°C. The reactions were stopped by the addition of 

4µ1 of the stop solution provided with the Sequenase kit. The reaction products were 

denatured by boiling for 2min and chilled on ice. 

Table 6.1 Sequences of primers used and the binding positions in the 16S rRNA 

primary structure. 

Binding position* 

105-124 

343-357 

519-536 

691-704 

786-803 

907-926 

1056-1073 

1100-1115 

1224-1242 

1282-1401 

1492-1510 

Sequence of primer 

5'CACGTGTT ACTCACCCGTCC3' 

5'CTGCTGCCTCCCGTA3' 

5'GWATTACCGCGGCKGCTG3' 

5'TCTGCGCA TTCCAC3' 

5'CT ACTSGGGTATCT AATC3' 

5'CCGTCAA TTCMfTTRAGTIT3' 

5'ACGAGCTGACGACRGCCA3' 

5'AGGGTTGCGCTCGTTG3' 

5'CA TTGTAGCATGCGTGAAG3' 

5'CGGTGTGTRCAAGGCCC3' 

5'GGTT ACCTTGTTACGACfT3' 
*Nucleotide positions according to the£. coli numbering system (Brosius ct al. 1978) 
Non-standard svmt~Jls refer to wobble bases abbreviated a<; follows: K = Grr, M = AIC. 
R = A/G, W =· Arr, S = G/C (Lane et al 1985) 

6.2.2.6 Electrophoresis and autoradiography 

Electrophoresis and autoradiography of the sequencing reactions was done as described 

previously (Rogall et al. 1990). The DNA fragments from the sequencing procedure 

were separated by acrylamide urea gel elecrophoresis. Gels were poured between a 

thermostatic and a notched glass plate, which were separated by 0.2 mm Teflon spacers 

and fixed by clamps. The gel solution was prepared using PAGE pre-mix (Pharmacia, 

FRG), which was added to 8M urea solution in O. lM Tris-borate pH 8.0; 0.001M 

EDTA; and 0.08% (w/v) ammonium persulphate to give a 8.0% acrylamide solution. 
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Gels were run at 55°C at 2500V until the tracking dyes had migrated the desired 

distance. The electrode buffer was 0.lM Tris-borate buffer (pH 8.0) and 0.001M 

EDT A. The bromophenol blue comigrates with fragments of about 24 bases and the 

xylene cyanol FF marker with fragments of about 110 bases. Both long (6h) and short 

(2-3h) electrophoresis runs were performed in order to maximize the amount of 

information obtained per sequencing reaction. 

After electrophoresis the gels were fixed for 20min in 10% (v/v) glacial acetic acid 

solution, rinsed with water and dried with a hot air heater. Exposure of x-ray film was 

normally overnight or 2-3d for weak sequence reactions. 

6.2.2. 7 Data analysis 

The sequences were aligned against a representative alignment of bacterial J6S rRNA 

sequences. Equally weighted Hamming distances and percent similarities were 

calculated between each pair of sequences. The phylogenetic analysis was carried out 

using the least squares distance method of De Soete (1983). 

6.2.3 RESULTS AND DISCUSSION 

Partial l6S rDNA sequence data was obtained within the region between positions 12 

and 1377 (£. coli numbering system). The regions used in the analysis included 

positions 189-451, 571-906, 1045-1377, a total stretch of 929 nucleotides. Initially the 

sequences were included in an alignment with representatives of the main lines of 

descent - this showed that the isolates and thennophilic clostridial type strains grouped 

with the low GC Gram positive organisms, including the mesophilic members of the 

genus Clostridium. An alignment of the new sequences and those of a number of 

mesophilic and thermophilic clostridia clearly showed that these organisms were 

members of the general clostridial group. Finally an alignment was constructed using 

just the thermophilic clostridia, namely C. thermoaceticum and C. 

thermosaccharolyticum and the sequences obtained in the study. A more restricted 

alionment of 800 nucleotides which included Thermoanaerobium brockii was also 
0 

analysed. A general alignment containing the sequence data obtained in this study is 

shown in appendix 2. 

A matrix of binary similarity values and Hamming distances for the rod shaped isolates 

and the thermophilic Clostridium species is shown in Table 6.2. 



Table 6.2 Percentage similarity between partial 16S rDNA sequences of some anaerobic, cellulolytic, thermophilic 

bacteria and thermophilic Clostridiwn species (above the diagonal) and equally weighted (Hamming) distances 

between the 16S rDNA sequences (below the diagonal) 

I. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 

l. Tp8T.6.3.3.l 95.2 94.9 95.3 95.9 94.3 82.3 80.7 82.0 82.8 83.3 

2, Rl2. Bl 43 99.7 95.3 95.7 94.4 82.3 80.4 81.4 81.0 83.4 

3. Wai35. Bl 46 3 95. 1 95.6 94.3 82.2 80.3 81.5 81.1 83.7 

4. NAIO 42 42 44 97.4 96.2 82.1 80.7 81.7 81.0 83.8 

5. Rt8. B 15 37 39 40 23 98.2 83.3 81.4 83.5 82.0 84.8 

6. Rt8. 87 51 50 51 34 16 84.1 81.8 82.0 80.4 83.4 

7. Rt5I. B 1 160 160 160 161 150 143 95.6 87.5 79.8 81.9 

8. C. stercorari11111 174 177 178 178 168 164 40 88.5 78.3 81.2 

9. C. thermocell11m 162 168 167 165 149 162 113 104 81.2 83.5 

10. C. thermosac:cltarolytirnm 155 171 170 171 162 177 182 196 169 85.6 

I I. C. ther,noa<·etic111n 151 150 147 146 137 150 163 169 149 130 

12. C. thermocopriae 152 160 160 165 153 143 140 153 176 148 122 

12. 

83.1 

82.3 

82.2 

81.7 

83.0 

84.1 

84.5 

83.0 

80.5 

83.6 

86.5 

~ 
(JQ 
~ -~ 
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The Hamming distances (lower left triangle) were used for the generation of an unrooted 

phylogenetic dendrogram (Figure 6.2). The branching pattern remained stable whether 

Arthrohacter glohiformis or Thermotoga maritima were used as a reference organism. 

r-------------- C. thermocopriae 

,------------ C. thermoaceticum 

....._ _______________ C. thermosaccharolyticum 

r----------- C. thermocellum 

10% 

r------ C. stercorarium 

Rt51. Bl 

NA 10 

Rt8. B15 

Rt8. 87 

.----- Tp8T. 6.3.3.1 

Rl::?..81 

Wai35. Bl 

Figure 6.2 Dendrogram indicating the position of the anaerobic 

cellulolytic thermophilic isolates among the thermophilic Clostridium 

species. The scale bar indicates IO substitutions per hundred 

nucleotides. 

It is clear from the percentage similarity values and the dendrogram that the rod-shaped, 

anaerobic, cellulolytic, thermophilic isolates form a cluster within the Clostridium 

group. Strain Rt51. BI is most similar to C. stercorarium at 95.6% similarity. With the 

exception of C. thermocopriae, all of the cellulolytic clostridia are in one group. 

Although not shown it should be noted that Thermoanaerobium brockii clustered with 

C. thermocopriae, C. thermoaceticum, and C. thermosaccharolyticum, and was shown 

not to be closely related to the new anaerobic, cellulolytic, thermophilic isolates (data not 

shown). On the basis of data derived from 16S rRNA catalogs, Cato and Stackebrandt 

( 1989) showed that the organisms assigned to the genus Clostridium did not constitute a 

phylogenetically coherent taxon and were found in six sublines within the 



Page 110 

Clostridium/Bacillus subdivision of the Gram-positive bacteria. The organisms that 

constituted group VI included C. thermoaceticum, C. thermosaccharolyticum, 

Thermoanaerobium hrockii and Acetogenium kivui. This finding is backed up by the 

sequence data of this study, as three of these organisms were found to cluster together, 

along with C. thermocopriae, which can now be added to this group. This data adds 

credence to the discovery of spore formation by T. brockii (Cooke~ al. 1991). This 

study provides the first phylogenetic information on C. thermocellum and C. 

stercorarium and shows them to form a separate group from the non cellulolytic 

thermophilic Clostridium species. It is interesting to note that the sporogenous 

organisms from similar habitats and with very similar phenotypic characteristics fall into 

different phylogenetic groups, which show them to be at the least species of the same 

genera. The 16S rRNA similarity level at which a species is defined has recently been 

discussed by Fox et al. ( 1992), using examples from the genera Bacillus and Serpulina -

they have shown that a high percentage similarity at the 16S rRNA level is not always 

reflected in the DNA-DNA hybridization data. In the case of B. psychrophilus and B. 

globisporus, a percentage similarity of 99.8% is shown for their 16S rRNA, but yet at 

the DNA-DNA level values of 23 and 50% are given. 

It could be suggested that the anaerobic, cellulolytic, thermophiilic organisms form a 

new subline within the Clostridium/Bacillus subdivision. Evidence for this comes from 

the similarity values of less than 85.0% between the anaerobic,cellulolytic, thermophilic 

organisms and the other sporeforming organisms. There is very high similarity between 

the isolates in this group, and in some cases (for example strains Rl2. B 1 and Wai 35. 

B 1) a number of differences may fall within the experimental error. Those isolates with 

similarity values around 95% may constitute new species. 

The branching positions within the anaerobic, cellulolytic, thermophilic organisms and 

strain Rt5 l. BI correlate with the data obtained from the numerical taxonomy study 

(chapter 4) and the PAGE studies (chapter 5) and this will be discussed in chapter 9. 

The possible taxonomic designation of these organisms will also be discussed. 

6.2.4 CONCLUSION 

The phylogenetic position of a group of anaerobic, cellulolytic, thermophilic bacteria has 

been determined. The majority of these organisms form a new subline within the 

Clostridium!Bacillus subdivision. Strain Rt5l. Bl has been found to be highly related to 

the thermophilic sporogenous C. stercorarium. The clustering patterns were found to 

correlate with the groupings obtained by the numerical taxonomy study and the PAGE 
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electrophoresis studies, described in Chapters 4 and 5 respectively. By combining the 

phylogenetic information obtained on these isolates with the phenotypic data it may be 

possible to designate these isolates to taxa either new or previously described. 
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CHAPTER 7 

A DESCRIPTION OF THE CHARACTERIZATION AND PHYLO­
GENETIC ANALYSIS OF AN EXTREMELY THERMOPHILIC 
POL YSACCHAROL YTIC SPIROCHETE. 

INTRODUCTION 

The order Spirochaetales at present contains the families Spirochaetaceae and 

Leptospiraceae, classified as the genera Spirochaeta, Borrelia, Cristispira, Serpulina, 

Treponema, Leptonema, and Leptospira (Canale-Parola 1981, 1984; Stanton et al. 1991; 

Stanton 1992). Ribosomal RNA oligonucleotide cataloging and 16S rRNA sequencing 

have shown the spirochetes to form a deep and coherent evolutionary group (Paster et 

al. 1984; Woese 1987; Stanton et al. 1991).'The genus Spirochaeta contains both 

obligately and facultatively anaerobic free-living forms (Canale-Parola 1981). Eight 

species have been assigned to the genus Spirochaeta (the type species S. plicatilis, S. 

stenostrepta, S. :uel:erae, S. litoralis, S. aurantia, S. isovalerica, S. halophila, S. 

bajacaliforniensis) on the basis of their phenotypic characteristics (see Canale-Parola 

1984; Fracek and Stolz 1985). 

This chapter is divided into three sections. In section 7.1 the characterization of an 

extremely thermophilic spirochete is described. A comparison of this isolate with a 

similar isolate from the Soviet Far East and their designation to the genus Spirochaeta is 

described in section 7.2. Finally in section 7.3 a phylogenetic study is described in 

which the phylogenetic position of the thermophilic spirochete is determined and the 

implication of this on the general systematics of the Spirochaetales is considered. 
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7.1 CHARACTERIZATION OF AN OBLIGATELY ANAEROBIC 

POLYSACCHAROLYTIC EXTREMELY THERMOPHILIC MEMBER OF 
THE GENUS SPIROCHAETA. 

7.1.1 INTRODUCTION 

The genus Spirochaeta contains both obligately and facultatively anaerobic free-living 

forms (Canale-Parola 1981). They have a unique and complex helical morphology and 

possess internal organelles of motility, the periplasmic flagella. Resistance to the 

antibiotic rifampin is another characteristic of this group. Members of the genus 

Spirochaeta have been isolated from various environments, including thermal springs 

(Patel et. al. 1985b; Svetlichny et al. 1990a; Aksenova et al. 1990). A recent study of 

16S rcDNA sequences isolated from a thermal spring cyanobacterial mat demonstrated 

the presence of a sequence exhibiting 94.3 % similarity with the sequence for S. 

halophila. It has been suggested that this sequence may be contributed by an as yet 

uncultivated spirochete inhabitant of the mat (Ward et al. 1990).The species of 

Spirochaeta that have been isolated utilize carbohydrates including hexoses, 

disaccharides and pentoses commonly released from plant material through the metabolic 

activities of bacteria other than spirochetes (Harwood and Canale-Parola 1984). Until 

the recent description of strain Z-1203 (Svetlichny et al. 1990a; Aksenova et al. 1990) 

no polysaccharolytic strains of the genus Spirochaeta have been reported. The isolation 

of a thermophilic spirochete was described in chapter 3. Below is a description of the 

characterization of this obligately anaerobic, polysaccharolytic. extremely thermophilic 

spirochete, Spirochaeta sp., strain RI 19. Bl. 

7.1.2 METHODS AND MATERIALS 

7.1.2.1 Medium and culture conditions 

The new isolate was grown in bicarbonate-buffered medium 4 (CBM4), containing (per 

litre): NaCl, 4.0 g; MgC1 2.6H20, 0.8 g; KCl, 0.5 g; NH-lCl. 0.3 g; KH2PO4 , 0.2 g; 

0.15 % (w/v) FeC13, l ml; 0.1 % (w/v) resazurin, l ml; trace element solution SLIO 

(without FeSO4) and selenite-tungstate solution (Widdel et al. 1983) 1ml each. Sodium 

bicarbonate (2.5 g/litre) was added to boiled, cooled medium which was dispensed in IO 

ml aliquots in 23 ml anaerobic culture tubes (Belko) gassed with N2/CO2 mixture 

(80%/20% v/v) and sealed with butyl rubber stoppers. Volumes of 100 ml and 750 ml 

were similarly prepared and dispensed in 160 ml and 1,000 ml vessels respectively. 
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Sulfide-calcium solution (containing Na2S.9H20 36 g/litre; CaCl2.2H20 15 g/litre; pH 

7.2) at 2 ml/litre and a 7-vitamin solution (Widdel and Pfennig 1981) at 1 ml/litre were 

added to the autoclaved, cooled medium from sterile stock solutions. When changing the 

salinity of the medium, NaCl and MgC12.6H20 were varied at a fixed ratio of 20 g to 2.7 

g/litre respectively in the medium CBM4. The final medium pH was 6.9 to 7.1 unless 

otherwise specified. Substrates were added from anaerobic sterile neutralized stock 

solutions. Growth on amorphous cellulose as a sole carbon source was determined by 

adding amorphous cellulose at 5 g/l to CBM4, the method of preparation of amorphous 

cellulose is described in section 33.2.2. 

Antibiotics were obtained from Sigma Chemical Co. (USA). Stock solutions were 

prepared in preboiled distilled water and filter sterilized into sterile N2 flushed serum 

vials. Antibiotics were added at concentrations of 100 µg/ml and 10 µg/ml. Additions 

and inoculations were made and samples taken using plastic syringes and 25-gauge 

hyperdermic needles. All incubations were at 65°C unless otherwise stated. 

Temperatures permitting growth were determined using a gradient incubator. 

Solid media were prepared by the addition of 20 g/litre purified agar (Oxoid). To 

determine the pH parameters of growth, appropriately poised buffers adjusted with 

NaOH (IO M) were added to medium at 50 mM. All pH values were determined at 

70°C. The buffers were 2-(N-morpholino) ethanesulfonic acid (MES), 3-(N-morpholino) 

propanesulfonic acid (MOPS) and N-(2-hydroxyethyl)-piperazine-N'-(3-propanesulfonic 

acid) (EPPS), purchased from Sigma (St Louis, Mo. USA). 

7 .1.2.2 Electron microscopy 

Negatively-stained specimens were prepared as follows. A drop of culture was placed 

on a 200 mesh formvar- coated grid for I min. Excess culture was drawn off the grid 

with filter paper and the specimen fixed by applying a drop of 2.5% (v/v) glutaraldehyde 

to the grid for l min. After drawing of the excess fixative the grid was stained by 

applying a drop of a saturated solution of uranyl acetate for 1 min. Excess stain was then 

removed. Thin sections were prepared and stained as described by Patel et al. ( 1985a). 

Both negatively-stained specimens and thin sections were examined using a Philips EM 

400 electron microscope at an accelerating voltage of 80kV. 
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7. 1.2.3 Light microscopy 

Examination of enrichment cultures and routine checking of purity was carried out using 

an Olympus BH-2 microscope with phase contrast optics. Phase contrast 

photomicrographs were taken using a Reichert-Jung Polyvar microscope (C. Reichert, 

Vienna, Austria) with FP4-135 film (llford, Cheshire, UK). Immobilization of cultures 

was aided by the use of agar coated slides prepared as described by Pfennig and 

Wagener ( 1986). 

7.1.2.4 Growth and metabolic characterization 

Substrates supporting growth were tested by visible increase in turbidity, substrate 

disappearance (for insoluble substrates) and HPLC analysis of culture supernatants. 

Growth curves on glucose were followed by measuring the increase in turbidity at 650 

nm by direct insertion of the anaerobic culture tubes into a Pye Unicam SP-450 UV/VIS 

spectrophotometer. All individual experiments were in triplicate and represent mean 

values. 

Fermentation end products were analyzed by gas chromatography (Patel et al. 1985a) 

and HPLC (Patel et al. I 987). Cell dry weights were determined by drying centrifuged 

cell pellets to constant weight at 85°C. Sulfide production from 20 mM Na2SO4 , 

approximately I M S0
, or 2 mM L-cysteine was measured by a micromethod adaptation 

of the method of Truper and Schlegel ( 1964). Nitrate reduction and nitrite production 

were tested using Uristix (Miles, Musgrave, Victoria, Australia), converting nitrate to 

nitrite using zinc powder. Fumarate reduction was determined by HPLC. lndole from 5 

mM L-tryptophan, urea and esculin hydrolysis were tested as described by Janssen and 

Harfoot ( 1990). All tests were carried out on cultures grown on 10 mM glucose. 

7.1.2.5 G + C content 

DNA was isolated and purified using the method of Egli et al. ( 1988). The Tm of the 

DNA was determined as described by Patel et al. (1985a). Escherichia coli DNA 

(Sigma, St. Louis, MO, USA) was used as a standard. 

7 .1.2.6 Chemicals 

All chemicals were analytical grade. Oxygen-free nitrogen and carbon dioxide (food­

grade) were obtained from New Zealand Industrial Gases. 
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7.1.3 RESULTS 

7 .1.3. 1 Source of isolates 

A brackish, thermal spring sample from Green Lake, Raoul Island, Kermadec 

archipelago, New Zealand was the source of the described spirochete. The site from 

which this sample was taken is described in section 3.3.3.1. 

7 .1.3.2 Enrichment and isolation 

The methods of enrichment and subsequent purification of the thermophilic spirochete 

are described in section 3.3.3.1. The isolated thermophilic spirochete was designated RI 

19. Bl and was the subject of this study. 

7. 1.3.3 Morphology 

Cells of RI 19. B 1 measured 0.2 µm by 10-50 µm during growth in CBM4 with 

glucose ( 10 mM) as a substrate. The coiling was regular with coils having a wavelength 

of about 0.75 µm and amplitude of 0.35 µm (Figure 7.1 a,c). Spherical bodies similar 

to those observed in other spirochetes (Breznak and Canale-Parola 1975) and structural 

features, described here as tails were present in stationary phase cultures (Figure 7.1 b). 

The tails consisted of the outer sheath enclosing the periplasmic flagella with the 

protoplasmic cylinder absent from this portion of the cell. Electron microscopy showed 

morphological features similar to those observed in other spirochetes (Greenberg and 

Canale-Parola 1976; Fracek and Stolz 1985). These features included two periplasmic 

flagella and a central coiled protoplasmic cylinder both surrounded by an outer sheath 

(Figure 7.2 a,b). Irregular crenulations were observed in the outer sheath similar to 

those reported by Fracek and Stolz (1985). Thin sections showed the periplasmic 

flagella were anchored by insertion discs (Figure 7.2 c) at one end and ended 

subterminally at the other end, overlapping in the central area of the cell (Figure 7.2 a) in 

the typical 1-2-1 arrangement found in Spirochaeta. The Gram-staining reaction was 

negative. Cells did not lyse in 3 % KOH. 
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C • 

Figure 7.1 a-c Strain RI 19. Bl a. Phase-contrast photomicrograph. Bar= lOµm. b. Negatively 

stained preparation of cells in stationary phase showing spherical bodies (s) and tail structures(t). Bar= 

lµm. c. Negatively stained preparation showing regular coiling of the cell. Bar= 1 µm 
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Figure 7.2 a-c Strain RI 19. Bl a. Thin section showing outer sheath (os), protoplasmic cylinder 

(pc) and two periplasmic flagella (pf). Bar= O.lµm. b. Negatively stained preparation showing 

protoplasmic cylinder(pc ), two peri plasmic flagella (pf) and outer sheath (as), with crenulations (er). 

Bar= O.lµm. c. Longitudinal thin section showing outer sheath (os), protoplasmic cylinder (pc) and a 

periplasmic flagellum (pf) anchored by an insertion disc (id). Bar= l.Oµm. 
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7 .1.3.4 Physiological and nutritional properties 

RI 19. BI did not grow in CBM4 minus the sulfide reductant. Growth occurred in 

CBM4 reduced with sulfide (3mM}, cysteine (2mM) or Ti-NTA (Moench and Zeikus 

I 983) but no growth was observed when thioglycollate (6.6mM) was used as a 

reductant. These results indicated the strict anaerobic nature of RI 19. B 1. 

Growth occurred over the pH range 6.25 to 7.15 but not at 6.05 or 7.25. The optimum 

pH for growth was 6.95. The temperature range over which growth occurred was 43 to 

73°C with an optimum between 64 and 66°C. No growth was detected at 42 or 76°C. 

Growth occurred at NaCl concentrations between 0.1 % (the lowest tested) and 2.5 %, 

with an optimum around 0.4 %. No growth occurred at 2.8 % NaCl. 

Growth did not require the presence of the vitamin supplement or yeast extract. No 

growth was detected on CBM4 containing no fermentable carbon source. 

Monosaccharides, disaccharides and polysaccharides served as fermentable substrates 

(Table 7.1) producing good growth in all cases. On cellulose, cell numbers in the 

medium above the substrate remained low until the cellulose was hydrolysed, indicating 

association with the substrate. The sugar alcohols, organic acids and amino acids tested 

did not serve as energy sources. Growth did not occur via the reduction of fumarate, 

nitrate, oxygen, sulfate or sulfur with glucose as the carbon source. lndole was not 

formed from L-tryptophan. Urea was not hydrolysed, nor was sulfide produced from L­

cysteine. Esculin was hydrolysed. 

Table 7.1 Substratesa utilized as energy sources by strain RI 19. B 1. 

AMYGDALIN 

ARABINOSE 

CELLOBIOSE 

FRUCTOSE 

GALACTOSE 

GLUCOSE 

MALTOSE 

MANNOSE 

SUCROSE 

XYLOSE 

AVICEL 

XYLAN 

GLYCOGEN 

PULLULA~ 

STARCH 

CELLULOSE 

Substrates tested but not utilized included : erythritol, glycerol, inositol, lactose, mannitol, 
mclezitosc, raffinose, rhamnosc, ribose, sorbitol, sorbosc, acctoin, trisodium citrate, 
sodium formate, disodium fumani.te, disodium malate, sodium pyruvate, sodium succrnate, 
L-arginine,sodium L-glutamatc, L-lysine a Substrate was added (to 0.1 °tf,) to CBM4 
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A typical growth curve for RI 19. B 1 is shown in Figure 7.3. The doubling time on 

l 0mM glucose under optimal conditions of NaCl concentration, pH and temperature 

was 199 min(µ= 0.21 h- 1). The pH of the media at the end of growth was 6.4 with 

complete utilization of 10 mM glucose. Strain RI 19. Bl fermented glucose to lactate, 

acetate, carbon dioxide and hydrogen. End-products not detected in culture supematants 

included formate, succinate and ethanol. The increase in acetate and lactate with growth 

and glucose consumption is shown in Figure 7 3. The fermentation products of glucose 

metabolism by RI 19. B 1 determined after 40 h growth at 65°C are shown in Table 7.2. 

The amount of CO2 produced could not be measured due to the high background as a 

consequence of using COifbicarbonate as the pH buffering system. Growth in the 

absence of CO2 was poor and inconsistent. Replacement of the COifbicarbonate by a 

phosphate (5 mM) or MOPS (50 mM) buffering system produced only poor or no 

growth. MOPS was not inhibitory at the same concentration when used in conjunction 

with COifbicarbonate. 
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Figure 7.3 Fermentation time course of strain 13-1 I 9. BI in CBM4 containing,glucos_~ 
as substrate. Experiments were performed rn 160 ml s~rum bottles. S_,mhol.LO 
culture density, A acetate,~ lactate, •glucose. 0D650: op11cal density at 650 nm. 
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Table 7.2 Fermentation stoichiometry and growth yields for strain RI 19. B 1 orown 
on glucose 0 

Expt Glucose Cell dry End-products (mmol/1) Dry weight 
used weight yield 
(mmol/1) (mg/I) lactate acetate H2 cell matter! (g/mol) 

1 5.9 111.0 l.4 6.0 12.l 0.7 19 
2 9.0 184.0 4.3 9.1 17.1 1.2 20 
3 7.8 160.0 3.4 7.4 14.7 l.0 21 

a Dry weight wa,; converted to a mmol/1 ,·aJuc using C6H 10_84-Nl.4~_07 as the empirical formula 
for cell material (Stouthamer 1979) 

7. 1.3.5 Antibiotic sensitivity 

Growth of RI 19. Bl was inhibited by penicillin. neomycin and polymyxin Bat 10 

µglml and by novobiocin at 100 µg/ml. Rifampin was not inhibitory at either of these 

concentrations. 

7.1.3.6 DNA base composition 

The guanine-plus-cytosine ratios of the DNA was 52.o+-/_ 1.0 mol%. 

7.1.4 DISCUSSION 

The isolate described here has been placed in the genus Spirochaeta on the basis of it 

being free-living, anaerobic, resistant to rifampin and having a morphology typical of 

Spirochaeta species (Canale-Parola 1984). Electron microscopy revealed the typical 

outer sheath enclosing the helical protoplasmic cylinder and two overlapping periplasmic 

flagella. Strain RI 19. B 1 is similar to the other Spirochaeta species in its ability to grow 

on a wide variety of sugars but not on amino acids or organic acids. Growth in the 

extremely thennophilic temperature range and utilization of polysaccharides by this 

isolate extends the growth and metabolic activities of the genus Spirochaeta. 

The glucose fermentation products differ from previously described species which 

produce ethanol as a major end product (the single exception is S. zuelzerae, which does 

not produce ethanol but produces succinate (Canale-Parola 1984)). Strain RI 19. B 1 



Page 122 

does not produce either ethanol or succinate from the fermentation of glucose. Strain RI 

19. B 1 apparently has a requirement for CO2 to allow optimum growth. Such 

requirements for many organisms have been documented and growth is often poor at 

low CO2 concentrations (Pirt 1975). Once growth has been initiated CO2 production 

from glucose should meet any requirement for biosynthetic reactions. 

·Future enrichments using the bicarbonate buffered medium described and used in this 

study may yield strains of Spirochaeta similar to RI 19. Bl from other thermophilic 

environments such as the cyanobacterial mat from which a 16S rcDNA sequence having 

94.3 % similarity with the sequence of S. halophila was isolated (Ward et al. 1990). 

Members of the genus Spirochaeta may also exist in marine thermal springs from which 

Thermotoga strains have been isolated. 

On the basis of the extremely thermophilic and polysaccharolytic nature of strain RI 19. 

B 1 which distinguishes it from previously described species we propose it be included 

in the genus Spirochaeta as a new species. Before assigning strain RI 19. Bl a species 

name it was compared with strain Z-1203 (Svetlichny et al. 1990a; Aksenova et al. 

1990) ( see section 7.2). 
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1.2 SPIROCHAETA THERMOPHILA, SP. NOV., AN OBLIGATELY 

ANAEROBIC POL YSACCHAROL YTIC EXTREMELY THERMOPHILIC 
BACTERIUM 

7 .2.1 INTRODUCTION 

The isolation and characterization of an obligately anaerobic, polysaccharolytic, 

extremely thermophilic spirochete, Spirochaeta sp. strain RI 19. 81, from a brackish 

(0.76 % NaCl) hot spring of neutral pH, on Raoul Island, Kermadec archipelago, New 

Zealand is described above (see chapter 3). A similar organism, strain Z-1203, was 

isolated from a marine hot spring on the beach of Shiashkotan Island, Kuril Islands, 

Kamchatka USSR (Svetlichny et al. 1990a; Aksenova et al. 1990). The two strains were 

further characterized and strain Z-1203T (T=type strain) designated the type strain of a 

new species, Spirochaeta thermophila. 

7.2.2 MATERIALS AND METHODS 

7.2.2.1 Strains 

Strain R1 19. B 1 (= DSM 6192) and strain Z-1203T (= DSM 6578) were obtained from 

culture collections in New Zealand and the USSR, respectively. The isolates described 

by Patel et al ( 1985b) did not survive long term storage and could not be used in this 

study. 

7 .2.2.2 Culture methods 

Strain RI 19. 8 l was grown on bicarbonate buffered medium CBM4 as described 

above (see section 7.1.2.1). Strain Z-1203T was grown on bicarbonate buffered 

medium CBM 15, which had the same composition as CBM4 with the NaCl and MgCl2• 

6H20 concentrations raised to 15 g/litre and 2 g/litre respectively. 

7 .2.2.3 Analytical techniques 

The physiological and metabolic properties, antibiotic sensitivity and the DNA base 

composition were determined as described above (see section 7.1.2.1). DNA-DNA 

homology between the two strains was calculated from the data of optical reassociation 

kinetics using the methods of DeLey et al. (1971). 
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7.2.3 RESULTS AND DISCUSSION 

7 .2.3.1 Thermophilic spirochete strains 

Strains RI 19. Bl was isolated as described in chapter 3. Strain Z-1203T was isolated 

from a marine hot spring near the beach of Shiashkotan Island, Soviet Far East 

(Svetlichny et al. 1990a; Aksenova et al. 1990). The salient chara-cteristics of the two 

strains and those of strain Rt3-BS I described by Patel et al (1985b) are shown in Table 

7.3. The morphology of strains RI 19. Bl and Z-1203T, together with their free-living 

nature and obligately anaerobic metabolism, places them in the genus Spirochaeta. The 

two isolates have guanine-plus-cytosine ratios of 52 mol %, their level of homology as 

determined by DNA-DNA hybridization is '61 %. 

7 .2.3.2 Morphological characteristics 

The helical cells of both strains exhibited regular coiling. Spherical bodies and tails 

similar to those observed in other spirochetes (Breznak and Canale-Parola 1975) were 

present in stationary phase. Electron microscopy revealed morphological features similar 

to those observed in other spirochetes (Fracek and Stolz 1985; Greenberg and Canale­

Parola 1976), including two periplasmic flagella and a central coiled protoplasmic 

cylinder, both of which were surrounded by a crenulated outer sheath. The periplasmic 

flagella were present in a 1-2-1 arrangement and were subterminally anchored by 

insertion discs. Thus, the two strains had morphological properties consistent with the 

properties of members of the genus Spirochaeta (Canale-Parola 1981; Canale-Parola 

1984). 

7.2.3.3 Nutritional characteristics 

Both strains utilized a wide range of monosaccharides, disaccharides and 

polysaccharides as energy sources; these included D-amygdalin, L-arabinose, cellobiose, 

o-fructose, D-galactose, D-glucose, maltose, D-mannose, sucrose, D-xylose, 

amorphous cellulose, microcrystalline cellulose (Avicel), glycogen, pullulan, starch and 

xylan. Substrates that were not utilized included erythritol, glycerol, inositol, lactose, D­

mannitol, melezitose, melibiose, D-raffinose, L-rhamnose, D-ribose, D-sorbitol, L­

sorbose, acetoin, trisodium citrate, sodium formate, disodium fumarate, disodium DL­

malate, sodium pyruvate, disodium succinate, L-arginine, sodium L-glutamate and L­

lysine. Growth did not occur via the reduction of fumarate, nitrate, oxygen, sulfate or 
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sulfur. Indole was not formed from L-tryptophan. Urea was not hydrolysed, nor was 

sulfide produced from L-cysteine. Esculin was hydrolysed. 

Glucose was fermented to acetate, carbon dioxide. hydrogen and lactate. Strain Z-1203T 

also produced isobutyrate as a minor end-product when grown in the presence of yeast 

extract. Studies of the enzymology of the metabolic pathways of these strains (Janssen 

and Morgan unpublished results) showed glucose was fermented via Embden­

Meyerhof-Parnas pathway and involved a pyrophosphate-dependent 

phosphofructokinase (EC 2.7.1.90) rather than an ATP-dependent phosphofructokinase 

(EC 2.7.1.11). Strain Z-1203T has a growth requirement for yeast extract which can be 

replaced by single amino acids including L-alanine, L-glutamate, L-valine and L­

isovaline. 

7 .2.3.4 Cultural characteristics 

Growth of both strains was inhibited by penicillin, neomycm, erythromycin, 

tetracycline, polymyxin Band novobiocin at 100 µg/ml. Rifampin and streptomycin at 

100 µg/ml were not inhibitory to either strain. The differences in the temperature and 

NaCl ranges shown in Table 7.3 may reflect the conditions prevailing at the site of 

isolation. The isolation of a similar strain from both a marine and a brackish thermal 

spring would encourage the search for further strains from freshwater thermal springs. 

The strains of Patel et al (1985b) did not grow above 60°C while strains RI 19. B 1 and 

Z-1203T grew to 73°C. 

7 .2.3.5 Taxonomic position 

The morphology of the strains RI 19. Bl and Z-1203T, together with their free-living 

nature and obligately anaerobic metabolism places them in the genus Spirochaeta. These 

organisms differ from previously described strains in their extremely thermophilic and 

polysaccharolytic nature. None of the previously described members of the genus 

Spirochaeta grow at temperatures above 6()0C and none have been shown to be 

pol ysaccharol yti c. 



Table 7.3 The characteristics of thennophilic spirochetes strains RI19. Bl, Z-1203T and Rt3-BS1 

Strain Cell size µm 

Z-1203T 0.2 - 0.25 X J 6 - 20 

RI19.Bl 0.2 X 10 • 50 

Rt 3-BSF 0.15 - 0.2 x 15 - 25 

Temperature range 

(opt) ° C 

40 - 73 (66 - 68) 

44 - 73 (64 - 66) 

20 - <60 (45 - 50) 

NaCl range 

(opt) % 

0.5 - 4.5 (1.5) 

0.1 - 2.5 (0.4) 

NA 

a Data from Patel et al. 1985b. T Type strain. NA= Data not available. 

pH range 

(opt) 

5.9 - 7.7 (7.5) 

6.2 - 7.1 (6.9) 

6.0 - 8.0 (7,0 - 7.5) 

Ethanol from Streptomycin , G+C mol 

glucose MIC (µg/ml) % 

>100 52 

>100 52 

+ <10 NA 

Source of isolate 

Marine hot spring 

Brackish hot spring 

Freshwater hot spring 

;o 
QQ 
~ -~ 
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The glucose fermentation end products differ from the previously described species, 

most of which produce ethanol as a major end product, the single exception being S. 

zuelzerae, which does not produce ethanol but produces succinate (Canale-Parola 1984). 

Strains RI 19. Bl and Z-1203T do not produce either ethanol or succinate from the 

fermentation of glucose. The trace amount of isobutyrate produced by strain Z-1203T 

has been shown to be a product of growth in the presence of yeast extract. Isobutyrate 

production has been demonstrated in the marine mesophilic spirochete S. isovalerica 

(Harwood and Canale-Parola 1983).The differences between strains RI 19. Bl and Z-

1203T and the other previously described members of the genus Spirochaeta (Canale­

Parola 1984-) are great enough to warrant a new species. A new species, Spirochaeta 

thermophila, is proposed for these isolates, with strain Z-1203T ( = DSM 6578) as the 

type strain. 

7 .2.3.6 Species description 

Spirochaeta thermophila sp. nov. ther.mo'phi.la. Gr. n. therme heat; Gr. adj. 

phi/a loving; M. L. adj. thermophila heat-loving. Single helical cells 0.2-0.25 µm by 

16-50 µm. Negative Gram stain reaction. No lysis of the cells occurs in 3 % KOH. An 

outer sheath encloses a protoplasmic cylinder; two periplasmic flagella are present in a 1-

2-1 arrangement and are subterminally anchored by an insertion disc. Strictly anaerobic 

chemoorganotroph. The temperature range for the type strain is 40 to 73°C (optimum, 

66 to 68°C). The pH range for the type strain is 5.9 to 7.7 (optimum, 7.5). The NaCl 

range for the type strain is 0.5 to 4.5 % (optimum, l.5 %) (doubling time, 70 min). The 

temperature, pH, and salinity parameters vary for different strains, reflecting the 

environmental conditions prevailing at the site of isolation. No reduction of fumarate, 

nitrate, oxygen, sulfate or sulfur occurs. Utilizes various mono-, di- and poly­

saccharides but not sugar alcohols, organic acids, or amino acids. Inhibited by 

penicillin, neomycin, erythromycin, tetracycline, polymyxin B, and novobiocin but 

resistant to rifampin and streptomycin. Fermentation end-products from glucose are 

acetate, carbon dioxide, hydrogen and lactate. Glucose fermented via Embden­

Meyerhof-Parnas pathway, involving a pyrophosphate-dependent phospho­

fructokinase. Ethanol and succinate are not produced. Indole is not formed; urea is not 

hydrolysed; sulfide is not produced from cysteine, and esculin is hydrolysed. The 

guanine-plus-cytosine content of the DNA is 52 mol % (as determined by the thermal 

denaturation method). Type strain Z-120Jr (= DSM 6578) was isolated from a marine 

hot spring near the beach of Shiashkotan Island, Kuril Islands, Soviet Far East, USSR. 
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7.3 THE 16S rDNA ANALYSIS OF SPIROCHAETA THERMOPHILA: 

ITS PHYLOGENETIC POSITION AND IMPLICATIONS FOR THE 

SYSTEMATICS OF THE ORDER SPIROCHAETALES 

7 .3.1 INTRODUCTION 

Ribosomal RNA oligonucleotide cataloging and 16S rRNA sequencing have shown the 

spirochetes to form a deep and coherent evolutionary group (Paster et al. 1984; Woese 

1987; Stanton et al. 1991). Two subgroups have been demonstrated within the phylum, 

one containing the leptospiras and the other the spirochetes, treponemas etc. From a 

phylogenetic point of view, however, the genus Spirochaeta is not coherent (Paster et al. 

1984-) as two Spirochaeta species (S. stenostrepta and S. zuelzerae) were shown to 

cluster in the Treponema group. The phenotypic diversity of this group was increased 

with the description of two strains of a thermophilic spirochete, i.e. S. thermophila (see 

section 7.2) one strain isolated from a brackish thermal spring on Raoul Island, New 

Zealand (see chapter 3), the other from a marine thermal spring, Kuril Islands, Soviet 

Far East (Svetlichny et al. 1990a; Aksenova et al. 1990) that have ability to grow 

optimally at 65°C. The phylogenetic position of extreme- and hyperthermophilic 

organisms has attracted considerable interest in that many of these organisms, i.e. 

thermotogas, thermi, thermomicrobia and the many archaeas actually represent 

descendants of ancient organisms. Here the phylogenetic position of S. thermophila 

strain RI 19. Bl is determined its 16S rDNA sequence is compared with the spirochete 

like sequences of Ward et al. (1990) and some aspects of the systematics of the order 

Spirochaetales are considered. 

7.3.2 MATERIAL AND METHODS 

7 .3.2.1 Growth conditions 

Sprirochaeta thermophila strain RI 19. Bl and Spirochaeta thermophila strain Z-1203'1' 

were cultivated in bicarbonate buffered medium 4 (CBM4) and 15 (CBM 15) 

respectively as described above (see section 7.1.2.1). 
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7 .3.2.2 Obtaining sequence data 

The isolation of genomic DNA, amplification of 16S rDNA, purification of PCR 

products and direct sequencing of PCR products was carried out as described in section 
6.2.2. 

7 .3.2.3 Data analysis 

The partial l6S rDNA sequence of S. thermophila strain RI 19. Bl was aligned to the 

16S rDNA/RNA sequences of 13 species from six spirochete genera which have been 

either published (Stanton et al. 1991) or are being made available through the Ribosomal 

Data Project, Urbana, Illinois. The GenBank accession numbers are as follows: 

Spirochaeta thermophila (submitted), S. halophila M34262, S. aurantia M57740, S. 

litoralis M34263, S. isovalerica M34260, S. :uel:erae M34265, S. stenostrepta 

M34264, Treponema phagedenis M57739, T. succinifaciens M57738, T. bryantii 

M57737, Serpulina hyodysenteriae M57743, Se. innocens M57744, and Leptonema 

illini M24118. Unsequenced regions of S. thermophila ( 1 through 37 and 1371 through 

1542, E.coli nomenclature [Woese et al. 1983] and regions of alignment uncertainties 

due to length variations (68 through 102, 198 through 219, 453 through 479, 904 

through 968, 1024 through 1045, 1133 through 1145) were omitted from the analysis. 

Equally weighted (Hamming) distances and percent similarities were calculated between 

each pair of sequences. The phylogenetic analysis was carried out by using the 

neighborliness method (Sattath and Tversky 1977: Fitch 1981). The algorithm is 

implemented as part of the program package SAGE (Technoma,GmbH, Heidelberg, 

FRG). 

7.3.3 RESULTS AND DISCUSSION 

The total length of the analysed 16S rDNA stretch of 5. thermophila strain RI 19. B 1 

contained 1333 nucleotides, covering the region between positions 38 and 1370 (£. coli 

numbering system). Attempts to determine the 3' terminus of the gene using the same 

primer as successfully used in the gene amplification step yielded unsatisfactory 

sequence information which was therefore omitted from the sequence analysis. A short 

stretch (position 980 through 1370) of the 16S rDNA sequence of a second strain of S. 

thermophila, namely strain Z- 1203T was analyzed and compared to the homologous 

region of strain RI I 9. B 1. The high degree of relatedness between the two strains, 

originally observed by the finding that their DNAs have 87 % similarity (see section 
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7.2.3. l ), is supported by high sequence similarity of 99.5 % over this region. 

Consequently, no further attempts were made to obtain the full sequence of strain Z­
l 203T. 

A matrix of binary similarity values and Hamming distances for S. thermophila strain RI 

19. B 1 and 13 spirochete reference strains from 6 genera is shown in Table 7.4. The 

Hamming distances (lower left triangle) were used for the generation of an unrooted 

phylogenetic dendrogram (Figure 7.4). The branching pattern remained stable whether 

Sporolactobacillus inulinus, Leptotrichia buccalis or Thermotoga maritima were used as 

a non-spirochete reference organism. 

Leptonema i!li111 

Serpulina innocens 

Serpulina hyodysellleriae 

.------------- Spirochaeta thermophi/a 

Spirochaeta aurantia 

Spirochaeta litoralis 

Spirochaeta isovalerica 

Spirochaeta halophila 
.__ ___________________ &Jrrelia burgdorferi 

Treponema bryantii 

Treponema succinifaciens 

Treponema phagedenis 

Spiroclweta zue/:erae 
L---------- Spirochaeta stenostrepta 

he scale represents ~O nucleotide exchanges. 

Figure 7.4 Dendrogram indicating the position of S. thermophila strain RI 19. B 1 

among other representatives of the order Spirochaetales. 

T 



Table?. 4 Percentage similarity between partial 16S rDNA sequences of Spirochaeta thermophila strain RI19. B 1 and other members 

of the order Spirochaetales (above the diagonal) and equally weighted (Hamming) distances between the 16S rDNA sequences (below 

the diagonal) 

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 

1. Spirochaeta aurantia 86.0 86.0 85.7 78.9 81.2 77.4 82.5 81.0 85.5 82.9 74.7 75.2 

2. Spirochaeta litoralis 165 90.5 86.7 78.1 81.0 76.2 83.5 80.1 82.6 84.4 75.3 75.3 

3. Spirochaeta isovalerica 165 112 87.8 78.3 81.6 77.5 84.8 81.2 83.9 84.5 76.5 76.7 

4. Spirochaeta halophila 169 157 144 78.9 81.6 78.1 83.6 81.5 84.8 86.1 79.2 78.8 

5. Borrelia burgdor/eri 249 249 256 249 76.3 71.0 83.5 77.4 77.1 75.2 72.5 72.7 

6. 'J'rcprmcma brya11tii 222 22'1 217 217 280 81.8 86.4 82.5 84.7 80.9 76.3 76.8 

7. 'f'rcprmcma .1·uc:ci11ifacicns 267 281 2(>5 259 343 215 79.4 79.1 80.6 79.7 71.5 72.1 

s. Spirochacta zuelzerac 207 195 179 194 194 161 243 88.1 89.6 83.5 77.1 77.6 

9. 'J'rcponcma phagcdcni.1· 22'1 235 222 219 264 207 247 140 84.9 79.9 76.4 76.5 

I 0. Spirochaeta stenostrepta 171 205 190 179 270 181 229 123 178 84.4 72.3 76.7 

11. Spirochaeta thermophila 202 184 183 165 293 225 240 194 237 184 72.2 76.8 

12. Scrr111lina hyodysc11tcriac 298 291 277 2'15 325 280 336 270 279 280 281 99.0 

1 3. Serpulina innocens 293 291 275 250 322 274 329 264 277 275 274 12 

14. Leptonema il/ini 267 273 265 272 328 284 314 282 299 273 236 284 284 

14. 

77.4 

76.9 

77.5 

77.0 

72.2 

75.9 

73 .4 

76.1 

74.7 

76.9 

80.0 

75.9 

75.9 ~ 
~ -w -
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All spirochetes constitute one of the several main lines of descent within the domain 

Bacteria as defined by Woese et al. ( 1990) in which members show a higher degree of 

relationships among each other than to members of any other major lineage (Paster et al. 

1984; Woese 1987). In addition, spirochete strains are characterized by a unique set of 

signature nucleotides of their 16S rRNA/DNA (Woese et al. 1985; Woese 1987). The 

dendrogram displays the presence of several sublines of descent; three of these, 

leptonema illini, Serpulina species and Borrelia burgdorferi, contain one or two species 

only. The majority of spirochetes, i.e. species of Spirochaeta and Treponema, form two 

neighbouring clusters which, as determined by their position within the dendrogram, 

embrace the most recently evolved spirochete species. As observed previously by 16S 

rRNA cataloging (Paster et al. 1984) certain organisms which have been assigned to the 

genus Spirochaeta, i.e. S. stenostrepta and S. :uelzerae, appear to be more closely 

related to members of Treponema than they are to the main Spirochaeta group (Figure 

7.4). Members of the latter group will in the following be referred to as the authentic 

Spirochaeta species, i.e. S.aurantia, S. litoralis, S. isovalerica and S. halophila. This is 

done despite the fact that no information is available on the phylogenetic position of the 

uncultured type species S. plicatilis (Canale-Parola 1981; Wayne 1982) since it has not 

as yet been subjected to rRNA analysis. 

16S rDNA analysis clearly confirms the species status of S. thermophila as described 

above (see section 7.2). It branches off close to the common root of the two clusters of 

treponemas and authentic Spirochaeta/Borrelia. S. thermophila shows the highest 

similarities with Spirochaeta species (82.9 to 86. 15 %) while those with Treponema 

species are slightly lower (79.7 to 80.9 % ) (Table 7.4). S. thermophila possesses 

almost all signature nucleotides of spirochete 16S rRNNDNA (Woese et al. 1985), with 

two exceptions. The first exception refers to position 52, where strain RI 19. B 1 

contains a G-residue instead of the A-residue which is unique for spirochetes. A second 

significant exception from the conserved sequence is the presence of a G-residue at 

position 1212, usually occupied by a U-residue. There is no explanation for these 

differences, but the possibility of errors introduced by either Taq polymerase or 

Sequenase.cannot excluded It should also be mentioned that in contrast to the published 

data (Woese 1987) position 698 is occupied by a C-residue and not by a G-residue in all 

spirochetes investigated. 

The isolated position of S. thermophila between the Leptonema/Serpu/ina and the 

Spirochaeta/Borrelia/Treponema groups is supported by the presence of nucleotides 

unique to this species (position 182-G; 359-C; 578-G; 763-C; 1216-C, 1257-G, and an 

inserted C between positions 1361 and 1362). Its almost equidistant relationship to 
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members of neighbouring sublines is indicated by the distribution pattern of specific 

nucleotides shared by this species and members of adjacent groups (Table 7.5 ). It is 

worth noting that the majority of those nucleotides common to S. thermophila and 

members of the more ancient genera Serpulina and Leptonema are either G- or C­

residues. Apparently they constitute the ancestral character in these positions because 

many of them are also found in the 16S rDNA sequence of Thermotoga maritima, an 

organism representing an ancient line of descent (Achenbach-Richter et al. 1987). The 

phylogenetic position of S. thermophila in relation to the Spirochaeta/Treponema/­

Borrelia cluster is supported by the presence of a long version of region 452 to 480 (E. 

coli nomenclature), absent in members of Leptonema and Serpulina. Genetic and 

metabolic properties support the intermediate position of the thermophilic strain, eg. the 

mot% G+C value of the DNA of S. thermophila is 52%, falls between the values 

described for the members of Spirochaeta (50 to 66 % ) and Treponema (37 to 46 % ) 

(see Smibert 1984),and S. thermophila and T. succinifaciens are the only two 

spirochetes reported to have polysaccharolytic activities. 

A stretch of 21 nucleotides located between positions 290 and 310 (GGG GUC UGA 

GAG GAU GGC CCC) is so unique to S. thermophila that it could be used for species 

identification via sequencing, PCR assay or oligonucleotide probing of pure isolates or 

environmental samples. Taxon-specific sequence information is becoming increasingly 

useful in molecular ecology studies where initial information is in the form of DNA or 

RNA sequences (Giovannoni et al. 1990; Stackebrandt 1992). 

Recently, Ward et al. (1990) described the recovery of 16S rcDNA sequences from a 

cyanobacterial mat of Octopus Spring (Yellowstone, Mo, USA). We have used 358 

nucleotides (position 990 through 1370, excluding ambiguous sequence stretches) of 

three type H sequences as defined by Ward et al. (1990), for comparison with S. 

thennophila. The matrix of binary similarity values and Hamming distances for S. 

thermophila strains RI 19. Bl, Z-12031', the type H sequences and five Spirochaeta 

species is shown in Table 7.6. On the basis of this rather small data set, the three type H 

sequences were almost identical to each other (95.3 % ) showing an almost equidistant 

relationship to the sequences of S. halophila (90.8 % ) and S. thermophila (88.9 % ). The 

latter two species shared 87.4 % similarity in this region. Sequence differences together 

with the ecological niche from which these sequences were recovered were interpreted 

as belonging to an as yet uncultivated thermophilic spirochete (Ward et al. 1990). This 

work has confirmed their observation but results of this study exclude the possibility 

that these Octopus spring sequences of type H belong to S. thermophila. 



Table 7 .5 Distribution pattern of specific nucleotides showing the isolated, intennediate position of S. thermophila strain RI 19. B 1 

among the spirochetes from various genera. 

Organisms 
Position Nucleotide 

Sp. l. Sp.h. Sp. a. Sp. i. Sp. I. Sp. z. Sp. s. T. b. T. p. T. s. B. b. Se. i. Se. h. ln. i. 
1Position 

48 C + + + + + + + + + 
108 G + + + + 
111 G + + + + + 

241-285 C-G + + + + + + + + 
269 u + + + + + + + + 
366 C + + + + + + + + 

409-433 G-C + + 
442-492 C-G + + 
443-491 C-G + + + 

449 A + + + + + + 
489 C + 
490 u + 
534 u + + + + 
564 C + + 

681-709 C-G + + + 
713 G + + + 

840-846 G-C + + + 
986-1219 A-U + + + + + 

1145 C + + + 
1154 G + + + + + + + + + 
1155 G + + + + + + + + 
1295 u + + + + + + + 

Abbreviations: Sp. t., Spirochacta thcrmophi/a, Sp.h., S. halophila, Sp. a., S. aurantia, Sp. i., S. isova/erica, Sp. /., S. litoralis, Sp. z., S. zuc/zcrae, Sp. s .. S. steno- ;:,o 
strepta, T. b., Treponema bryantii, T. p .. Treponema phagedenis, T. s., Treponema succinifaciens, B. b., Borrelia burgdorferi, Se. i., Serpulina innocens, 

(1Q 
~ 

Se. h., Se. hyodysenteriae, ln. i., leptonema illini. 1 Positions refer to the E.coli numbering system (Woese et al. 1983). -w 
+:>, 



Table 7.6 Percentage similarity between partial 16S rDNA sequences (358 nucleotides) of Spirochaeta thermophila 

strain Rll 9. B 1, Spirochaeta thermophila strain Z-12Q3T, type H sequences from Octopus Spring, other members of 

the genus Spirochaeta and an unrelated organism Sporolactobacillus inulinus (above the diagonal) and equally weighted 

(Hamming) distances between the 16S rDNA sequences (below the diagonal). 

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 

1. Spirochaela halophila 87.4 87 .1 90.5 91.1 90.2 87 .1 87.4 87.7 79.3 

2. Spirochaela lherrrwphila (6192) 45 99.7 88.8 89.1 88.5 86.9 90.5 88.5 82.1 

3. Spirochaela therrrwphila (6578) 46 1 88.5 88.8 88.3 86.6 90.2 88.3 81.8 

4. Type H sequence OS 34 40 41 99.7 99.2 88.3 88.0 87.7 81.3 

5. Type H sequence OSI 32 39 40 1 99.4 88.8 88.3 88.0 81.8 

6. Type H sequence OSil 35 41 42 3 2 88.3 87.7 87.4 81.0 

7. Spirochaela auranJia 46 47 48 42 40 42 89.9 90.2 82.4 

8. Spirochaela litoralis 45 34 35 43 42 44 36 94.1 84.1 

9. Spirochaela isovalerica 44 41 42 44 43 45 35 21 83.1 

10. Sporolactobacilus inulinus 74 64 65 67 65 68 63 57 61 

;p 
00 
0 -v.) 

Vl 
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7.3.4 CONCLUSION 

The finding that validly-described species of the genus Spirochaeta occupy three 

different positions in the phylogenetic tree of spirochetes brings into question the present 

taxonomy of this group. In order to obtain phylogenetic coherence, two alternative 

solutions to this problem exist. Firstly, all non-Spirochaeta species, i.e. borrelias, 

treponemas and eventually Cristispira (once its phylogenetic position becomes available) 

included in the confines of the phylogenetically defined Spirochaeta cluster, must be 

transferred into the genus. In this case, the family-specific characters could be used to 

circumscribe the amended genus Spirochaeta. On the other hand, the definition of this 

genus would then be extremely broad, containing both free -living and host-associated 

organisms, obligate and facultative anaerobes as well as aerobes, and a DNA mol% 

G+C range of 36 to 65 %. Such a solution would not improve the taxonomy of this 

group. Secondly, the genus Spirochaeta could be split into two genera, one containing 

the authentic species, and a second for S. thermophila. Significant phenotypic 

characteristics such as extreme thermophily, polysaccharolytic activity, and the lack of 

ethanol and/or succinate formation from the fermentation of glucose, along with its 

phylogenetic position may enable S. thermophila to be assigned to a separate genus. S. 

:uelzerae should be reclassified as a member of Treponema, the genus to which it was 

originally assigned on the basis of serology (Veldkamp 1960). In order to maintain the 

phylogenetic coherency of Treponema (Figure 7.4), S. stenostrepta should also be 

transferred into this genus. 

The problem we face at present is the lack of information regarding which group the 

type species of both Spirochaeta and Treponema, (S. plicatilis and T. pallidum ) belong 

phylogenetically (although the the 16S rRNA of the latter species has apparently been 

sequenced [Stanton et al. l 991J, the sequence has not as yet been made available). 

Previous attempts to replace the uncultured type species S. plicatilis by the cultured 

organism S. stenostrepta failed, because of rule 18a of the Bacteriological Code (Lapage 

et al. 1975), which "does permit a description to serve in place of a type culture for a 

taxon that has not yet been cultivated in the laboratory". On the basis of the phylogenetic 

information now available the choice of S. stenostrepta as a neotype would have been an 

unwise decision. Until the phylogenetic position of these uncultured type strains is 

determined (as recently done for a Cristispira strain I Pelletier et al. 1991 J) no further 

progress in the systematics of the Spirochaetales is possible. 
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7 .4 GENERAL CONCLUSION 

The isolation of S. thermophila (Strain RI 19. Bl) has extended the phenotypic diversity 

of the organisms classified within the Spirochaetales. The designation of strains Z-

12Q3T and RI 19. B 1 to the genus Spirochaeta extends the diversity of this genus to 

include organisms that are extremely thermophilic in their growth temperature range and 

organisms that have the ability to utilize polysaccharides including cellulose. The ability 

of S. thermophila to degrade polysaccharides raises some questions about the role of 

spirochetes in the natural environment where they were previously considered to utilize 

only the carbohydrates released from the metabolic activity of other microorganisms. 

Future studies may show that spirochetes do play a role in the degradation of 

polysaccharides in non-thermophilic environments. If this is not the case then it may be 

considered that the more ancient member of the genus Spirochaeta is the only member 

of this group with the ability to metabolize more complex carbohydrates. 

It has been found that two isolates from geographically distant sites have very high 

similarity both in phenotypic and genotypic characteristics, the only differences being 

their NaCl and pH optima which reflect the environment from which they have been 

isolated. In the case of strain RI 19. B 1 it may have adapted to the brackish conditions 

when introduced from the marine to the lower NaCl environment as a result of the 

physical changes in its habitat. 

The phylogenetic study in which the 16S rRNNDNA sequence information on a large 

range of organisms from the Spirochaetales was brought together for analysis supported 

the previous phyloge_netic tree obtained from catalogue information. S. thermophila was 

found to have most of the signature nucleotides of spirochete 16S rRNNDNA. The 16S 

rDNA analysis clearly confirmed the species status of S. thermophila which branches 

off close to the common root of the two clusters of treponema and authentic 

Spirochaeta/Borrelia. The results of Ward et al (1990) that showed sequences recovered 

from a thermophilic cyanobacterial mat were from an as yet uncultured spirochete have 

been confirmed and the possibility that S. thermophila was that organism has been 

excluded. A stretch of 21 nucleotides unique to S. thermophila has been identified which 

could be used in identification of pure isolates or the detection of this organism in 

environmental samples. Such studies would be useful in determining the distribution of 

S. thermophila in the thermal spring environment. The present taxonomy of the 

Spirochaetales is brought into question by the finding that validly described species of 

the genus Spirochaeta occupy three different positions in the phylogenetic tree. 
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7 .5 ADDENDUM 

Paster et al. ( 1991) carried out a full phylogenetic analysis of the spirochetes. 16S rRNA 

sequences were determined for species of the genera Spirochaeta. Treponema. Borrelia, 

leptospira, Leptonema, Serpulina, and various unidentified spirochetes including a 

moderately thermophilic isolate. The analysis showed the spirochetes to form a coherent 

taxon composed of six distinct and deeply branching groups: Treponema. Spirochaeta. 

Borrelia, Serpulina. the leptospires and a single member group containing the shrew 

isolate. The phylogenetic tree produced in the Paster et al. (1991) study (Figure 7.7) 

shows a high correlation with the tree produced in the study described in section 4.3 

(Figure 7.4). The inclusion of a moderately thermophilic spirochete strain Hl (not 

previously described in the literature), and its grouping within the treponema group 

further extends the diversity of thermophilic microorganisms. The phylogenetic position 

of strain Hl clearly differentiates it from Spirochaeta thermophila strain RI 19. Bl. 

Tre[XJnema phngedenis 

---- Treponema de111icola 

Spirochaeta zuelzerae 

------ Treponema pallidum 

..--- Spiroclwela stenoslrepta ------ Thermophilic spirochete HI 

Trepo11e1ru1 hryantii 

------ Treponema pectinovorum 

..-------- Treponema saccharophi/um 

..----- Treponema sp. CA 
,__ _______ Treponema s11cci11ifacie11s 

..-------- Spirochaeta auralllia 

Spirochaeta lzalop/zila 

------- Spirochaela bajacalafomiemis 

..----- Spirochaeta litoralis 

-----Spirochaeta isova/erica 

Bo"elia burgdorferi 

Borrelia sp. 19941 

Bo"elia henmii 
.__ ______________ Shrew spirochete 11616 

Serpulina lzyodysellferiae 

Serpulina i1111oce11s 

.....--------- /.,epl01U!111ll ilfilll 

l..eplospira bijlexa 

L----- LRpto:,pira i11terroga11s 

L-------- Escherichia coli 
Figure 7.5 Phylogenetic tree of the spirochetes, with F. coli as_the outgroup._The ~cale ba~ rep~esent~ 
a 10% difference in the nucleotide sequence as determined by takmg the sum ol all ol the honzontal Imes 
connecting two species. (Reproduced from Pa<;tcr cl al. 1991) 
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CHAPTER 8 

THE CHARACTERIZATION AND PHYLOGENETIC ANALYSIS OF 

AN EXTREMELY THERMOPHILIC BACTERIUM BELONGING TO 
THE "THERMOTOGALES" 

INTRODUCTION 

The order Thermotogales at present contains three genera, Thermotoga, Thermosipho, 

and Fervidobacterium (Patel et al. 1985a; Huber et al. 1989; Huber et al. 1990). These 

genera have been defined using both phenotypic and phylogenetic approaches. 

Phylogenetic studies have shown these genera to represent the deepest branch and the 

slowest evolving lineage within the bacteria (Huber et al. 1986; Achenbach-Richter 

1987; Weese 1987; Huber et al. 1989; Huber et al. 1990). 

This chapter describes the characterization of an extremely thermophilic Thermotoga­

like organism strain RI 19. 82, the determination of its phylogenetic position and its 

designation to the genus Thermosipho. The full description of this organism is 

included in this thesis on cellulolytic thermophiles because it was found to have 

cellulase activity, but was not able to grow on cellulose as a sole carbon source. 
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8.1 INTRODUCTION TO THE THERMOTOGALES 

The organisms assigned to the order Thermotogales are Gram reaction negative, 

rodshaped, anaerobic thermophilic bacteria. A sheath-like envelope referred to as a 

"toga" surrounds the cells and usually balloons over the ends. Lipid analysis has 

shown this group of organisms to have C28 to C34-dicarboxylic fatty acids containing 

either a single internal 15-methyl or 15, 16-dimethyl branches. The characteristics of 

these organisms, along with those of the isolate described in this chapter, are shown 

in Table 8.1. 

8.1.1 THE GENUS THERMOTOGA 

The genus Thermotoga contains the species Thermotoga maritima, Thermotoga 

neapolitana, and Thermotoga thermarum (Huber et al. 1986; Jannasch et al. 1988; 

Windberger et al. 1989). The ability to grow at temperatures up to 90°C makes T. 

maritima and T. neapolitana the most extremely thermophilic microorganisms within 

the bacteria so far isolated. All of the Thermotoga species have been isolated from 

saline environments, T. maritima from marine hydrothermal systems, T. neapolitana 

from both marine and low salt continental hot springs and T. thermarum which grows 

at low salinity from low salt continental hot springs. 

T. maritima was the first species assigned to the genus Thermotoga on the basis of its 

unique morphology, growth at 90°C and its phylogenetic position as shown by 16S 

rRNA sequence analysis (Huber et al. 1986). Jannasch et al. (1988) described a 

similar organism, strain NS-E, isolated from a submarine thermal vent near Naples, as 

a second species of the genus Thermotoga, namely T. neapolitana. The designation of 

a new species was on the basis of its immotility, growth rate, DNA base composition 

and DNA homology when compared with T. maritima. The third species of the genus 

Thermotoga, T. thermarum, was isolated from a geothermally heated continental, low 

salinity environment in Djibouti and was designated a new species on the basis of the 

lack of significant DNA homology with T. maritima and T. neapolitana. It also 

differed in its ability to grow at low salinity and its high sensitivity to rifampin 

( lµg/ml). A strain of T. neapolitana was also isolated from the same low saline 

environment (Windberger et al. 1989). 



Table 8.1 Comparison of the characteristics of the members of the Thermotogales and strain RI 19. B2 
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8.1.2 THE GENUS THERMOS/PHO 

Huber et al. ( 1989) described a new genus within the Thermotogales and designated 

strain Ob7 a new species, namely Thermosipho africanus. Strain Ob7 was isolated 

from a shallow marine thermal system in Djibouti. The cells were morphologically 

similar to Thermotoga species in possessing a sheath-like envelope with ballooning 

ends. ln contrast to Thermotoga one tube-like envelope surrounded up to twelve 

Thermosipho cells. Ts. africanus showed other differences to the previously described 

Thermotoga species, these included a much lower growth temperature range (35-

77°C), a lower G+C content of the DNA (30 mol%) and no serological cross-reaction 

of the RNA polymerase with the same enzyme from T. maritima. Phylogenetic studies 

of the l6S rRNA sequence were reported to show Ts. ajricanus to exist at the level of 

a new genus within the Thermotogales branch. The fact that Ts. ajricanus required 

cysteine for growth and was unable to grow on carbohydrates also differentiated it 

from the Thermotoga species. 

8.1.3 THE GENUS F ERVIDOBACTERIUM 

The genus Fervidobacterium was described by Patel et al. (1985a), the type species F. 

nodosum having been isolated from a freshwater hot spring in New Zealand. This rod­

shaped, Gram-reaction negative, anaerobic thermophilic bacterium was shown to form 

spheroids in the late phase of growth. lt was not until Huber et al. (1990) isolated a 

second species of the genus Fervidobacterium , namely F. islandicum , that the 

phylogenetic position of the genus was determined. 16S rRNA sequence analysis 

showed F. nodosum and F. islandicum to belong to the order Thermotogales. Other 

similarities between the Fervidobacterium species and the other members of the 

Thermotogales include the spheroid-forming outer layer which may be a structural 

homologue of the toga, the possession of lipids up to now only found in members of the 

Thermotogales, and inhibition by hydrogen. The differences reported between F. 

nodosum and F. islandicum include the growth of F. islandicum being stimulated by 

the addition of cellulose, the 6% higher G+C content of F. islandicum (40 mot%) and 

the lack of sionificant DNA homology between the two species (Huber et al. 1990). 
0 
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8.2 CHARACTERIZATION AND PHYLOGENETIC ANALYSIS OF 
STRAIN RI 19. B2 

8.2. l INTRODUCTION 

The isolation of a Thermotoga-like organism designated strain RI 19. B2 was described 

in chapter 3 section 3.3. The cells had the characteristic sheath-like structures of 

members of the Thermotogales. Below is a description of the full characterization and 

phylogenetic analysis of strain RI 19. 82, on the basis of which it was assigned to the 

genus Thermosipho. 

8.2.2 METHODS AND MATERIALS 

8.2.2. l Medium and culture conditions 

The new isolate was grown in bicarbonate-buffered medium 10 (CBMlO). CBMlO had 

the same composition as CBM4 (section 7.1.2.1) with the NaCl and the MgCl2.6H20 

increased to 10.0g/l and l.5g/l respectively. To enhance the growth of strain RI 19. B2 

yeast extract and trypticase were added to CBMlO at lg/l and 2g/l respectively 

(CBMl0YT). All incubations were at 65°C unless otherwise stated. 

8.2.2.2 Characterization methods 

The methods used for electron and light microscopy, growth and metabolic 

characterization, and determination of G+C content were as described in chapter 7, 

section 7.1. The utilization of carbon sources was tested in CBMlOYT, the test substrate 

being added at lg/l. After 18h incubation the OD650 was recorded. Polysaccharolytic 

degradation was tested by the radial diffusion method as described in section 4.2.2.6. 

8.2.2.3 Phylogenetic analysis 

The oenomic DNA isolation, the amplification and sequencing of the 16S rDNA was as 
0 

described in chapter 6. The partial 16S rDNA sequence of strain RI 19. B2 was aligned 

with the l 6S rDNA/RNA sequences of four members of the Thermotogales which were 

made available through the Ribosomal Data Project, Urbana, Illinois. Unsequenced 

regions of RI 19. B2 (I through 12 and 1371 through 1542, £. coli nomenclature 
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(Woese et al. 1983) and regions of alignment uncertainties due to length variation (70 

through 97, 190 through 225, 406 through 481, 839 through 845, 999 through 1037, 

1128 through 1145, 1198 through 2012) were omitted from the analysis. Equally 

weighted (Hamming) distances and percent similarities were calculated between each 

pair of sequences. The phylogenetic analysis was carried out by using the 

neighborliness method (Sattath and Tversky 1977: Fitch 1981 ). The algorithm is 

implemented as part of the program package SAGE (Technoma, GmbH, Heidelberg, 
FRG). 

8.2.3 RESULTS AND DISCUSSION 

8.2.3.1 Source of isolate 

Strain RI 19. B2 was isolated from sample spring RI 19 taken at the edge of Green 

Lake, Raoul Island, Kermadec archipelago, New Zealand as described in chapter 3. The 

characteristics of strain RI 19. B2 are compared in Table 8.1 with those of the members 

of the Thernwtogales previously described. 

8.2.3.2 Morphology 

The new isolate was a rod-shaped bacterium measuring 0.6-0.7µm by 2.5-6.0µm 

during growth on CBM lOYT with cellobiose ( IOmM) as a substrate (Figure 8.1 a). The 

cells gave a negative Gram-staining reaction. The cells were surrounded by a sheath-like 

structure, ballooning over the ends (Figure 8.1 b). This structure was visible in all 

phases of growth. Single or pairs of rods were dominant in the early log-phase while 

chains of four to six cells were present in the mid-log-phase. In the early stationary­

phase chains of bacterial cells up to sixteen in length could be observed, all of which 

were surrounded by the sheath-like structure (Figure 8.1 a). In the late stationary-phase 

of growth the majority of cells became large spheres. The formation of long chains in 

early stationary-phase and spheres in late stationary-phase was also reported in Ts. 

africanus (Huber et al. 1989), and used as a characteristic to differentiate it from the 

isolates of the genus Thermotoga. 



a 

• ~ .I 

Figure 8.1 a, b. Strain Rl 19. B2. a. Negatively stained preparation of early stationary-phase cells in chain formation, 

surrounded by a sheath-like structure. Bar= lOµm. b. Thin section showing sheath-like structure ballooning over the ends. 

Bar= l.Oµm. 
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8.2.3.3 Physiological and nutritional properties 

Strain RI 19. 82 grew over the pH range 6.0 to 8.0 but not at 5.5 or 8.5. The optimum 

pH for growth was 7.0. Growth occurred over the temperature range 37 to 77°C with an 

optimum of 63°C. No growth was detected at 34 or 79°C. The NaCl concentration range 

over which growth occurred was 0.1 to 2.5%, with an optimum around 1.0%. No 

growth occurred at 3.0%. It can be seen from Table 8.1 that the temperature and salinity 

ranges permitting growth vary between the different genera and species of the 

Thermotogales. The optimum temperature and salinity values in most cases reflect the 

environmental conditions prevailing at the sample site. Ts. africanus was isolated from a 

site with a temperature range of 58-70°C (Huber et al. 1989), while Thermotoga was 

isolated from a sample site with a higher temperature range (70-100°C) (Huber at al. 

1986). Strain RI 19. 82 was isolated from a sample at 65°C whch is within the 

temperature range of the sample from which Ts. africanus was isolated. The NaCl was 

greater than that of strain Spirochaeta thermophila strain RI 19. 81 which was isolated 

from the same sample indicating that the environmental conditions at the sample site may 

not be optimal for the microrganisms surviving in them. 

Only slight growth occurred in the absence of yeast extract, which indicates that there 

was a growth factor in the original enrichment sample since the enrichment culture did 

not contain yeast extract. Strain RI 19. 82 did not grow in C8MIOYT minus the sulfide 

reductant, but both cysteine-HCl (2mM) and Ti-NTA served as reducing agents. 

Cysteine-HCl was not required for the growth of strain RI 19. 82. This is in contrast to 

Ts. africanus which requires cysteine-HCl for growth (Huber et al. 1989). A range of 

carbon sources were found to enhance the growth of strain RI 19. 82 as shown in Table 

8.2. Substrates tested that did not enhance growth included amino acids, sugar alcohols, 

cellulose and xylan. Huber et al. (1989) reported that Ts. africanus did not grow on a 

ranoe of carbon sources but did not specify if this was in the presence or absence of 
0 

yeast extract, therefore a comparison cannot be made. Glucose was fermented to lactate 

and acetate, ethanol was not detected. 

8.2.3.4 Polysaccharide degradation 

The ability of strain RI 19. 82 to degrade various polysaccharides was compared with 

that of the other members of the Thermotogales. The results are shown in Table 8.1. 

Figure 8.2 shows the typical radial diffusion assay plate results, indicating the strong 

polysaccharolytic activity detected. 



Figure 8.2 a-c. Typical radial diffusion 

assay plate results, showing polysaccharo­

lytic activity. a. CMC plate. b. Gum karaya 

plate. c. Glycogen plate. Plates stained as 

described in section 4.2.2.6. 
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These results show RI 19. 82 to have a range of polysaccharolytic activities which are 

also present in other organisms of the Thermotogales. These results correlate with the 

reports of cellobiohydrolase activity in a Thermotoga species (Ruttersmith and Daniel 

1991) and the study of amylase activity in T. maritima (Schumann et al 1991). 

Table 8.2 Polysaccharolytic activity in Thermotogales 

Pol ysaccharide T.mar T.neap Ts. afric RI 19.82 

Starch + + + 

Xylan 

Gum Karaya + + 

Mannan (yeast) 

Arabanogalactan + + 

Gum Locust Bean + + + 

Lichenan + + + + 

Laminarin + + + + 

CMC + + + + 

8.2.3.5 Antibiotic sensitivity 

Growth of strain RI 19. 82 was inhibited by penicillin, streptomycin, neomycin, and 

polymyxin at IOµg/ml. No inhibition was observed when rifampin was added at 

lOµg/ml but at lOOµg/ml it was found to be inhibitory. This inhibitory effect of rifampin 

at lOOµg/ml was also found inn. africanus (Huber et al. 1989). T. maritima and T. 

neapolitana were both found to be resistant to rifampin at lOOµg/ml (Huber et al. 1986; 

Jannasch et al. 1988). 



Table 8.3 Substrates enhancing the growth of strain RI 
19. 82 

Substrate OD650 at 18h 

No addition 0.13 

Cellobiose 0.50 

D-Glucose 0.62 

D-Xylose 0.19 

D-Fructose 0.65 

D-Galactose 0.25 

Maltose 0.20 

Starch 0.40 

8.2.3.6 DNA base composition 
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The DNA base composition of strain RI 19. 82 was 32 mo!% GC as determined by 

thermal denaturation. This value is similar to that of Ts. africanus at 30 mol% GC 

(Huber et al. 1989) and much lower than the Thermotoga species with values in the 

range 40-46 mol% GC (Huber et al. 1986; Jannasch et al. 1988; Windberger et al. 

1989). 

8.2.3. 7 Phylogenetic analysis 

The total length of the I 6S rDNA stretch of RI 19. 82 sequenced was 1358 nucleotides, 

covering the region between positions 13 and 1370 (£. coli numbering system). A 

matrix of binary similarity values and Hamming distances for strain RI 19. 82 and four 

other members of the Thermotogales is shown in Table 8.3. The Hamming distances 

(lower left triangle) were used for the generation of the phylogenetic dendrogram 

(Figure 8.2). The branching pattern remained stable when either Thermococcus celer or 

Thermus thermophilus were used as non-Thermotogales reference organisms. 



Table 8.4 Percentage similarity between partial 16S rDNA 

sequences of strain RI 19. B2 and other members of the 

Thermotogales (above the diagonal) and equally weighted 

(Hamming) distances between the 16S rDNA sequences 

(below the diagonal). 

]. 2. 3. 4. 5. 

l. F. nodosum 95.8 90.8 91.7 89.5 

2. F. islandicum 48 90.3 91.4 88.6 

3. RI 19. B2 105 111 99.8 91.5 

4. E. africanus 95 99 5 92.2 

5. T. maritima 120 131 97 89 
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On the basis of 16S rDNA sequence RI 19. B2 is most similar to E. africanus, with 

99.8% homology between the two strains. A difference of 8.5% was found over the 

stretch of sequence analysed between strain RI 19. B2 and T. maritima. Huber et al. 

( 1989) in reference to the difference between T. maritima and Ts. africanus suggested 

that due to the slow evolving nature of the Thennotogales lineage, differences in this 

range are more significant and would correspond to larger differences in any other 

eubacterial group. The 16S rDNA sequences of strain RI 19. B2 and E. africanus were 

found to differ in only five base positions. 

~---- F. nodosum ______ ___, 
.__ ______ F. islandicwn 

r- RI 19. 82 
L-------------,L Ts. africanus 

T. maritima 

The scale represents 10 nucleotide exchanges. 

Figure 8.3 Dendrogram indicating the position of strain RI 19. B2 among the other 

representatives of the Thermotogales. 
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From this data it is clear that strain RI 19. 82 is a member of the genus Thermosipho but 

if it is a new species is not clear. As discussed in chapter 6 organisms with 16S rDNA 

similarities in the 99.5-99.8 range were shown to have DNA-DNA homology values of 

less than 50% which is considered within the species definition. DNA-DNA 

hybridization data may help to determine the true position of strain RI 19. 82 within the 

genus Thermosipho. 

8.2.4 CONCLUSION 

The new isolate described in this study is a rod-shaped thermophilic bacterium with a 

surrounding sheath-like envelope characteristic of the members of the Thermotogales. 

Both phenotypic and phylogenetic characteristics have been used in the characterization 

of strain RI 19. 82. Chain formation of strain RI 19. 82 cells in the early stationary­

phase was similar to that observed in Ts. africanus. The temperature range of strain RI 

19. 82 (37-76°C) was in the range of that described for Ts. ajricanus (35-77°C) and 

was much lower than that of T. maritima (55-90°C). Strain RI 19. 82 had a GC content 

of 32 mol% which is 14 mol% lower than that of T. maritima and similar to that of Ts. 

africanus (30 mol%). In contrast to the resistance of Thermotoga species to rifampin at 

lOOµg/ml, strain RI 19. 82 and Ts. ajricanus are resistant at concentrations of lOµg/ml 

but totally inhibited at lOOµg/ml. Strain RI 19. 82 was found to be similar to other 

members of the Thennotogales in expressing polysaccharolytic activities but not utilizing 

the polysaccharide as the sole carbon source. 

Phylogenetic studies of the 16S rDNA sequence revealed that the new isolate is a 

member of the Thennotogales branch and a member of the genus Thermosipho. The 

high degree of homology between strain RI 19. 82 and Ts. africanus (99.8%) was in 

contrast to the lower level of homology between strain RI 19. 82 and T. maritima 

(91.5% ). In order to determine the status of strain RI 19. 82 at the species or subspecies 

level, DNA-DNA hybridization data will be required. 

Some phenotypic differences were found between strain RI 19. 82 and T\·. africanus. 

These included the growth enhancement of strain RI 19. B2 by a range of carbon 

sources, while T,;. africanus was reported not to utilize defined carbon sources. The 

cysteine-HCI requirement of T'i. africanus was not found in strain RI 19. 82. 
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It is interesting that very similar thermophilic strains can be isolated from geographically 

distant thermal sites; this was also found to be the case with the two strains of 

Spirochaeta thermophila described in chapter 7. It can be suggested that in both cases the 

differences in the temperature, salinity and pH optima are due to the conditions 

prevailing at the site of enrichment. It is also interesting to note that the salinity optimum 

of strain RI 19_. 82 ( 1.0%) is greater than the salinity of the environmental sample 

(0.7%) and may suggest that the environment from which this strain was isolated was 

not optimal for its growth. Huber et al. (1989) suggested that isolates similar to Ts. 

africanus may be present in other low salinine environments and proposed further 

isolation studies in order to show the global distribution of this organism. 

In this study we described the characterization of a member of the Thermotogales, and 

using a polyphasic approach assigned it to the genus Thermosipho. We have shown the 

genus Thermosipho not to be restricted to the original site of isolation (Africa) but to 

exist in a low salinity thermal spring in the Kermadec archipelago, New Zealand. 
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CHAPTER 9 

GENERAL CONCLUSION 

Although conclusions were included at the end of each of the previous chapters, a 

general conclusion, bringing together the results and their significance, is given below. 

The limited isolation study described in chapter 3 demonstrated the use of bicarbonate 

buffered medium in the isolation of cellulolytic and polysaccharolytic thermophilic 

anaerobes. This medium enriched a diverse group of organisms. With the exception of 

the two morphologically distinct isolates, the spirochete and the Thermosipho species, 

of which only one strain was isolated, the rod-shaped isolates from bicarbonate buffered 

medium enrichments clustered with isolates enriched using phosphate buffered medium 

containing yeast extract and trypticase. This finding indicates that the presence of yeast 

extract, trypticase and phosphate buff er did not select for a particular type of organism 

(i.e. clostridial types). However, this result may have been influenced by the higher 

incubation temperature of the enrichment cultures, i.e. 70°C. 

This study has demonstrated diversity among anaerobic cellulolytic thermophiles, with 

such organisms being found in three of the major lines of descent: the spirochetes, the 

Thermotogales and the gram-positive bacteria. Highly similar, if not identical, 

organisms have been found in geographically distant thermal sites, as seen in the case of 

the two strains of S. thermophila, one from the Soviet Far East and one from Raoul 

Island, New Zealand, with 99.5% rRNA sequence homology and 87% DNA-DNA 

homology. A similar situation was found with the Thermosipho species, strain RI 19. 

B2, also isolated from Raoul Island and having 99.8% rRNA sequence homology with 

Ts. africanus, which was isolated from Africa. High similarity between isolates from 

geographically distant sites was also seen in the rod-shaped isolates, with organisms 

from the Azores, Russia, Italy and New Zealand grouping in the same clusters of the 

numerical taxonomy study. 

The distinct morphological type of the spirochete and the Thermosipho species isolates 

facilitated their identification and their designation to taxonomic groups. The 

phylogenetic analysis of these organisms confirmed the classification based on 

phenotypic characteristics. 
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Spirochaeta thermophila is the first extremely thermophilic polysaccharolytic member of 

thegenusSpirochaeta to be described and validly named. The isolation of strain RI 19. 

B 1, its characterization and comparison with strain Z-1203 has not only added to the 

diversity of the spirochetes as a group, but has also added to the known diversity of 

thennophilic bacteria. The isolation of strain RI 19. B2 Thermosipho species confirmed 

the suggestion of Huber et al. ( 1989) that isolates similar to Ts. africanus may exist in 

other low saline environments. The ability of the members of the Thermotogales to 

degrade polysaccharides has been confirmed. The ability of these organisms to degrade 

but not actively utilize polysaccharides as sole carbon sources will no doubt be the 

subject of further investigations, since these polysaccharolytic enzymes from the most 

extremely thermophilic bacteria may be of use in the biotechnology industry 

In contrast to the thermophilic spirochete and Thermosipho species, the rod-shaped 

anaerobic cellulolytic thermophilic bacteria could not be distinguished by their 

morphotype, so the degree of diversity within this group was demonstrated using a 

polyphasic approach. The numerical taxonomy study demonstrated diversity within this 

group of organisms and showed the majority of them to be unrelated to the clostridia. 

But the degree of this unrelatedness could not be determined from the phenotypic data. 

The numerical taxonomy study provided a large data base of the characteristics of these 

organisms, which will hopefully be useful to future workers, selecting organisms with 

desirable characteristics. 

The results obtained in the numerical taxonomy study were found to correlate well with 

the two protein electrophoresis studies described in chapter 5. This was especially true 

in the case of the isolates of cluster C, which formed a tight cluster in both the numerical 

taxonomy and protein electrophoresis studies. Visual analysis of the protein banding 

patterns on the. PhastSystem gels allowed differentiation between the isolates and 

desionation to clusters similar to those of the numerical taxonomy study. It may be 
e, 

possible to use the PhastSystem as a rapid identification system for anaerobic cellulolytic 

thermophilic bacteria. 

A phylogenetic study showed that the representative isolates of clusters A, B, C, Din 

the numerical study constituted a new sub-line within the Clostridium/Bacillus 

subdivision of the gram-positive bacteria. The similarity values obtained showed the 

new isolates to be dissimilar to the previously described cellulolytic and non-cellulolytic 

members of the genus Clostridium. They were also shown to be dissimilar to the 

glycolytic thermophile Thermoanaerobium brocki. Although their relationship to the 
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other glycolytic thennophiles was not determined, if one considers the results of the 

work of Bateson et al. (1989), these organisms would not be expected to group 
together. 

Strain Rt5 I. BI was shown to be similar and closely related to the cell ulolytic 

thennophilic clostridia, C. stercorarium by both phenotypic and phylogenetic studies. It 

is interesting that an organism isolated from a thermal spring is highly similar to C. 

stercorarium which was isolated from a compost system. 

In order to assign the isolates from the numerical taxonomy clusters, A, B, C, D to 

defined taxa, the results of the numerical taxonomy study and the protein electrophoresis 

should be considered together. It should first be noted that strain NA 10 is in a different 

position on comparison of the numerical taxonomy results with those of the 

phylogenetic and protein electrophoresis studies. Strain NA IO utilizes a wide range of 

substrates but is morphologically similar to the isolates of clusters C and D. The 

phylogenetic study showed strain NA 10 to cluster between the representatives of 

clusters C and D and those of cluster A and B. Although the isolates of Clusters A-D 

were shown to cluster separately from the other thennophilic clostridia, the degree of 

dissimilarity is no more than that found between separate clostridial species. This is not 

surprising , since Cato and Stackebrandt (1989) have demonstrated that the genus 

Clostridium does not constitute a phylogenetically coherent taxon. 

On the basis of the phylogenetic data, it could be considered that the non-clostridial type 

isolates of clusters A, B, C, D constitute a new genus within the Clostridium!Bacillus 

subdivision. This could be substantiated by the phenotypic data, using characteristics 

such as extreme thennophily, resistance to rifampin and an asporogenous nature. Within 

this group, differences of approximately 5% separate A, B, C and D isolates at the 16S 

rRNA level. It could be argued that these groups constitute new species, again 

phenotypic characteristics could be used to support this. These characteristics include 

limited substrate utilization range and short cell length, in the case of clusters C and D, 

or the utilization of specific substrates, for example inulin, in the case of cluster B 

isolates. Other phenotypic data from the protein electrophoresis study could also be used 

to support this argument. DNA-DNA hybridization data, when available, may help in 

the desi onation of these new isolates to taxa. 
0 

It is interestino that the three methods used to determine the diversity and subsequent 
0 

taxonomic position of a group of anaerobic cellulolytic thermophilic bacteria complement 

each other and result in a convincing polyphasic taxonomy. Unfortunately, the time 
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constraints imposed on this study did not permit a DNA-DNA hybridization study to be 

carried out. This will be the subject of further investigation in time and space! 
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APPENDIX 1 

NUMERICAL TAXONOMY DATA SET 



TEST CHARACfERS 
STRAIN CLUSTER 0 1 02 03 04 05 06 07 08 09 1 0 1 1 1 2 1 3 14 1 5 1 6 

0 1 AZ2. Bl A 0 1 0 I I 0 1 1 0 0 1 1 1 1 0 
02 Z-13 20 A 0 1 0 1 I 0 1 I 1 I I 1 1 1 0 
03 COMP. Bl A 1 I 1 1 1 0 1 1 0 1 1 1 I I 0 
04 COMP. B4 A 1 I I 1 1 0 1 1 0 1 1 1 1 0 0 
05 Tok9. Bl A 1 1 1 1 I 0 1 1 0 0 1 1 1 0 0 
06 TpST.6331 A 0 1 0 1 I 0 1 1 0 0 1 I I I 0 I 
07 2713-32 A 0 1 0 1 1 0 1 1 1 0 1 1 1 ·O 1 0 
08 Rt8. B2 A 0 1 0 1 1 0 1 1 0 0 1 1 1 1 0 I 
09 2706-27 A 0 1 0 1 1 0 1 I 0 0 1 0 1 0 I 1 
1 0 2711-28 A 0 1 0 I 1 0 1 1 0 0 1 0 0 0 0 0 
1 1 2805-34 A 0 1 0 1 1 0 1 1 0 0 1 0 1 0 0 0 
1 2 F2/l A 0 1 1 1 1 0 1 1 0 0 1 1 1 1 0 0 
1 3 NAl0 A 0 0 1 1 1 0 1 1 0 0 1 1 1 0 0 
1 4 Rt8. B 11 A 1 1 0 0 1 0 1 1 1 0 1 1 1 0 1 
1 5 Okl. Bl A 0 0 0 1 1 0 1 0 0 0 1 1 1 0 1 
1 6 Tp8B3.2 B 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 
1 7 Tp8T2.3 B 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 
17a Duplicate 1 1 1 1 1 0 1 1 0 1 1 1 1 1 0 
1 8 Tpl 1. Wl B 0 1 1 1 1 0 0 1 0 0 1 1 1 1 0 
1 9 Wai35. Bl B 0 1 1 1 1 0 1 1 0 0 1 1 1 0 0 
20 Rll. Bl B 0 1 1 1 1 0 1 1 0 0 1 1 1 0 0 
2 1 RI2. Bl B 0 1 1 1 1 0 1 I 0 0 I I I I 0 
22 2906-25 B 0 I 0 I I 0 I I 0 0 I I I 0 0 
23 2705-55 B 0 I 0 I I 0 1 I 0 0 1 1 1 0 0 1 
24 AZ3. Bl C 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 
24a Duplicate 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 
25 Rt8. B7 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
26 Rt8. B4 C 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 -0 0 0 0 0 0 

V 27 Rt8. B6 C I 0 0 0 0 0 0 0 0 0 ~ 
00 

28 Rt8. BS C 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ~ 

28a Duplicate 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 00 
N 



TEST CHARACfERS 
STRAIN CLUSTER 0 I 02 03 04 05 06 07 08 09 I 0 I I I 2 I 3 I 4 I 5 16 

29 Rt8. B 15 D 0 0 0 0 0 0 0 0 1 0 I 0 0 0 0 0 
29a Duplicate 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
30 Rt613. Bl D 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
3 1 Rt613. B2 D 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 
32 Tok8. B 1 D 0 0 0 0 0 0 I 0 0 0 I 0 I 0 0 0 
32a Duplicate 0 0 0 0 0 0 I 0 0 0 1 0 I 0 0 0 
33 RtUK4 D 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 
34 Tok9. B3 D 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 
35 Ok9. Bl D 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 
36 Ok2. Bl D 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
37 Wai28. Bl D 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 
38 Rt69. B2 D 0 I 0 1 I 0 1 I 0 0 I 0 I 0 0 0 
39 Rt69. B3 D 0 I 0 I l 0 l l 0 0 l 0 1 0 0 0 
40 Wai21. WI D 0 l 0 0 l 0 1 l 0 0 0 0 l 0 0 0 
4 1 Rt426. Bl D 0 1 0 1 1 0 1 1 0 0 0 0 1 0 0 0 
42 Rt4. B3 D 0 1 1 0 1 0 1 l 0 0 0 1 l 0 0 
43 Ok8. Bl D 0 l l l l l l l 1 0 l 1 1 0 l 
44 Rt5l. Bl E 0 1 0 1 1 0 1 1 I 0 l 0 l I 0 
44a Duplicate 0 1 0 1 1 0 1 1 1 0 1 0 1 1 0 
45 C. stercorarium E 0 I 0 I I I I I I 0 I I I I I I 
46 C. thermolacticum E 0 I 0 1 1 0 0 0 0 0 0 1 0 0 I 0 
47 TplO. Bl E 0 0 0 1 1 1 0 1 1 0 1 0 1 0 0 0 
48 C. thermocopriae E 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 I 
49 Rt69. B 1 E 0 1 0 1 1 0 1 1 1 0 1 0 1 0 0 0 
50 Rt69. B4 E 0 1 0 1 1 0 1 1 0 0 1 0 1 0 0 0 
5 1 C. thermocellum E 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

01= AMYGDALIN, 02= ARABINOSE, 03= RAFFINOSE, 04= GALACTOSE, 05= GLUCOSE, 06= SORBITOL, 07= LACTOSE, 08= XYLOSE, 
;.F 09= RIBOSE, 10= MELEZITOSE, 11= FRUCTOSE, 12= SUCROSE, 13= MANNOSE, 14= RHAMNOSE, 15= MANNITOL,16= MALTOSE (10 
~ -
~ 



TEST CHARACTERS 
STRAIN CLUSTER 1 7 1 8 I 9 20 21 22 23 24 25 26 27 28 29 30 3 I 32 

0 1 AZ2. Bl A 0 1 I 0 I I I I 0 1 1 I 1 I 0 
02 Z-1320 A 0 I I I I I I I I I I 1 0 I I 
03 COMP. Bl A 1 1 1 1 1 1 1 I 1 1 1 1 0 I 0 
04 COMP. B4 A 1 1 1 1 1 1 1 1 1 1 1 0 0 I 0 
05 Tok9. B 1 A 1 1 1 I 1 1 I 0 1 1 1 0 0 1 0 
06 TpST .6331 A 0 1 1 1 I 1 I 0 1 1 1 0 1 1 0 1 
07 2713-32 A 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
08 Rt8. B2 A 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 I 
09 2706-27 A 0 1 1 I 1 1 I I 1 1 0 1 1 I I 1 
1 0 2711-28 A 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
1 1 2805-34 A 0 1 1 1 1 1 1 1 1 1 1 1 1 I 
I 2 F2/l A 0 1 I I I I I I 1 I 0 I I 0 
1 3 NAl0 A 0 1 1 I 1 0 1 0 0 1 1 I 1 
14 Rt8. B 11 A 0 1 1 1 1 1 1 1 1 1 1 1 0 
1 5 Okl. Bl A 0 1 1 1 1 1 1 1 1 1 1 1 0 
1 6 Tp8B3.2 B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
I 7 Tp8T2.3 B 0 I I I I I I I I I I 0 0 I 0 
17a Duplicate 0 1 1 1 1 1 I 1 1 1 1 0 0 1 1 
I 8 Tpl 1. WI B 0 1 I 1 1 1 1 1 0 I I 0 1 1 0 
I 9 Wai35. Bl B I I 1 I I 1 1 I 1 1 1 0 0 1 0 
20 Rll. Bl B 1 I 1 I 1 0 1 1 1 1 1 0 1 
2 I RI2. Bl B 1 I 1 1 I 1 I 1 1 1 1 1 1 1 I 1 
22 2906-25 B 0 I I I I I I I 1 1 1 1 1 I I I 
23 2705-55 B 0 1 1 I 1 1 1 1 1 1 1 1 0 0 0 0 
24 AZ3. Bl C 0 1 1 1 0 0 1 0 0 1 1 0 0 0 0 
24a Duplicate 0 0 1 1 1 1 1 1 0 1 1 0 0 0 0 
25 Rt8. B7 C 0 1 1 I 1 1 1 0 0 1 1 1 1 1 0 1 
26 Rt8. 84 C 0 1 1 1 0 0 1 0 0 1 1 1 1 0 0 0 

~ 27 Rt8. 86 C 0 1 1 1 0 0 1 0 0 1 1 1 0 1 0 1 (JQ 
28 Rt8. BS C 0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 

('.I 

28a Duplicate 0 1 1 1 1 1 1 0 0 1 1 1 1 -1 1 1 ~ 



TEST CHARACTERS 
STRAIN CLUSTER 1 7 1 8 1 9 20 2 1 22 23 24 25 26 27 28 29 30 3 1 32 

29 Rt8. 815 D 0 0 I I () 0 I 0 0 1 1 0 0 0 0 0 
29a Duplicate 0 0 1 I 0 l 1 1 0 l l 0 0 0 0 
30 Rt613. Bl D 0 1 1 1 1 1 1 1 l 1 l 0 0 0 0 
3 1 Rt613. B2 D 0 1 l I 1 1 I 0 0 1 0 0 0 I 0 
32 Tok8. Bl D 0 1 I I I 1 l 1 0 0 1 0 I 0 0 
32a Duplicate 0 l l I 1 l 1 l 0 0 l 0 l 0 0 
33 RtUK4 D 0 I 1 1 1 1 I 0 0 I 1 0 1 I 0 
34 Tok9. B3 D 0 1 1 1 1 1 1 0 0 1 1 0 1 l l 
35 Ok9. Bl D 0 1 1 1 1 1 1 0 0 l 1 0 1 1 0 
36 Ok2. Bl D 0 0 1 1 1 1 1 0 0 1 1 1 1 1 0 1 
37 Wai28. Bl D 0 1 1 0 1 1 1 1 1 1 1 0 0 0 0 0 
38 Rt69. B2 D 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 
39 Rt69. B3 D 0 0 1 1 1 1 1 0 1 1 1 0 1 1 0 
40 Wai21. WI D 0 1 l 1 1 1 1 1 1 1 1 0 0 1 0 
4 1 Rt426. Bl D 0 l 1 1 l 1 l 0 0 l l l l l 0 
42 Rt4. B3 D l 1 l I 1 l l 1 0 l l 0 l 1 0 
43 Ok8. Bl D I I I I I I I 0 0 l 1 0 0 1 0 
44 Rt51. B 1 E l l 1 I I l 1 l l 1 1 1 l 1 l 
44a Duplicate 1 1 1 I 1 1 1 l 1 1 1 1 1 1 1 
45 C. stercorarium E I I 1 I 1 1 l 1 1 1 
46 C. thermolacticum E 0 1 1 1 1 1 l 0 1 0 
47 Tpl0. Bl E 0 1 1 1 1 1 I 
48 C. thermocopriae E I I I I I 1 0 1 I I I I I I I 
49 Rt69. Bl E 0 I 0 0 I 1 0 I 0 1 1 0 0 I 1 
50 Rt69. B4 E 0 1 1 1 1 1 0 0 1 l 1 1 1 1 0 
5 1 C. thermocellum E 0 I 1 0 0 1 0 0 0 0 

17= MELIBIOSE, 18= GROWTH ON LAMINARIN, 19= GROWTH ON LICHENIN, 20= GROWTH ON GUM LOCUST BEAN, 21= GROWTH ON -0 
PULLULAN, 22= GROWTH ON GLYCOGEN, 23= GROWTH ON GUM GUAR, 24= GROWTH ON INULIN, 25= GROWTH ON PECTIN Cl) 

(10 

26= VIABILITY AFfER 5 d AT OPTIMUM GROWTH TEMPERATURE, 27= PENICILLIN-G (MIC>125µg/ml), 28= BACITRACIN ~ -(MIC>l.95µg/ml), 29= POLYMYXIN (MIC>7.8µg/ml), 30= STREPTOMYCIN (MIC>15.6µg/ml), 31= NOVOBIOCIN (MIC>15.6µg/ml) oc 
Vl 

32=CYCLOSERINE(MIC>62.5µg/ml) 



TEST CHARACTERS 
STRAIN CLUSTER 33 34 35 36 37 38 39 40 4 1 42 43 44 45 46 47 48 

0 1 AZ2. Bl A 1 0 1 0 1 1 1 1 1 1 1 1 1 0 0 
02 Z-13 20 A 1 1 1 0 1 1 1 1 1 0 1 1 1 0 0 
03 COMP. Bl A I 0 1 0 1 1 0 1 1 0 1 I 0 0 0 
04 COMP. B4 A 1 0 1 0 I 1 0 1 1 0 1 1 0 0 0 
05 Tok9. Bl A l 0 l 0 I l l l l 0 l l l 0 0 
06 Tp8T.633 l A 1 0 1 0 1 1 1 1 1 0 l 1 1 0 0 1 
07 2713-32 A 0 0 l 0 0 1 l l 1 l 1 1 1 0 0 1 
08 Rt8. B2 A 1 0 1 0 0 1 1 1 1 0 1 1 1 1 0 0 
09 2706-27 A 1 0 1 0 0 1 1 1 1 0 1 1 1 1 0 0 
1 0 2711-28 A 1 0 1 0 1 1 1 1 0 0 0 1 1 1 0 0 
1 1 2805-34 A 1 0 1 0 0 1 1 1 1 0 0 1 1 0 0 
1 2 F2/l A 1 0 0 0 1 1 1 1 1 0 1 1 1 0 0 1 
I 3 NAl0 A I 0 0 0 I 1 I I I I 0 I I 0 I 0 
l 4 Rt8. B 11 A 1 0 0 1 1 1 1 1 1 1 1 1 0 1 0 0 
1 5 Oki. Bl A 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 1 
1 6 Tp8B3.2 B 1 0 0 0 1 1 1 1 0 0 1 1 1 1 0 0 
1 7 Tp8T2.3 B 1 0 0 0 1 1 1 1 1 0 0 1 1 0 1 0 
17a Duplicate 1 0 0 0 1 1 1 1 1 0 0 1 1 0 1 0 
1 8 Tpl 1. Wl B 1 0 0 1 1 1 0 1 1 0 1 1 1 0 0 
1 9 Wai35. Bl B 1 0 I 0 1 I I I I 0 I I I 0 0 
20 Rll. Bl B 1 0 0 0 I 1 1 1 1 0 1 1 1 0 0 1 
2 1 RI2. Bl B 1 0 0 0 l l 0 1 1 0 0 1 0 l 0 0 
22 2906-25 B I () I I I l I I I 0 I 1 I I 0 0 
23 2705-55 B I () I I I I I I 0 0 0 I 0 I 0 0 
24 AZ3. Bl C 1 0 I I I 1 0 1 1 1 0 1 1 0 0 1 
24a Duplicate 1 0 1 1 1 1 0 1 1 0 0 1 1 0 0 
25 Rt8. B7 C 1 0 0 0 1 1 1 1 1 0 1 1 1 0 0 
26 Rt8. B4 C 1 0 1 1 l 1 1 1 1 1 1 1 1 0 0 1 -0 27 Rt8. B6 C 1 0 1 1 1 1 0 0 0 0 1 1 1 0 0 1 ::ii 

00 
28 Rt8. B8 C 1 0 l 1 1 1 0 0 0 0 1 1 0 0 1 0 ~ -28a Duplicate 1 0 1 1 1 1 1 0 0 0 1 1 0 0 1 0 ~ 



TEST CHARACTERS 
STRAIN CLUSTER 33 34 35 36 37 38 39 40 4 1 42 43 44 45 46 47 48 

29 Rt8. B15 D I 0 0 I I I 0 0 0 0 I I 0 0 I 0 
29a Duplicate I 0 0 I I I 0 0 0 0 I I 0 0 I 0 
30 Rt613. B 1 D 1 0 1 I 1 1 1 1 1 0 1 1 0 0 I 0 
3 1 Rt613. B2 D 1 0 1 1 1 1 1 I 0 0 1 1 0 0 I 0 
32 Tok8. Bl D 1 0 1 1 1 1 1 0 1 0 0 1 0 0 1 0 
3 2a Duplicate 1 0 1 1 1 1 1 0 1 0 0 1 0 0 1 0 
33 RtUK4 D 1 0 1 1 1 1 1 1 1 0 1 1 0 0 1 0 
34 Tok9. B3 D 1 1 1 1 1 1 1 1 1 0 0 1 0 0 1 0 
35 Ok9. Bl D 1 0 0 1 1 1 1 1 1 0 0 1 0 0 0 1 
36 Ok2. Bl D 1 0 0 I I I 0 I I 0 0 I I 0 I 0 
37 Wai28. BI D I 0 I 1 I I 1 1 I 0 1 1 0 0 I 0 
38 Rt69. B2 D 1 0 I 1 I 1 1 1 1 0 0 1 0 0 1 0 
39 Rt69. B3 D 1 0 I I I I I 0 I 0 I I I 0 I 0 
40 Wai21. WI D 1 0 0 I I 1 1 0 1 0 1 1 1 0 1 0 
4 1 Rt426. Bl D 1 0 0 1 1 1 1 1 1 0 0 1 1 0 0 I 
42 Rt4. B3 D I 0 0 I 1 1 1 I 0 0 1 1 0 0 I 0 
43 Ok8. B 1 D 1 0 0 I I I 0 I I 0 0 I I 0 I 0 
44 Rt51. Bl E 0 I I 0 I I 0 0 I 0 0 0 0 0 0 I 
44a Duplicate 0 I 1 0 1 I 0 0 I 0 0 0 0 0 0 1 
45 C. stercorarium E 0 I I 0 0 I I 1 I 1 1 I 0 0 I 0 
46 C. thermolacticum E 0 0 I 0 I 1 0 0 I 0 1 0 0 0 1 0 
47 Tp!O. B 1 E 0 0 0 0 0 0 I 1 I 0 I I 0 0 0 I 
48 C. thermocopriae E 0 0 0 0 0 0 I 0 I I I I 0 0 I 0 
49 Rt69. Bl E I 0 0 1 1 1 0 1 0 0 1 1 0 0 I 0 
50 Rt69. B4 E 1 0 I 1 I 1 0 0 1 0 0 I 0 0 I 0 
5 I C. thermocellum E 0 0 0 0 0 0 1 0 1 0 0 0 0 I 0 0 

33= RIFAMPIN (MIC>50µg/ml), 34= GROWTH INHIBITED BY 2% ETHANOL, 35= GROWTH INHIBITED BY 3% ETHANOL, 36= GROWTH -" INHIBITED BY 0.5% NaCl, 37= GROWTH INHIBITED BY 1.0% NaCl, 38= KOH LYSIS, 39= DNAase PRODUCTION, 40= GROWTH@ PH5.5 Pol 
(JQ 

41= GROWTH@ PH7.5, 42= GROWTH@ PH 8.0, 43= GROWTH AFfER 10 d@ 45°c, 44= GROWTH AFfER 3 d@ 75oc, 45= GROWTH ('I) -AFfER 3 d@ 80°C, 46= FLAT/RAISED COLONY ELEVATION, 47= CONVEX COLONY ELEVATION, 48= UMBONATE COLONY ELEVATION ~ 



TEST CHARACTERS 
STRAIN CLUSTER 49 50 5 1 52 53 54 55 56 57 58 59 60 6 1 62 63 64 

0 1 AZ2. Bl A 0 1 0 0 0 1 0 0 0 1 1 0 1 0 
02 Z-1320 A 0 1 0 0 1 1 1 1 0 1 1 0 l 0 
03 COMP. Bl A 0 1 0 0 0 0 0 1 1 1 1 1 1 0 
04 COMP. B4 A 0 1 0 0 0 0 0 1 0 1 1 1 1 0 1 
05 Tok9. Bl A 0 1 0 0 0 1 0 0 0 1 1 0 1 0 1 
06 Tp8T .6331 A 0 1 0 0 0 1 1 0 0 1 1 0 1 0 1 
07 2713-32 A 0 1 0 0 0 1 0 1 1 0 1 0 1 0 1 
08 Rt8. B2 A 0 1 0 0 0 0 0 1 1 1 1 0 1 0 0 
09 2706-27 A 0 1 0 0 0 0 1 0 0 1 1 1 1 0 I 
I 0 2711-28 A 1 0 0 0 0 0 1 1 I 0 I 0 I 0 
I I 2805-34 A I 0 I 0 0 0 I I 1 I I I I I 
1 2 F2/l A I 0 0 0 0 1 1 1 1 1 1 0 1 0 
l 3 NAl0 A 1 0 0 0 0 1 I 1 0 0 I 0 1 ·0 
1 4 Rt8. B 11 A 0 1 0 0 0 0 1 1 0 0 1 0 1 0 
1 5 Oki. B 1 A 0 1 0 0 0 1 1 1 1 1 1 0 1 0 
1 6 Tp8B3.2 B 0 1 l 0 0 1 1 0 0 0 0 0 0 0 
1 7 Tp8T2.3 B l 0 0 0 0 1 0 1 1 0 l 0 0 0 
17a Duplicate 1 0 0 0 0 1 0 1 1 0 1 0 0 0 
1 8 Tpl 1. Wl B 1 0 0 0 1 1 0 0 0 0 1 0 1 0 
l 9 Wai 35. Bl B 0 l 0 0 1 l 0 1 0 0 1 1 l l 1 1 
20 Rll. Bl B 0 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 
2 1 RI2. B 1 B 0 1 0 0 0 1 0 1 0 1 1 0 1 0 
22 2906-25 B 0 1 0 0 0 0 1 I 1 0 l 0 1 0 
23 2705-55 B 0 l 0 0 0 1 l 0 0 0 l 0 l 0 
24 AZ3. Bl C l 0 0 0 0 0 1 1 1 1 1 1 1 0 
24a Duplicate 1 0 0 0 0 0 1 1 l 1 1 0 1 0 
25 Rt8. B7 C 0 1 0 0 0 0 1 1 1 1 1 1 1 0 
26 Rt8. B4 C 0 I 0 0 0 0 0 1 0 1 I I 1 I 1 l ;o 27 Rt8. B6 C 1 0 0 0 0 0 0 1 1 0 1 1 1 1 1 1 (JQ 

28 Rt8. B8 C I 0 0 0 0 0 1 1 1 1 1 I 1 1 1 I 
(1) 

-28a Duplicate I 0 0 0 0 0 1 1 1 1 1 1 1 I 1 1 ~ 



TEST CHARACTERS 
STRAIN CLUSTER 49 50 5 1 52 53 54 55 56 57 5 8 59 60 6 1 62 63 64 

29 Rt8. B 15 D 1 0 0 1 0 0 0 1 1 0 1 1 I 0 
29a Duplicate 1 0 0 1 0 0 0 1 1 1 1 1 1 1 
30 Rt613. Bl D 1 0 0 0 0 0 1 0 0 1 1 1 1 0 
3 1 Rt613. B2 D 1 0 0 0 0 0 0 1 0 1 1 1 I 0 
32 Tok8. Bl D 1 0 0 0 0 1 0 0 1 0 1 0 1 0 
32a Duplicate 1 0 0 0 0 0 0 0 1 0 I 0 I 0 
33 RtUK4 D 1 0 0 1 0 0 1 1 1 0 1 0 I 0 
34 Tok9. B3 D 1 0 0 0 0 1 1 1 0 0 0 0 I 0 
35 Ok9. Bl D 0 1 0 0 0 0 1 1 I 1 1 0 0 0 
36 Ok2. Bl D 1 0 0 0 0 0 1 1 1 0 1 0 1 0 
37 Wai28. Bl D 1 0 0 0 0 0 0 1 0 0 1 0 1 0 
38 Rt69. B2 D 1 0 0 0 0 0 1 1 1 0 1 0 1 0 
39 Rt69. B3 D 1 0 0 0 0 0 1 0 1 1 1 0 1 0 
40 Wai21. Wl D 1 0 0 0 0 0 1 0 0 0 1 1 1 0 
4 1 Rt426. B 1 D I 0 0 0 0 1 0 0 1 0 0 0 1 0 
42 Rt4. B3 D I 0 0 0 0 0 0 0 1 0 1 0 I 0 
43 Ok8. BI D I 0 0 0 0 0 I I I 0 1 0 1 0 I 
44 Rt51. Bl E () I 0 0 () I 0 I 0 0 0 0 0 0 0 I 
44a Duplicate () I 0 0 () I 0 I 0 0 1 0 0 0 0 I 
45 C. stercorarium E () I 0 () () I I I 0 0 0 0 0 0 0 0 
46 C. thermolaclicum E 0 I 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
47 Tpl0. B 1 E 0 I 0 0 0 1 I 1 I 0 0 0 0 0 0 0 
48 C. thermocopriae E 0 I I 0 0 1 1 1 0 0 1 0 0 0 0 I 
49 Rt69. Bl E 0 1 0 0 0 1 1 0 0 0 1 0 0 0 0 0 
50 Rt69. B4 E 0 1 0 1 0 0 0 I 1 0 1 0 1 0 0 1 
5 1 C. lhermocel/um E 1 0 0 0 0 1 1 1 0 0 1 0 1 0 0 0 
49= ENTIRE COLONY MARGIN, 50= UNDULATE/LOBATE COLONY MARGIN, 51= H2S PRODUCED, 52= PARTICULATE GROWTH, 
53= SUMEY PELLET, 54= CELL LENGTH >2.5 µm 55= CELL WIDTH >0.4 µm, 56= FLAGELLA, 57= BLUNT CELL ENDS, 58= GROWTif ;o 
ON BASAL MEDIUM PLUS CELLIBIOSE@ 24 h, 59= GROWTif ON BASAL MEDIUM PLUS CELLIBIOSE @ 72 h, 60= GROWTif ON (JQ 

BASAL MEDIUM PLUS AMORPHOUS CELLULOSE@ 24 h, 61= GROWTif ON BASAL MEDIUM PLUS AMORPHOUS CELLULOSE@ 72 h, 
~ -

62= GROWTif ON BASAL MEDIUM PLUS A VICELL@ 24 h, 63= GROWTH ON AMORPHOUS CELLULOSE@ 24 h, 64= GROWTH ~ 
ON AMORPHOUS CELLULOSE @ 72 h 



TEST CHARACTERS 
STRAIN CLUSTER 65 66 67 68 69 70 7 1 72 73 74 75 76 77 78 79 80 

0 I AZ2. Bl A I I I I I 0 I I I I I I 0 0 0 
02 Z-1320 A l l I l l 0 I l l l l l l 0 0 
03 COMP. Bl A l 1 1 l 1 0 0 1 1 l 0 1 l 0 0 
04 COMP. B4 A 1 l 1 1 1 0 0 1 l 1 0 l l 0 0 
05 Tok9. Bl A 0 0 l 0 0 0 0 1 l l l 1 1 0 0 
06 Tp8T.633 l A 0 0 l 1 l 0 1 l 1 1 1 1 1 0 0 
07 2713-32 A 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
08 Rt8. B2 A 0 0 l 0 I 0 0 l 0 0 l I I 0 0 
09 2706-27 A l l I I I 1 l l 1 l l l l 0 0 
l 0 2711-28 A 1 1 1 1 l 0 1 l 0 1 l l l 0 0 
l 1 2805-34 A 1 1 1 1 1 1 I 1 0 1 1 1 1 0 0 
1 2 F2/l A 1 1 1 1 1 0 l 1 1 1 1 1 1 0 0 
1 3 NA10 A 1 1 1 1 l 0 0 1 0 1 1 1 1 0 0 
14 Rt8. B 11 A l 1 1 1 1 1 1 0 l 1 0 1 l 0 0 
1 5 Okl. Bl A 1 0 1 0 1 0 1 0 1 1 1 1 1 1 
1 6 Tp8B3.2 B 1 1 1 1 1 0 0 1 1 1 1 1 1 1 
1 7 Tp8T2.3 B 0 1 1 1 1 0 0 1 1 1 1 1 1 1 
17a Duplicate 0 1 1 1 1 0 0 1 1 1 1 1 1 1 
1 8 Tpl 1. WI B 0 1 1 1 1 0 1 1 1 1 1 1 1 1 
1 9 Wai35. Bl B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
20 Rll. Bl B 1 1 1 1 1 0 1 1 1 1 
21 RI2. Bl B 1 1 1 1 1 0 1 1 1 1 
22 2906-25 B 1 1 1 1 1 0 0 1 1 1 1 1 1 1 
23 2705-55 B 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 
24 AZ3. Bl C 0 1 1 0 1 0 1 1 0 0 1 1 1 0 0 0 
24a Duplicate 0 0 1 0 1 0 0 1 0 0 0 1 1 0 0 
25 Rt8. B7 C 0 0 1 1 1 0 0 1 1 0 1 1 1 0 0 I 
26 Rt8. B4 C 1 1 1 I· 1 1 1 1 0 1 1 1 1 0 0 0 ~ 27 Rt8. B6 C 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 0 00 
28 Rt8. BS C 1 1 1 1 1 0 1 1 0 1 1 1 1 0 0 

('l) 

1 -28a Duplicate I 1 1 I 1 0 1 1 0 1 1 1 1 0 0 0 8 



TEST CHARACTERS 
STRAIN CLUSTER 65 66 67 68 69 70 7 1 72 73 74 75 76 77 78 79 80 

29 Rt8. B 15 D 1 1 1 1 1 1 1 1 0 I 0 1 1 0 0 0 
29a Duplicate 50 1 I 1 1 1 0 I 1 0 1 0 I 1 0 0 0 
30 Rt613. Bl D 1 1 1 1 I 1 I 1 1 1 1 I 1 0 0 
3 1 Rt613. B2 D 1 1 1 1 I 1 1 I 1 1 0 0 0 1 0 
32 Tok8. Bl D 1 1 1 1 1 0 0 1 1 I 0 1 1 0 0 
3 2a Duplicate 1 1 I 1 I 0 0 I I I 1 1 1 0 0 
33 RtUK4 D 1 1 1 1 1 1 1 1 1 1 1 I 1 0 0 
34 Tok9. B3 D 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 
35 Ok9. Bl D 1 1 1 1 1 0 1 1 0 1 1 1 1 0 0 
36 Ok2. Bl D 1 1 1 1 1 0 1 1 1 0 0 1 1 0 0 
37 Wai28. Bl D 1 1 1 1 1 0 1 0 0 0 1 0 0 0 0 
38 Rt69. B2 D 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
39 Rt69. B3 D 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
40 Wai21. WI D 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 
4 1 Rt426. Bl D 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
42 Rt4. B3 D 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
43 Ok8. B 1 D 1 1 1 1 1 0 1 1 1 1 0 1 1 0 0 
44 Rt51. B 1 E 0 1 1 0 0 0 0 1 1 1 1 1 1 0 0 
44a Duplicate 0 1 1 0 0 0 0 1 1 1 1 1 1 0 0 
45 C. stercorarium E 0 0 1 0 1 0 0 1 1 1 1 1 1 0 0 
46 C. thermolacticum E 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 
47 Tpl0. B 1 E 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 
48 C. thermocopriae E 0 0 0 1 0 0 0 1 1 1 1 0 0 0 0 
49 Rt69. B 1 E 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 
50 Rt69. B4 E 0 0 1 0 0 0 0 1 1 1 1 1 0 0 0 1 
5 1 C. thermocellum E 0 0 1 0 1 0 1 1 0 0 1 1 0 0 0 0 

65= GROWTH ON A VICEL @ 24 h, 66= GROWTH ON SIGMA CELL 20 @ 24 h, 67= GROWTH ON SIGMA CELL 20 @ 72 h, 68= GROWTH ;p 
ON SIGMA CELL 50 @ 24 h, 69= GROWTH ON SIGMA CELL 50 @ 72 h, 70= GROWTH ON SIOMA CELL 100@ 24 h, 71= GROWTH ON , 
SIOMA CELL 100@ 72 h, 7'1;:::. DEGRADATION OF CMC, 73= DEGRADATION OF STARCH, 74= DEGRADATION -OF XYLAN,75=DEGRADATION OF LAMINARIN, 76= DEGRADATION OF LICHENIN, 77= DEGRADATION OF GUM LOCUST BEAN, .\0 

78= DEGRADATION OF GUM KARA YA 79= DEGRADATION OF CHITIN, 80= DEGRADATION OF PULLULAN 



TEST CHARACTERS 
STRAIN CLUSTER 8 1 82 83 84 85 86 87 88 89 90 9 1 92 

0 1 AZ2. Bl A 1 0 0 0 0 1 0 0 1 0 0 0 
02 Z-13 20 A 1 0 1 1 0 1 0 0 1 0 0 0 
03 COMP. Bl A 1 0 0 1 0 1 0 0 0 1 1 0 
04 COMP. B4 A 1 0 0 1 0 1 0 0 0 1 1 0 
05 Tok9. Bl A 0 0 0 1 0 1 0 0 0 1 1 0 
06 Tp8T.6331 A 0 0 0 1 0 0 1 0 0 1 0 0 
07 2713-32 A 1 0 0 1 0 0 0 1 0 1 0 0 
08 Rt8. B2 A 0 0 0 1 0 0 1 0 0 1 0 0 
09 2706-27 A 1 0 0 1 0 0 1 0 0 1 0 0 
1 0 2711-28 A 1 0 0 1 0 0 1 0 0 0 0 0 
1 1 2805-34 A 1 0 0 1 0 0 1 0 0 0 0 0 
12 F2/l A 0 0 0 1 0 0 1 0 0 1 0 0 
1 3 NAl0 A 0 0 0 1 0 0 1 0 0 1 0 0 
14 Rt8. Bll A 1 1 1 1 0 0 1 0 0 0 0 0 
1 5 Okl. Bl A 1 1 0 1 0 1 0 0 1 0 0 1 
16 Tp8B3.2 B 1 1 1 1 1 1 0 0 0 1 0 0 
1 7 Tp8T2.3 B 1 I 1 1 1 1 0 0 0 I 0 1 
17a Duplicate 1 1 1 1 1 1 0 0 0 1 0 0 
1 8 Tpl 1. Wl B 1 1 1 1 1 0 1 0 0 0 1 0 
19 Wai35. Bl B 1 1 1 1 1 0 1 0 0 0 0 0 
20 Ril. Bl B 1 1 1 1 1 0 1 0 0 0 1 0 
21 RI2. Bl B 1 1 1 1 1 0 1 0 0 0 0 0 
22 2906-25 B 1 1 1 1 1 0 1 0 0 1 0 0 
23 2705-55 B 1 1 1 1 1 0 1 0 0 0 0 0 
24 AZ3. Bl C 0 0 0 1 0 1 0 0 0 1 0 0 
24a Duplicate 0 0 0 1 0 1 0 0 0 1 0 0 
25 Rt8. B7 C 0 0 0 1 0 1 0 0 0 0 0 0 
26 Rt8. B4 C 0 0 0 1 0 1 0 0 0 1 0 0 'i:l 
27 Rt8. B6 C 0 0 0 1 0 1 0 0 0 0 0 0 

I:)) 
00 

28 Rt8. BB C 0 0 0 1 0 1 0 0 0 0 0 0 ~ -28a Duplicate 0 0 0 1 0 1 0 0 0 0 0 0 '° N 



TEST CHARACfERS 
STRAIN CLUSTER 8 1 82 83 84 85 86 87 88 89 90 9 1 92 

29 Rt8. BIS D 0 0 0 1 0 0 1 0 0 0 0 0 
29a Duplicate 0 1 0 1 0 0 1 0 0 0 0 0 
30 Rt613. Bl D 0 1 0 1 0 0 1 0 0 0 0 0 
3 1 Rt613. B2 D 0 1 1 1 0 0 1 0 0 0 0 0 
32 Tok8. Bl D 0 0 0 1 0 0 1 0 0 1 0 0 
32a Duplicate 0 0 0 1 0 0 1 0 0 1 0 0 
33 RtUK4 D 0 0 0 1 0 0 1 0 0 0 0 0 
34 Tok9. B3 D 0 0 0 1 0 1 0 0 0 0 0 0 
35 Ok9. Bl D 0 0 0 1 0 0 1 0 0 0 0 0 
36 Ok2. Bl D 1 0 0 1 0 0 1 0 0 0 0 0 
37 Wai28. Bl D 1 0 0 1 0 0 1 0 0 0 0 0 
38 Rt69. B2 D 1 0 0 1 0 0 1 0 0 0 0 0 
39 Rt69. B3 D 1 0 0 1 0 0 1 0 0 0 0 0 
40 Wai21. WI D 1 0 0 1 0 1 0 0 0 0 0 0 
4 1 Rt426. Bl D 1 0 0 1 0 0 1 0 0 0 0 0 
42 Rt4. B3 D 1 0 0 1 0 0 1 0 0 0 0 0 
43 Ok8. Bl D 1 1 0 1 0 0 1 0 0 0 0 0 
44 Rt51. B 1 E 1 0 0 1 0 0 1 0 1 0 1 1 
44a Duplicate 1 0 0 1 0 0 1 0 1 0 1 1 
45 C. stercorarium E 1 0 0 0 0 0 1 0 1 0 0 0 
46 C. thermolacticum E 1 0 0 1 0 0 0 1 1 0 0 0 
47 Tpl0. Bl E 1 0 0 0 0 0 1 0 1 0 0 1 
48 C. thermocopriae E 1 1 0 0 0 0 0 1 1 0 0 1 
49 Rt69. Bl E 0 0 0 0 0 0 1 0 0 0 0 0 
50 Rt69. B4 E 1 1 0 0 0 1 0 0 0 0 0 0 
5 1 C. thermocellum E 1 I 0 0 0 0 1 0 1 0 0 0 

81= DEGRADATION OF GLYCOGEN, 82= DEGRADATION OF MANNAN, 83= DEGRADATION OF ARABINOGALACTAN 
""O 

84= DEGRADATION OF GUM GUAR, 85= DEGRADATION OF INULIN, 86= LACTATE/ACETATE PRODUCED (1:1), :l) 
IJQ 

87= ACETATE MAIN END PRODUCT, 88= LACTATE MAIN END PRODUCT, 89= ETHANOL MAJOR END PRODUCT ~ -90= ETHANOL MINOR END PRODUCT, 91= iso-BUTYRATE PRODUCED, 92= BUTYRATE PRODUCED \Ci w 
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APPENDIX 2 

CHAPTER 6 SEQUENCE ALIGNMENT 

Abbreviations of strains: 

C.,a:llmn: 
Due: 29-JAN-1992 DE.Fll',TIION Cl; small mbaaiuibooomal RNA.. 
Rem: KEYWORDS:mw! ""1xmil ribooomal RNA.. 

C.macc-ti: 
N amc: Coscridium tbermoaaeticmn 
Dou:: 13-MAY-1991 
Rem: KEYWORDS:mwl sab<mitriJooomal RNA.. 

C.tbsacch: 
:Same: Cooaidium lh:rmosaa:barclyliaam 
Dale: 13-MAY-1991 
Rem: ICEYWORDS:mwl sab<mitribooomal RNA.. 

C.sticldm: 
:Same: Cmlridium lticklandii 
Dare: 13-MAY-1991 
Rem: KEYWORDS:mw! sab<mit ribooomal RNA.. 

C.coecoids: 
l",iamc: Coscridium coa:oidcs 
0...: 13-MAY-1991 
Rem: KEYWORDS:mwl sab<mit ribaocmal RNA.. 

C.dooaid: 
:Same: Costridiam dosrridiifarmc 
Due: 13-MAY-1991 
Rem: KEYWORDS:small sab<mitribooomal RNA.. 

C.amiDoYal: 
::S amc: Oostrid.ium aminovalcric:am 
Dare: 13-MAY-1991 
Rem: KEYWORDS:mwl sab<mit ribooomal RNA.. 

Clim,cbll: 
:Same: Qoolridium liruxbaz<-me 
Dare: 13-MAY-1991 
Rem: ICEYWORDS:small ...banitribooomal RNA.. 

c""":: Qooaidium • 
Dale: 13-MAY-19~ 
Rem: KEYWORDS:small sabmlitribooomal RNA.. 

c~; C011ridium • yticum 
Due: 13-MAY-lr 
Rem: KEYWORDS:small sab<mit ribooomal RNA.. 

C.ba1yricm: 
1'cnc: Cooaidium baiyric""1 
Duo: 13-MAY-1991 
Rem: KEYWORDS:small sabmlit ribooomal RNA.. 

T1.maritim: 
J,;ame: Tbermocoga maritima sa-. MSB8 
Dare: 13-MAY-1991 
Rem: Kcywords:small ..,t,m,it ribooomol RNA.. 
Rem: Def: small subunil rii,ooom.al RNA.. 

Arb.globif: 
1'cnc: Anhroboctcr globiformis 
Due: 13-MAY-1991 
Rem: KEYWORDS:small sabmlit ribooomal RNA.. 

Tp8T: 
Name: Tp8 
Duc: 13-MAY-1991 
Rem: K.cywcrds:small ...bm>il n--1 RNA.. 

Rem: Def: small subunil nbooomal RNA.. 
Ok9.Bl: 

Name: Ok9.B I; small 
O.re: Thu Feb 13 16:02:461992 
Who: Erko Staekcbr.mdl 

Rd!Dl: 
Name: RdlDI 15; small 
O.re: 1-JAN-1992 
Rem: KEYWORDS:small subunit nbooomal R. "-"-

NAIO: 
Name: Na; small 
Dare: 1-JAN-1992 
Rem: ICEYWORDS:small subuni1 nbooomal R."-"-

Rdl.Cl: 
Name: Rdl.C1B7; small 
Dare: I-JAN-1992 
Rem: ICEYWORDS:small subunit nbooomal R."-"-

Rl2B1: 
Name: Rl2B1; small 
Daoc: 1-JAN-1992 
Rem: ICEYWORDS:small subunit nbooomal R. "-"-

RISI .B 1: 
Name: RISI.Bl;small 
Daoc: t-JA..'l-1992 
Rem: KEYWORDS:small subunit nbooomal R."·"­

C.11er: 
Name: C.stcrcorarium: small 
Daoc: t-JAN-1992 

~amc:- C.thormocopriac- small 
O.re:. 1-JAN-199i ' 
Rem: KEYWORDS:small nbam1 ribosomal R."-"-

lbroc:: 
Name: Tberoanacrobium broctii; small 
Daoc: 1-JAN-1992 
Rem: KEYWORDS:m,aJJ 111bmiit nbooomal RJ-;A.. 

Wai35.Bl: 
Name: Wai3S.BI; small 
Dare: I-JAN-1992 
Rem: KEYWORDS:small subaait ribosomal iu-."-



/data/fred/clos.fred.aln 
Copyright 1992 Gen-Probe Inc. 

Fri Feb 21 09113:57 1992 3 

Compru,-Jf 
Cietll11m•Jf 
Ciltdwi-5/ 
Cihucch-5/ 
C.Jtick/an-5/ 
C.coccoid,-Jf 
C .c/o,trid-5/ 
C IVnintNal-5/ 
C Jitwtbu-5/ 
CptWturi-5/ 
C purinoly-5/ 
C.bur,ricm-5/ 
Ttmaritim-5/ 
lv~-1.lobif-!,f 
TpM-5/ 
019.81-5/ 
RtBDJ-5/ 
NA/0-5/ 
R18.CJ-Jf 
R/281-Jf 
RtJ/81-5/ 
C.11,r-5/ 
Ctcop-5/ 
Tbroc-5/ 
WaiJJ.81-Jf 

Compnu-5/ 
CJetl/11m-Jf 
Ciltdwi-5/ 
C Jh,acch-5/ 
C.JticUan-5/ 
C.coccoid,-5/ 
C .c/o,trid-5/ 
C IVnintNal•Jf 
C Jii-,,bu-5/ 
Cp,w,uri-5/ 
C purinoly-5/ 
C.bur,ricm-5/ 
Tt1ttt1ritim-.'f 
Arb.globi/•5/ 
Tp8T-5f 
6"-9.nl-5/ 
lltHJJl-.!f 
NAI0-5/ 
Rt,U"J.Jf 
RIUJl-5/ 
Rt51.81-5/ 
C.Jttr-5/ 
Ctcop-5/ 
Tbroc-5/ 
WaiJJ.81-5/ 

Comprt,,·5/ 
CJetl/1tm•Jf 
CJltdctti-5/ 
CJh,atch-5/ 
C.6tidlan-5J 
C.coc,aid,-5/ 
C .clo,trid-5/ 
CJlfflintNal-5/ 
C Jii-,,bu-5/ 
C .pollturi-$/ 
C r11ri1tnt,-Jt 
C .l•Nl1ritm•.~f 
r,,,.,ntim-5/ 

~
b. lobif•Jf 

7: -5/ 
1981-5/ 

RtBDl-5/ 
NA/0-5/ 
RtB.Cl-5/ 
R/281-5/ 
RtJ/8/•Jf 
C.Jttr-5/ 
Ctcop-Sf 
Tbrot:-5/ 
WaiJJ./JJ-5/ 

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O 0 
""' ,..,.,.,.,. ,.,.,.,.,.,.,.. ,..,. ,. ,. ,.,. ,.. ,. ,.,. """""" ,.,.,.,.."" ,.,.,. """' ""UlJUGAUCCUGGCUCAGGACGMCGCUOGCOGCG-UO-C-CUMCACAUOCMCUCGAGCGGGGUA.U- - - - - - - - - - - - - - -AUCC0-00- -UUUA- -CCGGM 
--------------------------------NUUMUGCI\CI\CU\JUOI\UCCUOOCUCl\001\CAMCOCUgOCOGCO-UG·C•CUAACACAUCCMOUCCAOCOOUC--····-···U\JUMUUG<lOOAMUC··UUCC··CAUGOI\ 
------------------------------NaUr.V.CAUOAOAOU\JUOAUCCUGGCUCAOOACO.V.COCUgCCOGCO·UG-C·CUMCACAUGCMOUCOAOCC.V.0- - • • - - - • • - - • • • • • • • ·CGAOUAC· -UAcO- -guacOI\ 
-------------------------------nnAUAUUUgACI\OU\JUOAUnnUGCCUCAOOI\Ug.V.cgCUOGCCOCC·UG-C•UUaACI\CAUCCMOUCOAOcCGAO-------··AUI\UMAMCG.V.g·cc--uuno--CGCnnn 
--------------------------------nnUAUCAOl\01\CU\JUOI\UCCUGOCUCAOCAUn.V.COCUOCCCGCO·UG·C•UUaACI\CAUCC.V.OUCOI\OCOMC-•·······•CgCUMCI\CaCAUUUC··UUCC··CAUUCA 
---- - ---- -- - -- - - - --- -- - - - -- - - - -nnOMCI\UCAOAOU\JUCAUCCUGCCUCAOCI\Uc.V.COCUOOCOGCO·UG·C·CUMCACAUGCMOUCO.V.COMO· •••••••• -CMUUMOAUGMCUU· -UUCC· • OAUGOA 
- - ---- - - - -- - - - - - - - - - - - - - - - - - - - - - -U.V.UUUGI\OI\CUUUCAUCCUCOCUCl\001\Ug.V.cgCugCCGgCC ·UC· C • UUMCACI\UCC.V.OUCO.V.COCAO • • • • • • • • • • UUMU.V.CcCOMCUC • • uucc • • CAuCCA 
------------------------------UUUUUAUUUOAOAOUUUGAUCCUOCCUCI\COaug.V.COCUOOCOGCO·UC-C·CUMCACAUCCMCUCCACCCAUC· • - - - - - • • • • • • • • • • • • • • • • UUC- • UUCC- ·CM- - -
------------------------------nguUU.V.UUgACACU\JUOAUCCUCGCUCACOACg.V.CCCUgGCOGcg-UC-C-UUMCACAUGCaAOUCOI\OCOAOA- - - - - - - • - •• - - - - •• - - - - -.v.cc- -uuco- -couu-. 
-------------------------------UUUAAUUUOAgl\guUUOAUCCUCCCUCACCAUg.V.cOCUOGCCOCG·UC-C-UUMCACAUCCMOUCCAOCCAOA-----------.v.cuurU.V.CCGAUC--UUCC--GOUCM 
---------------------------· -- --UUUUAUUCACACU\JUGAUCCUGOCUCACCACg.V.COCugCCGGCO·UG·C-UUMCACAUCC.V.OUCGAOCO·AUG· • - • • • - • - - • • • • • • • -MOCUCC· ·UUCG· ·OGAOuG 
. -- ------- • •---- •- •--· • - --· • • • -- •UAUAUGOAOOOUUUGAUCCUGOCUCACOGUGMCGCUGOCOOCO-UO-C-CUMCACAUOCMOUCOACCOOOO- - - • • - - - - • - • - • - ·C.V.·ACUCCC· -UUCG· ·OCCAGG 
-------------------------------UUUCMCOCACAOU\JUOAUCCUCOCUCAOOAUO.V.COCUOGCOOCC-UO-C-UUMCACAUOCMOUCO.V.CO-AUC-----------------AUCCCGUG-·CUUg--caccGO 
-------------------------------------------OUUUGAUCCUOOCUCAOOACO.V.CGCUCGCCOCG-UG-C-CUMCOCAUGCMOUCOAGCCOAG-----------AUCOUOOUUCMOOU--CAUOA-OCUGGA 
-- -- --- ----... ------- -- --- -------------- ----- --- -- --- ------ --------- ------ ------ -..... -------- ------ ------- ------- .. ------- -- -- --- .. ----------. -----------
-------------------------------------------OU\JUOAUCCUGOCUCAOOACO.V.COCUOOCOOCO-UO-C-CUMCOCAUOCMOUCOAOCQQAO-----------oUAOCUAUOMOOOU--.V.CC--00.V.UA 
--------------------------------------------UUUOAUCCUOOCUCAOOACO.V.COCUOOCOGCO-UO-C-CUMCOCI\UOC.V.OUCOAOCOOOO-----------AUGOUOGUUOMCGU--GAUCA-OCUGGA 
---------·---------------------------------------------------------------------------------------------------------------
- -- -- --- - • - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - -- - - - - - - - -GMCCCUOOCCGCG-UO-C-CUMCOCAUOC.V.OUCOAOCOOAO-- - - - - -- - - - --GUAOCUUCMCGU- -OAUCA-OCUGGA 
--.. -.. -------------------------------- --.. --- --------.. --------------------.. -- --------------------... -- .. ---.. ---.. ---.. ------------- .. -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -UUUG/\UCCUCGCUCAGOACGMCOCUCOCOOCO-UG-C-CUMCACAUOCMOUCOMCOOO- - - - - - -- -AUCCGUGUNNCOGAOOUC- -UUNOO- - - - • - • 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -UUUOAUCCUOOCUCAOGI\CG.V.CGCUCGCCOCO-UG-C-CUMCACAUOC.V.CUCGACCCO- - - - - - - -ACOGC-AC- -UOMC- - -OUACUUOCGUOGCGGA 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - -- -- - - - - --- - - - - - - - - - - - - -0.V.COCUOGCOGCO-UO-C-CUMCACAUGCMGUCGAGCCG- - -- - - - - - - - - - - - - - - - -ACOGCOCC- -.V.CUACGUUCGO 
- -- - -- - - - - - - - - -- - - - - - - ---- - - - -- - - - - - - -- -- - -- --- --- - - - - - - - - - - - - -0.V.CGCUOGCOGCO-UO-C-CUNNCGCAUGC.V.OUCGAGCOAO- - -- - --- - -- -- -OUAGCUUNMCGU- -OAUCA-OCUGGA 

0 0 00 00 0 0 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OU- - - - - - - - - - - - - - -AUI\UCCUAOCOOCOO- -ACO 
ACCOAUUAM- - - - - - - - - - -OAUAGCOOCCO- -ACO 
A- - - - - - - - - -- - - - - - - - --CUUAOCggCgG- -acg 
CAuUUUUa.V.u- - - - - - - - - -OCUAOCOOCOO- -ACO 
AOUCuUUOUO- - - - - - - - • -1\CUul\OCggCgG- -ACO 
I\UCUUOAUUC- - - - - - - - - -ACUOAOUCOCGO- -ACG 
AOCOnaOUUI\- - - - - - - - - -ACUUAOUOOCGO- -Cnn 
- - - --- - - - - - - -- - - - - - - -gAGAOCOGCGg- - ace 
- - -- - - - - - - - - - -- - - - - - -UCUAOCCGCOO- -ACO 
OUUAUMCUO- - - - - - - - - - -OAyl\OCOOCOO- -ACO 
0----- - ---- - - - -- - - - --1\UUI\OCOGCOO- -/\CG 
AGUA·•······•· - • - - - • .. C'C'CAGCGOCOG- ·ACG 
GO- - - - - - - - - - - - - - - - - - -AUUAOUGOCGI\- -ACO 
GO- - - - - - - - - - - -CUOCCAUCUUI\OCOOCOO- -/\CO 

Cl • • • • • • • • -- ·l.'lM,C~llllAfll'lllll'ntl ·M'tl 
c:c:- • •• ·- • •• ·--CLIOCCGO· • - • • ········/\CG 
•• ------------------------... - - ------
G· • • • - • - • - - ---CUACCUUAOCCGCOG- ···-/\CO 

-----ACCGAAGUOCCI\UCGUGAOAOUOGCG0--1\CO 
UI\- - - - - - - - - - - -OCI\CCOOI\CGGGUCMGU- -/\CO 
AG- - - - • - - - - - - - - - - - - - - - - - - - - - - - - - - • - - -
G- - - - - - - - - - - - -CUACCUUAOCOOCGG- - - - -ACO 

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000001000001101111011000001011110011110100 
OOUOAOU- - -MC-GCOUOOOUAA- -CCUAC-CUCI\UI\CI\OOOGOI\UMCACAOCGI\MCCUOUOCUMUI\CCCCAU-MCO- - - - - -co- - -GCO-OCAU-COU- - -cc-OUUAU-CAM-OOA 
OOUCAOU- - -MC-OCOUOOOUM- -UCUAC-CCUUCI\OACUOOOI\UAACI\CCOOOAMCUgOUOCUMUACCCOAU-ACOOUCUA- -COO- -OaO-OCAU-CUU- -CUO- UAOM-OAM-OOU 
90ugAOU- - -.v.c-Oc9UgOACM- -UCUAC-CCUGuag acug90AUMCI\CCUCOaaag agguOCUAAUACCOOAU-.V.UOucga- -g aa- -gcg-QCAU-COC- -uuu-ucoaa-gaaA-OOa 
GGUOCGU---MC-ACOUOOOUM--CCUOC-CCCUAUCACUOOOAU.V.CACACUOMMOUOUOCUMUACCAOAU-MCAUMQ--CUU•-UUO-OCAU-CAU--UAO-CUUAU-CAM-OA­
GOUOAGU---a>.c-ocouooou.v.--ccuoc-CUCAUaCaGOOOGAU.V.CAOUUAOAMUOACUGCUAAUACCOCnU-nAOCOCAC--AOO--ACC-Onnu-oou--cuo-ououo-.V..V.-AC­
COUOAGU---MC-OCOUOOAU.V.--CCUOC-CUCACACUCOCOGAUMCAOUUAOAMUOACUOCUAAUI\CCOCaU-aAOCOCAC--AGU--OCC-OCaU·OGC--AOU-OUOUO-MM-AC­
GGUGAOU---.v.c-ocoUGOOUAA--CCUOC-CUUI\UI\CI\GOCOOAUMCAGcUOOAMCOOUUGCUAAUACCOCAU-MGCAUAC--AOU--OCC-OcaU-GOU--ACA-GUGUO-MM-AGa 
GOuOI\GU- - -MC-GCOUCGOUM- -ccuoc-CCUGUACI\CACGGAUMCAUI\CCOa>.AGOUaUOCUMUACOCOAU-MCAUAcU- -uuu- -AUC-OCAU-GOU- -AgA-AgUAU-CAM-OC­
GOUOAOU- - -MC-ACOUCGOUM- -CCUOC-CUCAMOAOOOOMUI\OCCUCCCOAMCOGaOAUUAAUACCOCAU-MUAUUM- -AOU- -UUC-ACAU-CGA- -OCU-UUMU-UAM-COA 
O\"'U.IGAGU- • • AAC- OC'OlJOO<":AAA • • r.r.t"1<' • r.• n '"' JAC AA<l<lO(U\lJAOr.CUC'OOOAAACC'O<lOAlJllAAUACCCnAU-AAMC'UCU- "' 11m,- -AOC- OCAU- OyU- .. A.C A-UOAOU-CMA • 0C • 
th JlJtJAOU ..... AAC - ACtJUOOOUAA •• - c..·cu, Jr: .. (.'U<: AUA<JA(l(JCl<JAAUACJCClMJCOAAAfJ(JMOAUUAAUACCOC AU- AAIJAUlJOU- - AOU .. - A.CC .. oc AU-OOU- .. AC A- oc MU-UMA-OOA 
OgUGAOU- • • MC- ACgUOOgUM- -CCUOc • CCUCC09AOOOOOAU.V.CcAOOOOAMCCCUOOCUMUACCCCAU-ACOCUCC A- -UC - - -MC-OC.V.-OUU- - -00-UOGAO-OAM-ggg 
GOUGAOU---MC-ACOUGAOUM--CCUOC-CCUUOACUCUOCOAUMOCCUGOGAMCUCOOUCUMUACCOGAU•AUOACUCC--U-C--AUC-OCAU-OOU--O-G-OOOOUOOAM-OC­
OOUOAOU---MC-ACOUGAOCM--CCUAC-CCCCAOCACCOOGAUMCAOCUCOAMOOOCUGCUMUACCCOAU-GOOACCAC--OU--CAUC-OCAU-GOUO--AU-OUOOU-GAM-000 
--------------------------------------------------------AMGOGCUGCUMUACCCGAU-GOOACCAC--oo--CAUC-OCAU-OAUO--cu-ouAGOUOAM-OOA 
OOUOAGU- - -MC-ACOUOAOUM- -ccuoc-CCCCAOCACGCOGAUMCAGCUCOAMOOOCUOCUMUACCCOAU-GOOACCAC- -OG- -CAUC-GCAU-GAUO- -CU-OUAGOUOAM-OA• 
OOUCAOU- - -MC- ACOUCAOUM- -CCUI\C-CCCC AOCACOGCOAUMCAOCUCOAMCGOCUGCUMUI\CCCOAU-GOOACCAC- -00- -CAUC-OCAU-OAUO- -CU-OUCGU-OAM-000 
•••• ·GU·. -MC-ACOlJOAOUM· -ccuoc-cr.CCAOCACOOOOAU.V.CAOCUCOAMOOOCUOCUMUIICCCOAU-OOOACCAC- -oo- -CAUC-OCAU-OAUO- -cU-OUAOOUOAM-OOA 
COUOAOU---MC-ACOUOOACM--CCUAC-CCUCAOCACOOOGAUMCAOCUCOAMOGOCUOCUMUACCCOAU-COOACCAC--GO--CAUC-OCAU-OAUO--CUUOUOGU-GAM-COO 
----------------------------------------------------------------------------------CCAC--AO----UC-OCAU-OUC--ACA-OUOO--UAM-AQ-
OGCGAOU---MC-OCOUOAOCM--CCUOC-CCUAUGCIJOOOOGAUMCACCCGOAMCCCGUOCUMUACCOCAU-MGACCAC--AOU--GAC-OCAU-OU---ACA-GUGO--UAM-O-­
GGUOAOU---MC-OCOUOGO<:M--CCUAC-CCUU.V.GACCOOOAUAOCACCUCOAMCCCCUCCUMUACUCCAU-MGCUCCU--UAU--AGO-OCAU-CCU--AUA-OOGAO-GAM-OOG 
--------------------------------------------------------AMOOOOUGCUMUACUCGAU-MGCUCCU--UOU--AOG-GCAU-CCU--AUOAGOMO-GUOU-AOG 
COUOAOU- - -MC-ACOUGAOCAA- -CCUAC-CCUCAGCACOCOOAUMCAOCUCOAMOOOCUOCUMUACCCGAU-OCOACCAC- -OU- -CAUC-GCAU-OAUG- -CU-OAUOOUOAM-000 
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G--------------AMU----·······•·-·······CGGUAG-AUGGGCCCGCGUCCGAUUA·G·CUAO···UU<lGU<l·AGGNMCOGCUCACCMOGCOACOAUCOOUAOCCOMCUOAOAOGUU·OGUCGGCCACAU 
GGC--··········GCM···········OCUACCO-·CUGMOn·•UOAGCCCnCGUCCCAUUA·O·CUAO·--UUGGUG·AGOUMCOGCUCACCMOGCgACOAUOGOnAOCCGGCCUGAGAGOOU·gOUCGGCCACAC 
··-·-·--------•OaGM·•-·-·--·-·•·UCCG•-CUAUAGG-aGqAGUCCGCGUCCCAUUA-G·CUAG·-·UUGGUGAGGGUMCOGCCCACCMGGCOACOAUGOGnAGCCOGCCUGAGAGOOu•gMCGGCCACAC 
·•--··---·----·AUU·-···•··--··-·••UCO-·GAUAGGG•AUGGGCCCGCGUCUGAUUA·O·CUUO·-·UUGGUG·AGGUMCGGCUCACeMGGCMCGAUCAGUAGCCGACCUOAGAGOOU·GAUCGGCCACAC 
·----·---------UCCG··--··-··--··--GUg•-GUAUGAG-AUGOACCCgCGUCUGAUUA·G-CUnG---uuoGAG·GGGUaACGOCCCACCMGGCGACGAUC•GUAGCc:GGCCUGAGAGGGU·GMCGGCeAeAU 
·-·-···----·---uccG•---······-··-·GUa--GUGUGAG·AUGGAUCCGCGUCUGAUUA-G·CCAG·--UUGGCG-OGGUMCGGCCeACCAMGCGACGAUCAGUAGCCGACCUGAGAGGGU·GACCGGCCACAU 
Uuna-GUUCMC···UUC·-·•·GUUGMC·•·UCUG··GUAUMG·AUGGACCCGCGUCUGAUUA·G·CUAO···UUGGUG·AGGUMUGGCUCACCMGGCGACOAUCAGUAGCCgGCUUOAGAGAGU·GACCGGCCACAU 
··------••·····UCCG···············GCG·•GUACAGg•AUGGACCCGCGUCUGAUUA·G·CUAG---UUGGUA·AGOUMCGGCUUACCMGGCOACGAUCAGuAGCCGACCUGAGAOGGU·GAUCGGCCACAU 
.. _ ........... · GUM· ............ · UCCG· · CUWGAG · AUGGACCCGCGGCGCAUUA ·G ·CUaO • • • UUGGAG • AGGUMCOOCUCACCMOGCgACOAUGCGuAGCCGACCUGAGAOGG u • gAUCGGCC AC AU 
............... UCCG · ............. · GCG · · GUAUMG · AUGGUCCCGCGUCCC AUUA ·G • CUaO • • • UUGOUG • AGGUMCGOCUCACCMOGCgACGAUOGgnAGCCgGCCUGAGAOC:Gu • gMCGG<;C AC AC 
.............. ·GUM· ............. UCCG · ·CUAUGAG. AUGOACCCOCGuCGC AUUA. G • CUaG • • • UUGGUO • AGGUMCOOCUCACCMGGCgACOAUGCGuAGCCGACCUGAGAGGGu • 9 AUCCO.: C AC AU 
qC · ........... • gUUU • .......... · GCCCCG · · CCGGAGG · AggggCCCGCOGCCCAUCA • G • GUAG • • • UUGGUO· OGGUMCGGCCC ACCMOCCGACGACGGOUAGCCGGCCUGAGAOGGU • OGUCGGCCACAG 
·······-•···--UUUW····•········••guG--GWUUGG·AUGGACUCGCGGCCUAUCA·G·CUUg••·UUGGUG·AOGUMUGGCUCACCMGGCGACGACGOGUAGCCGOCCUGAGAOGGU·GACCGGCCACAC 
UAGCC···-·--··GGGGA···•····GGCUAUACUG·-GCUGGOG·AUGGGCUCGCGGCCCAUCA·G·CUAG···UUGOUG·GOGUMCGGCCUACCMGGCGACGACGGGUAGCCGGCCUOAGAGGGU·GUACGGCCACAG 
G·······••--···AMU···············CCG··GCUGGGG·AUGGGCUCGCGGCCCAUCA·G·CUAG---UUGGUGAGGGUMCGGCCCACCMOGCUACGACGGGUAGCCGGCCUGAGAGOGU·GOUCGGCCACAG 
········-·----·AMU-····-··--·--··CCG--GCUGGGO-AUGGGCUCGCGGCCCAUCA·G·CUAG---woouo-oocuMCGGCCCACCMGGCUACGACGGGUAGCCGGCCUGAGAOGGU·GGUCGGCCACAG 
UA-··•··-·GCCGGUGA-·•······GGCUAUUCCG--GCUGGGG-AUGGOCUCGCGGCCCAUCA·G·CUAO-··WGGUG·GGGUMUGGCCCACCMGGCUACGACGGOUAOCCGOCCUGAGAGGGU·GGUCGGCCACAG 
G· .......... - . ·AMU· ....... - . - ... ·CCC- ·GCUGGGG·AUGGGCUCGCGGCCCAUCA·G·CUAG· • ·UUGGUG·GGGUMCGGCCCACCMGGCUACGACGGOUAGCCGGCCUGAGAGGGU·OGUCGGCCACAG 
UA···········GCWUU···•···GAGGCUAUCCG·-GCUGGGG·AUGGGCUCGCGGCCCAUCA·G·CUAG···UUGGUG·GGGUMCGGCCUACCMGGCGACGACGGGUAGCCGOCCUGAGAGGGU·GUACGGCCACAG 
···············CUGA·············GGCAG··GCAUAGO·AUGGGCUCGCGGUCGAUUA·G·CUAG··-UUGGUA·OGGNMCGGCCUACCMGGCGACGAUCGGUAGCCGOACUGAGAGGUU·GGCCGGCCGCAU 
··-············CUGA············-GGCGG··GCAUAGG·AUGGGCUCGCOGUCCAUUA·G·CUAG·--UUOGUA-GGGNMCGGCCUACCMOGCGACGAUCGOUAGCCGGACUGAGAGGUU·OGCCGGCCGCAU 
UG-----····---CGCM···-·-·····•CUACCG-·GUAMGG-AUGGGCUCGCGUCCCAUCA·G·CUAG---uuGGUMGOGUMCGGCCUACCMGGCGACGCUCGGUAGCCGGCCUGAGAGGGU·GGACGGCCGCAC 
CAUGGUAUGAGGAGGMGGUAGCGGGA···•CUACCG--CUUMGGMUGGGCCCGCGUCCCAUCA-G·CUAG---UUGGUA-GGGUMCGGCCUACCMGGCGACGACGGGUAGCCGGCCUGAGAGGGU·GGUCGGCCACAC 
UA--··-··-···GCWUU·······GAGGCUAUCCG··GCUGGGG·AUGGGCUCGCGGCCCAUCA·G·CUAG---UUGGUG·GGGUMCGGCCUACCMGGCGACGACGGGUAGCCGOCCUGAGAGGGU·GUACGGCCACAG 
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UGGOACUGAGACACGOCCCAGACUC•CUACG--GGAGOCAGCA·G·UGGOGMUAUUGCGCMU·GGGG·GAM·CCCUGACGCAGCMCGCCGCG•UGA-AGGMGMO 
UGGGACUGAGACACOGCCCAGACUC-CUACG-·GGAGGCAGCA-G·UGGGGMUCUUGCGCMU-GGGC·GAM-GCCUgACGCAGCMCGCcgeG·UGA·GCGAUOMG 
UGOMCUGAGACACGGUCCAGACUC•CUACG-·GGAGOCAGCA·G·UGGGGMUAUUGUGCMU·GGGG·GAM-CCCUGACACAGCGACGCCGCG-UGA·GUGMOMG 
UGOMCUGAGACACGGUCCagaCUe•eUACG· ·GGAGGCaGCa•G·UGGGGMUaUUGCACMU-GGGC·GAM-GCCugAUGCAGCMCGCCGeg•UOA·GCGAUgMG 
UGGOACUGAGaCoCGGCCnnGaCUC•euaeG--GGAGGcaGea-G-UGGOOMUaUUGeaeaaU·GGGG·GAM-cecuGAUGCAgeGAeGecGcG-UOA·AGGMGMG 
UGGGACUGAGACACGGCCeaAaCUe•eUaCG··GGAGGCAGCA·G·UGGGGMUaUUGCACMU·GGGC·GAM-GCCUGAUOCAGCGACGCCGCG•UGA-GUOMGMG 
IJGGGACUGAGACACGGCCCMACUC•CllACO • ·OGAGC'.CnG17n • O•llOOOGMUAUUOCACM\l•OOG,1 ·0MA•CCCUOAUOCAGCOACaceoeO·I.IOA·OI.IOMOMO 
UGGMCUGAGACACGGUCCAMCUC·CUACG·•GGAGGCAGCA·O·UGGOOMUAUUGCACMU·OGGC•GAM·GCCugAUGCAOCMCOCCOeO-UOA-OCOAUGMO 
UGGMCUGAGACACGGUCCAGACUC-CUACG-·GGAGGCAGCA-O·UGGGGMUAUUGCACMU-GGGC-GAM·GCCugAUGCAGCMCGCeGeg•UGA-OUOAUOACO 
UGGMCUGAOACACGGUCCnGACUC-CUACG--GGAOGCAGCA-G-UGOGGMUAUUGCACMU-OGGG-GAM-CCCUOAUGCAGCOACOCcgeG-UGA-OCOMGMG 
UGGGACUOAGACACGGUCCAGACUC-CUACG- -GGAGgCAGCa-G-UGGGGMUAWGCACMU-GGGO-GAM-CCCUOAUGCAGCMCGCeGeO-UGA-OUOAUOACO 
OGGCACUOAGACACGGGCCCCACUC·CUACG··GGAGGCAGCA-G·UGGOgMUCUUOGACMU·GGGG•gAM•CCCUGAUCCAGCGACGCCOCO·UOC·OGGACOMg 
UGGOACUGAGACAeGGCCCAGAeUC·CUACG··GGAGGCAGCA-G•UGGGGMUAUUGCACMU•GGGC•GAM-GCCUGAUOCAGCOACGCCOCO·UGA·GGGAUGACO 
UGGOACUGAGACACGGCCCACACUC·CUACG··GGAGGCAGCA·G·CGGGOMUCWGCGCMU·GGGC·GGM-OCCUGACGCAGCGACGCCGCG•UGA•GGGMGGM 
UGGOACUGAGACACGGCCCACACUC•CUACG--GGAGGCAGCA·G·CGGGGMUCUUGCGCMU·GGGC-GAM-OCCUGACGCAGCGACGCCGCG-UGA·GGGAUGOM 
UGGGACUGAGACACGGCCCACACUC•CUACG··GGAGGCAGCA·G·CGGGOMUCUUGCGCMU·GGGC·GAM•GCCUOACGCAGCOACGCCOCG•UOA·GOGAUGGM 
UGGGACUGAGACACOGCCCACACUC·CUACG·-GGAGGCAGCA·G·COGGGMUCUUGCGCMU·GGGC·GAM-OCCUOACGCAGCGACGCCGCO·UGA-GGGAUGGM 
UGGOACUGAGACACGGCCCACACUC·CUACG··GGAGGCAGCA·G·CGGGGMUCUUGCGCMU·GGGC·GAM-GCCUGACGCAGCGACGCCGCG·UGA·GGGAUGGM 
UGGGACUGAGACACGOCCCACACUC·CUACG··GGAGGCAGCA·G·CGGGGMUCUUGCGCMU·GGGC·GAM·GCCUGACGCAGCGACGCCGCG·UGA·GGOMGGA• 
UGGGACUGAGACACGGCCCAGACUC·CUACG··GGAGGCAGCA·G·UGGGGMUAUUGCGCMG·GGOG·GMA·CCCUGACOCAGCGACGCCGCO·UGO·AOGMOMG 
UGGGACUGAGACACOOCCCAGACUC·CUACO· ·OGAOOCAOCA·O· UGGGOMUAUUOCOCMU·OOOO·GMA·CCCUOACOCAOCOACOCCOCO•UOO•AOOMOMO 
UGOGACUGAOACACOOCCCAGACUC·CUACO··OOAGOCAGCA·O·UOGOGMUCUUGGGCMU·GGGC·OOM•OCCUOACCCAOCOACOCCOCO·UGO-OOOAOOMO 
UGGGACUGAOACACOGCCCAGACUC·CUACG· ·GGAGOCAGCA·G·UGOGGMUCUUGCGCMU·GGGC·GAM•GCCUGACGCAGCGACGCCGCO-UGA·GCGAGGMG 
UGGGACUGAGACACGGCCCACACUC·CUACG··GGAGGCAGCA-G·CGGGGMUCUUGCGCMU·GGGC-GAM·GCCUGACGCAGCGACGCCGCO·UGA•GGGMGGA-
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OCC· ·UUCG·GOUUGUAM· • • • • • • • • • • • ·CUUCUUUGAUUGOGOACG· ·MG············ ·GMO············· ·UGACGGUACCC·C•MG-MCMGCCAC·GGCUMCUACGUGCCAOCAGCCGCGGUMUACGU 
GCC··UUCG·GGUUOUAM·····-···-···GCUCUGUCAUCAGOGACG··MGUCUUAMGGC·-GMUA-·OCCUW-MG·GUGACGGUACCU•g•AGG-AGGMGCCCC•GGCUMCUACGUGCCAGCAOCCGCGGUMMCGU 
GCC· ·UUCG-GGUCGUAM• • • • • • • • • - • • ·GCUCMUAGUAUOGGMG· ·M· • • • • • • • • • • • ·AGMA· • - - • • • • • • • • • ·UGACOGUACCA·U·AC- • ·GAMGCCCC·GGCUMCUACGUGCCAGCAGCCGCOGUMUACGU 
Gee· • UUCG· GGUCGUAM • • • • • • • • • • • • • GCuCuGUCCUAUGGGMG· ·A·· • • • • • • • • • • • • • UMU • • • • • • • • • • • • • • ·GACGGUACCA • U· AGG· AOGMgeCCC • GGCu oACUACGUGCCAGCAGCegeOGuaAUACGU 
UAU·. eUcG-GUAUGUaAA- •••••••••••• cUUCUaUCaGCAGGGMG- ·A· ••••••••••••• • AMU• • - ••• - ••••• - - ·GAcGOUoccU•G-Acu • nAGMgcCCc ·GGCUo ocUACGUOCCAGC oGCcGCGGUaAUoCGU 
UAU--UUCG·GUAUGUAM···········•·gCUCUAUCaGCoGGGMG·-A-··············AMU-•·---·····-·-·GACGGUACCU·G-ACU·MGMGCCCC·GGCUMCUACGUOCCAGCAGCCgCGGUMUACGU 
UAU--UUCG-GUAUGUAM-··-·-·-··-·-GCUCUAUCAGCAGOGACG--A-·-·····-·····-UMU----···-······-GACOGUACCU·G-ACU-MGMgcCCC·GGCUMCUACGUGCCAGCoGCCGCGGUMUACGU 
GCC· ·UUCG·GGUCGUAM· • • • • • • • • • • • ·GCUCUGUCCUCMGGMG· ·A·············· ·UMU· • • • • • • • • • • • • • ·GACOOUACUU·O·AGO·AOGMOCCCC·OGCUMCUACGUOCCAOCAOCCGCGGUMUACGU 
GUC • • UUCG·OAUUGUAM· • • • • • • • • • • • ·OCUCUGUCUUUUGOGACG· •A··· • • .. • • • • • • • • • UMU· • • • • • • • • • • • • • ·OACOOUACCA•A·AOO•AOOMOCCAC·OOCUMCUACOUGCCAOCAOCCOCGGUMUACGU 
GUC· • UUCG·GAUCGUMA· • • • • • • • • • • • ·C1CUCUOUCCUAMGGMG· ·A······ · • • • • • • • • UMU· • • • • • • • • • • • • • ·GACGOUACUU·U·AOG·AOOMOCCCC·GGCUMCUACOUOCCoOCoOCCOCOOUMUACOu 
,:llC• -tn.JCO·OAU\JOIJAA,\• • • • - • • - • • • • -r:~lJ("IJ<llJ('lftftl,\C:O<Jl\("0- ·/\- - • • • • - • • • .. • • • ·IJ,\/\IJ• - - • - - - • - - • -- • • 0/\CO(JIJACCU-A-A<JO-AorJMOr:CAC·OOCIJAAr:tJACfJIJfJ<:r:An<:t\fJr:Cnt:OOIJMIJAr;(]IJ 
1.:1.,.•1.· - - uu~o- OtJUUcJUMA • - - •• - • •.'f.'tJL'lJIJIJtJOL'<JI JOtJIJA"O •• - A"lJAA1JtJIJ,\1 ;<;, JACJ- -0/\M•UO<:ccu>. ·Ct"O· AUOACOUUACCC:·C-OCU-AOMAOCCCC-OOCUMCUACOUOCCAQC"9CC9COOUMUACOU 
OCC· ·UUCO·GGUUGUAM· • • • • • • • • • • • ·CCUCUUUCAGUAGGGMO· ·MGC· • • • • • • • • • • ·GAM· • • • • • • • • • • • ·GUOACGOUACCU·G·CAG·MOMOCOCC·OGCUMCUACGUGCCAGCAOCCOCOGUMUACGU 
GCC··UUCO-GGGUGUAM-••··•····-··CCUCUUUGGACGOGGAGA--A-······-·······OUM-·-···•--···GGAOAUAGUACCC·G-UUU·MAMGCCAC•GGCUMCUACGUGCCACGAGCCGCOGUMUACOU 
CCC- ·UUCG·GGOUGUAM· • • • • • • • • • • • ·CCUCUUUGGACOGGGAGA· -A··················· - • - - - • • - - • • • • -- - - - - - - - - • • • ·- • • • • • • - • • • • - • - • • - • • • • - • • • • • • • • • • - • • • • • • • • • • • • • • • • 
OCC-·UUCO·GOOUGUAM·············CCUCUWGOACGGGOAGA··A··············GGUGA·---·········AOAUAOUAOACC·C•OUU-MAMGCCAC·GOCUMCUACGUOCCAOCAGCCOCGOUMUACOU 
GCC· ·UUCO·GGGUOUAM• • • • • • • • • • • • ·CCUCUWGGACGOGGAGA· ·A············· ·GUAO· • • • - • • • • • • • ·GAOAUAGUAGCCC·O•UUU•AM- • • • - - - • • - - • • • • - • • • • • • • • • • • • • • • - • • • • • • • • • • 
GCC··UUCG·OGGUGUAM·············CCUCUUUGGACOOGGAOA··A·············OGUGM··--········•···GAUAGUACC·O·UUU·MAMOCCAC-OGCUMCUACGUGCCAOCAOCCGCOGUMUACGU 
ace-. UUCG-GGGUOUAM-. - •••• - •• - • ·CCUCUUUGGACGGGGAOA-. A- - • - •••• - ••• ·GUAGM-. - - - - • - - - • - - - - -GAUAGUACC-CGUUU-MAMOCCAC-OGCUMCUACOUOCCAOCAGCCOCOGUMUACGU 
occ--uuuo-oouuouAM-------···---cuccuuucAUCGGGGACG--A--···-·--·---AGAU--·------·-------GACGGUACCC-O-MO-MC-------------·--------------·------·------
occ--uuuo-OGUUGUAM--·-------·•-CUCCGGUGAUCOGGGACG--A·--····-·-··-AOAU·---------·-----GUACGGUACCC-O-MO-MCMOCCAC-GOC-----·-·------··-------·····--­
occ- -UUCG-GGUUGUAM- - • - • • - • - - • - ·CCCNGWAGUGUOOGMO- -A- - - • - - • - • - • - ·AGGGA-UGACGGUA-CCAC-- - - - - - - - - - - - - - - - -ACOAMOCCCC-OOCUMCUACGUGCCAGCAOCCGCGOUAOUACOU 
occ--uuco-GGUCGUAM·----········GCUCGAUAGUOUGGGMO--A---··-·-----·AGGGA-UGACOOUA-CCAC------------------ACGAMOCCCC-GGCU--------------·--------·-···-­
GCC--UUCO-GGGUGUAM-·--····----·CCUCUUUGGUCGGGGAGA--A·--·-··------ouAGM-------··-------oAUAGUACC-CGUUU-MAMGCCAC-GGCUMCUACGUGCCAGCAOCCGCOGUMUACGU 
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AG-GUGGCGAGCGUUGUC-GGMUUACUGGGUGUMAGGGCGCGUAGGCGGGAU--GCMGUCAG-AUGUGMAUUCCGGGGCUUMCCCCGGNNC-UGCAUCUGA 
AG-GGGgcnAGCGUUGUCCGGMUUACUGGGCGUAMGGGcGUGUAGGCGGCCU-GGCAaGUCAG-AUGUGAMMCCCCGGCUUMCCGGGnnCA-UGCAUUUGA 
AG-GGGGnnAGCGUUGUCCGGMUUACUGGGCGUMAGAGCACGUAGGCGGCUA-UAAAAGUCAG-AUGUGAMMCCUGGGCUCMCCGAGGGUA-UGCAUCUGA 
AG-GGGGcnAGCGUUaUCCGGMUUaCUGGGcguaMGGGUGCGuaGGCgGUUU-AUCMGUCAG-GGGugMAGGCUACGGCucMCCGUAGuG--AGCCuCUgA 
ag-gggnnnAGCGUUaUccGGAUUUacUGGGUGUnMGGGAGcGUAGacGGMG-AGcnAGUCUG-AUGUGAMGGclJGGGncuuaAccccAGgAc-UGcAUIJGGA 
A(). GGGg c nAGCGUUAUCCGCAUUUACU<l()()lJGIJAM()()()A()C()( JA()Ac<lGCCA - AGC AA<1l~l J() • MGll<lMMCCC AC1oO';llC: M';':':~r.r.c •C • UO';lMJGGA 
I\G-GGGQnnAGCUUUI\UC'CGIJ/\UWAC\J0(:1:u<:tJAM(1(1(1/\(l('(I\J,'l(]l)L"OOLk.:lJ-rnlUI\I\ULl\.:/\\J-011000MAOccnc1JllOLUCMCLll...:OfJ1lt'IU-l.k.1LACU\JOA 
AG•gGGgcnnGCGUUAUCCGGMUUACUGGGcGUAMGGGUGCGuaGGUGGUUU-CUUMGUCAG-MGUGAMGGCUACGGCUCMCCGUAGuA--aGCUUUUGA 
AG-GUGGcnAGCGUUGUCCgGAUUUACUGGGCGUAMGGAUGUGUuGGCGGAUA-CUUMGUGAG-AUGUGAMGCCCCGGGCUCMCCUGGGMC-UGCAl/UUCA 
aG-GGGgnnAGCGUUAUCCGGMUUAUUGGGCGUAMGGGUGCGUnGGCGGCna-UGUaAGUCaG-GCGUUAMOGCAUCGGCUUMCCGAUGUA--AGCGUUUGA 
AG-GUGGcnAGCGUUGUCCGGAUUUACUGGGCGUMAGGGcGCGUAGGUGGAUA-UUUMGUGGG·AUGUGAMUACCCOGGCUUMCCUGGGncC-UGCAUUCCA 
AG-GGGGCMOCGUUACCCGgAUUUACUGGgCGUAMGGGGGCGUAGGCGGCCU-GGUgUGUCGG-AUgUgAMlJCCCACOGCUCMCCGUGGGGC-lJGCAlJCCGA 
ag-GGCGCMGCGUUAUCCGGMUUAUUGGGCGUAMGAGCUCGUAGGCGGUUU-GUCGCGUCUG·CCGUGAMGUCCGGGGCUCMCUCCGGAUC-UGCGGUGGG 
AG-GUGGCGAGCGUUGUCCGGMUUACUGGGCGUMAGGGUGCGUAGGCGGCUA-UGCGAGUUM-GCGUGAMGCCUUAGGCUCMCCUMGGAU-UGCGCUUM 
- _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -UAMGGGUGCGUAGGCGGCUG-GGUMGUUM-GCGUGAMUCUUGGGGCUCMCCCCGGGGC-UGCGCUUM 
AG-GUGOCOAGCGUUGUCCGOMUUACUGGGCGUAMGGGUGCGUAGGCOGCUG-GGUMGUUM-OCGUGAMUCCUGGGGCUCMCCCUOGGGC-UOCGCUUM 
---------AGCGUUGUCCOGMUUACUGGGCGUAMGGGUGCGUAGGCGGCUO-GGUMGUUM-GCGUOAMUCUUGGGGCUCMCCCCMGGC-lJGCGCUUM 
AG-GUGGCGAGCGUUGUCCGGMUUACUGGGCGUAMGGGUGCGUAGGCGGCUG-GGUMGUUM-GCGUGAMUCCUGOGGCUCMCCCUGOGOC-lJOCGCUUM 
AG-GUGGCGAGCGUUGUCCGGMUUACUGGGCGUAMGGGUGCGUAGGCGGCCU-GGUMGUUGA-GCGUGAMUUUUUGGGCUCMCCCMMGO-AGCGCUUCG 
-----------------------UUACUGGGUGUAMGGGUOCGUAGGCGGGGU-GCCMGUCAO-GUGUGAMUACCGGGGCUUMCCUCGGGOG-UGCAUCUGA 
--------------------------------GUAMGGGCGUGUAGGCGGGGU-GCCMGUCAG-GlJGUOAMUACCOGGGCUUMCCUCGGGGO-lJGCAUCUGA 
AG-GGGGCGAGCGUUGUCCGGMUUACUGGGUGUAMGGGCGCGUAGGCGGUCA--UCMGUCAG-GUGUGAMGACCCGGGCUCMCCCGGGGGO-UGCAUCUGA 
--------------------------------GUAMGGGCGCGUAGOCGGCCG-UUCMGUCAG-GUGUMMUACCCGO-CUCMCCCGOGGUA-UGCACUUGA 
AG-GUGGCGAGCGUUGUCCGGMUUACUGGGCGUAMGGGUGCGUAGGCGGCCU-GGUMGUUGA-GCGUGAMUUUUUGGGCUCMCCCMMGG-AGCGCUUCO 
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MCUGUAU-CUCUUGAGUGCUGGAGAGGM-AGCGGMUUCCU-----AGAGUAGCGGUGAMUO-CGUMUAUUAOAGMCMCACCAG--UOOCOMGOCGGCUUUCU 
MCUGCCg-GGcuUGAGGGCAGGAGAGGAG-AGUGGMUUCCC- - - - -GGUGUAOCGGUGAMUG-CGUAOAUAUCOOOAOGMCACCAG- -UOOCOMOOCOACUCUCU 
MCUAMU-AgCUUGAGUCMGGAGAOGAG-AGCOGMUUCCU-----OGUGUAGCGGUGAMUO-CGUAGAOAlJCAGOMGMUACCAO--UOGCGAMGCOGCUCUCU 
MCUGGUg-MCUUGAGUGUAGGAGAGGM-AGUGGMUUCCC-----AGUGUAgCGGUGAMUG-CGUAgAUAUUOGOAOGMCaCCAO--UGGCGMGOCOACUUUCU 
McUGUUG-UUCgaGAGUGccGGAGAGGUa-AGCGGMUUCCu- - - - -AGUGUngCGGUgaMUO-CGUaGAUatJUAGGAGGMCACCaO- -UGGCGMGGCGGCuUACU 
MCUGUUU-UGCUAGAGUGUCGGAGAGGUA-AGUGGMUUCCU-----AGUGUAGCGGUGAMUG-CGUAGAUAUUAGGAGGMCACCAG--UGGCGMGGCGGcuUACU 
MCUACCC-GACuAGAGUGCAGGAGAGGUa-AGUGGMUUCCU-----AGUGUaGCGGUGAMUG-CGUAGAUAUUAOGAGGMCACCAG--UOGCGMGGCGGCUUACU 
MCUMGA-gACuUGAGUGCAGGaGAGGAG-AGUAGMUUCCU-----AGUGUAGCGGUGAMUG-CGUAGAUAUUAGGAGGMUACCAG--UUGCGAMOCGGCUCUCU 
MCUGGGU-AUCUAGAGUGCAGGAGAGGM-AGCGGMUUCCU-----AGUGUAGCGGUGAMUG-CGUAGAOAUUAGGMGMCAUCAG--UGGCGMGGCGGCUUUCU 
MCUGUGU-GGnnUGAGUACaGGAGAGGM-AGCGGMUUCCU-----AGUGUAGCGGUGAMUG-CGUAGAUAUUAGGAGGMCACCAG--UGOCGMGGCgGCUUUCU 
MCUGGAU-AUCUAGAGUGCaGGaGAGGM-AGGAGMUUCCU-----AGUGUAGCGGUGAMUG-CGUAGAGAUUAGGMGMUAUCAG--UGGCGMGGCGCCUUUCU 
MCUACCA-GGCUUGGGGGCGGUAGAGGGA-GACGGMCUGCC-----GGUGUAGGGGUgAMUC-CGUAGAUAUCGGCAGGMCGCCGG--UGGGGMGCCGGUCUCCU 
UACGGGCA-GACUAGAGUGAUGUAGGGGAG-ACUGGMUUCCU-----GGUGUAGCGGUGAMUG-CGCAGAUAUCAGGAOGMCACCGA--UGGCGMGGCAGGUCUCU 
UACUGCAU-AGCUUGAGUGCGGGAGAGGAC-GGCGGMUUCCC-----GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMCACCAG--UGGCGMGGCGGCCGUCU 
UACUGCCU-GGCUUGAGUGCGGGAGAGGAC-GGCGGMUUCCC- - - - - GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMCACCAG- - UGGCGMGGCGGCCGUCU 
UACUGCCU-GGCUUGAGUGCGGGAGAGGAC-GGCGGMUUCCC- - - - -GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMCACCAG- -UGGCGMGGCGGCCGUCU 
UACUGCUC-GGCUAGAGUACGGGAGAGGAC- GGCGGMUUCCC- - - - -GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMCACCAG- - UGGCGMGGCGGCCGUCU 
UACUGCCU-GGCUUGAGUGCGGGAGAGGAC- GGCGGMUUCCC- - - - - GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMC ACCAG- -UGGCGMGGCGGCCGUCU 
AUACUGCUGGGCUUGAGUGCGGGAGAGGAC-GGCGGMUUCCC- - - - -GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMCACCAG- -UGGCGAAGGCGGCCGUCU 
AACUGGUG-CUCUUGAGUGCCGGAGAGGAA- AGCGGAAUUCCC- - - - - AGUGUAGCG-UGAMUG-CGUAGAUAUUGGGAOGAAC ACC AO- - UGGCGAAGGCGGCGCUUC 
MCUGGUG-CUCUUGAGUGCCGGAOAGGM-AGCGGMUUCCC • - - - -AGUGUAGCGGUGAMUG-CGUAGAUAUUGGGAGGMCACCAG- -UGGCGMGGCGGCUUUCU 
MCUGAUU- GGCUAGAGGGC AGGAGAGGGG - AGUGGMUUCCC - - - - -GGUGUAGCGGUGAMUG- CGUAGAUAUCGGGAGGMUACCAG- -UGGCGMGGCGACUCUCU 
MCUGGGC-NGCUAGAGGGCAGGAGAGGGG-AGUGGMUUCCC-----GGUGUAGCGGUGMAUG-CGUAGAUAUCGGGAGGMUACCAG--UGGCGMGGCGACUCUCU 
AUACUGCUGGGCUUGAGUGCGGGAGAGGAC-GGCGGMUUCCC- - - - -GGUGUAGCGGUGAMUG-CGUAGAUAUCGGGAGGMCACCAG- -UGGCGMGGCGGCCGUCU 
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GGACAGUMCUGACGCUGAGGCGCGAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCCGUAMCGAUGGAUA-CUAGGUGGUGUAGGA 
GGCCUgGCCCUGAcgCUGAGGCGCnAMGCGUGGG-GAGCMACAGGAUUAGAUACCCUGGUAGUCCACGCCGUAMCOAUGGGUA-CUAGGUGUAGGAGO­
GGACUUGMCUGACGCUGAGGUGCnaMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCCGUAMCGAUGGAUA-CUAGGUgUGGGUUA­
GGACUACMCUGACGCUGAGGCACgMll()CGUGGG-GAOCAMCAGOAUU/IGAUaCCCUGGUAOUCCACGCUOUAMCGAUGAOUA-CUAOOUOUCGOCUO­
OGACOOuaACUOACOUUOAOGCucnAMOCgUgGG-OAGCaAACAOGAUUaOnUACCCUgOUaOUCCACOCcOUnMcnAUOMUa-CUAOOUgUCOOOUgg 
GGACGAUMCUGACGUUGAOOCUCgAMGCGUGGG-GAGCAMCAGOAUUAGAUACCCUOGUAGUCCACOCcOUAMCGAUGMUG-CUAOGUGUUOOOGO­
GGACUGUAACUGACGUUGAGGcucgAMGcGUGGG-GaGCAMCAGOAUUAGAUACCCUGGUaGUCCACGCcGUAMCGAUGMUA-CUAGGUGUUGGOOUC 
GGACUGUMCUGACACUGAGGCACgaMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGuoGUCCACGCcOUAMCGAUGAGUA-CUAGCUGucggnnnG 
GGACUGUAACUGACGCUgAGGCAUgAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCnGUAMCGAUGAGUA-CUAGGUGUAGGAGG­
GGACUGUAACUGACGCUGAOGCACnAAAGCGUGGO-UAGCGAACAGGAUUAGAUACCCUGGUoGUCCACOCcOUAACCOAUOAOUO-CuAOOuGUUGOGgO­
GGACUGUMCUGACACUGAGOCnnnoMGCGUGGO-GAOCAMCAOGAUUAOAUACCCUGOUAGUCCACGCcGUAMCGAUGAAUA-CUAGOUOUAOGOGUU 
GGGCCGACCCCGACGCUGAGOCCCGAMGCCAGGG-GAGCAMCCGGAUUAOAUACCCGGGUAGUCCUGOCUGUAMCOAUGCCCA-CUAGOIJGUOOOOOOO 
GGGCAUUAACUGACGCUGAGGAGCGAMGCAUGGG-GAGCGAACAGOAUUAGAUACCCUGGUAGUCCAUGCCGUAMCGUUGGGCA-CUAGOUGUGGGGGAC 
GGACCGUAACUGACGCUGAGGCCACAMGCGUGGG-GAGCGAACAGGAUUAGAUACCCUGGUAGUCCACGCUGUAMCGAUGOAUO-CUAGOUGUGGGGGA­
GGACCGUMCUGACGCUGAGGCACGAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCUGUAMCGAUGGAUG-CUAGGUGUGGGGGA­
GGACCGUAACUGACGCUGAGGCACGAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCUGUAMCGAUGOAUO-CUAGGlJGUOGGGGA­
GGACCGUUACUGACGCUGAGGCACGAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCUGUAMCGAUOGAUO-CUAGGUGUOOOGOA­
GGACCGUAACUGACGCUOAGGCACGAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGOUAGUCCACGCUGUAMCOAUOGAUO-CUAOGUGUOOGOGA­
GGACCGUAACUGACGCUGAGGCACGAMGCGUGGG-GAGCAMCAGGAUUAGAUACCCUGGUAGUCCACGCUGUAMCOAUOGAUO-CUAOGIJOUGOOOGA­
GGACGGUAACUOACGCUOAOGCGCOAMGCGUGGQ-GAOCAMCAOOAUUAOAUACCCUGOUAOUCCACGCUOUAMCOAUOOAUA-CUAOOUOUAOGUOUA 
GOACGGUMCUGACOC'UGAGGCOCOAMGNNUOOO-GAGCAMCAGGAUUAOAUACCC:UOOUAGUCCACGCUGUAMCOAUOOAUA-CUCOOUOOUOUAOOA 
GGACUGGCCCUGACGCUGAOGCGCOAMGCGUGGG-OAOCGAACAOOAUUAGAUACCCUOOUAGUCCACGCUGUAMCOAUOGGUA-CUAOOUGUOGGOCOC 
GGACUGACCCUGACOC'UOAOGCGGGAMGCGUGGO-GAGCAMCAOOAUUAOAUACCCUGGUAGUCCACGCCGUAMCOAUOGGUA-CUAGGUGUOGGAUOC 
GGACCGUAACUGACGCUGAOGCACGAMGCGUGGG-OAGCAMCAGOAUUAGAUACCCUGGUAGUCCACGCUGUAMCGAUGGAUG-CUAGGUGUOGOG<lA-

0 
600 
661 
618 
62? 
630 
6.11 
t\,111 

604 
6t// 
628 
613 
64-4 
619 
63,4 
368 
616 
S7J 
SOIi 
fU, 

369 
557 
623 
486 
60S 

0 
700 
761 
718 
729 
730 
731 
7<48 
704 
1(» 
728 
713 
744 
719 
734 
468 
716 
673 
fU, 
1(11 
468 
657 
723 
S86 
7()15 

0 
800 
860 
817 
828 
830 
830 
848 
804 
Sal 
827 
813 
1144 "'O 819 :),) 
833 OQ 
S67 (D 
815 -772 

\CJ 705 
--.J SOIi 

568 
757 
823 
686 
805 



/data/~red/c1os.~red.a1n 
Copyright 1992 Gen-Probe Inc. 

Fri Feb 21 09r13t57 1992 6 

Comprt11•5f c.,,,11,.,,.s, 
C.tha<tti-5/ 
C.1Jmuch-5/ 
C .1ti<llan°5/ 
C .<o«oid1-Sf 
C.<1011,id-Sf 
C .amin,,.,al-5/ 
C.litUltbw-5/ 
C .paJlturi-5/ 
C pwrinoly-5/ 
C.bwtyri<m-5/ 
Tt.mari1im•Sf 
Arb,1/obif-S/ 
Tp8T•Sf 
0/19.B/-5/ 
R18Dl·Sf 
NA/0-5/ 
R18.Cl-5f 
R/2.81-5/ 
R1S/.Bl•Sf 
C.11tr-Sf 
Ct<op-5/ 
Tbrot•Sf 
WaiJS.BI-5/ 

Comprt11•Sf 
CJttll""'•Sf 
c.,ltdwi-Jf 
C.1h1a«h 0 S/ 
C.11idlan•Sf 
C .<o«oid,-5/ 
C.<io,trid-5/ 
C .amin(IVD/-5/ 
C .li11u,1'11•JJ 
C pollturi-5/ 
C p,,rinoly-5/ 
C.bwtyricm-5/ 
Tt.maritim-5/ 
Ar~-1/obif·Sf 
Tp8T•Sf 
0"9.B/•5/ 
Rt8Dl•Sf 
NA/0·5/ 
RtB.CI-5/ 
R/2.BI-5/ 
RtSI.BI-5/ 
C.11tr-Sf 
Ct<np•Sf 
Tbroc-5/ 
WaiJS./JJ-5/ 

Comprtn•Sf 
CJttll""'•Sf 
CJ/oa<tti•Sf 
C .11t.1a,:ch-5/ 
C .1titllan-5f 
C .<ot<oid1-S/ 
C .<lo,trid•Sf 
C .omin"""l-5/ 
C JitMltbw-5/ 
CpalltNl'i'-5/ 
Cpwrino,-,..5/ 
C.bwtyri<m-5/ 
Ttmaritim-5/ 
Ar~-1/obif·Sf 
Tp8T•5f 
0"9.B/-5/ 
Rt8Dl•5f 
NA/0-5/ 
Rt8.CJ-5f 
R/2.BI-5/ 
RtJI.B/-5/ 
C.11tr-Sf 
Ct<op-5/ 
Tl,,oc-5/ 
WaiJS.IJI-5/ 

000011100000000111111111111111111111111111111111111111111111111110111100000000000000000000000000000000000000000000 
GGUAUCGAC-····CCCU\JCUOGCCGGAGUUMCACMUMGUAUCCCACCUGGGGAGUACGOCC-GCMGGUUGAMCUC-AM·GOMUUO-ACOGOOOCCC--OC-A--CA 
··UAUCGACC--··CCUUCUOUOCCGCAGUAMCACMUMGUACCCCGCCUgOGOAGUACGOcc-GCMOOCUOAMCUC·AM·OOMUUG-AC9GOOgCCn··OC·A··CA 
····GUA·······UMUCCOUOCCOOAGUUMCOCMUMGUAUCCCOCCUGOOOAGUACOOCC·OCMOOUUGAMCUC·AM-OOMUUG •..... .•.•.•. OC-A·-CA 
-···UCM·-·---AOOucOGUOCCnGCOUUMCaCaWMOUACUCCGCCUOOOOAOUACOCUC·GCMOAGOOAMCUC·aM·OOMUUG·ACOOOOACCC··GC·A·•CA 
C·-·AM--·--GCCauUCOOUGCCgCAgCAMCGCMUaAOUAUUCCaCCUOOOOAOUACOUUC-OCaAOMUOAMCUC•AM·OOMUUG·ACOOOnAncc··gC·a-•Ca 
--·GCAMO-·---CcuUCOOUGCCOCCOCaMCGCAOUMGCAUUCCACCUOOOOAOUACGUUC-GCMGMUOAMCUC·AM-GGMUUG·ACGOOOAnCC·-GC-a·-Ca 
C··•AUM····GGACUUCGGUGCCGUCGCAMCGCMUMGUAWCCACCUGGGGAGUACGUUC·GCMGMUOAMCUC·AM·GOMUUG-ACGGgGACCC··OC·A··CA 
···WACCC·····CCCUCGGUGGCGCAGCUMCGCAWMGUACUCCGCCUCGCMGUACGCUC·GCMGAGUGAMCUC·AM-GGMUUG·ACOOgGACCC··GC·A··CA 
··UAUCGACU-···CCUUCUGUGCCgCAGWaACGCaAUMGUACUCCGCcugG<;,aAGUACGGuC-GCMGAWMMCUC·AM-OOMUUG-acgggngccn--GC·A-·CA 
----UCGA-·--··ACCUCAGUGCCnMGWMCACAWMGCACuCcGcCUgOOGaGUACGGUC·GCMGACUGAMCUC·AM-OOMUUG·AcgggGACCC·-GC-A·-CA 
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AOG-AGA---------------·--------------·-·---------·-------CaOOUGOUGCAUGOUUOUCOUCAGCUCGUGUcOUGAOAUGUUOGOUua>.GUCCCOCMCGAOCOCnACCCUUA-UCCUUAG---uAGC 
OG<;,-aGA--------·---------------·-------·--·---·----------CAGGUOOUGCAUOGUUOUCGUCAGCUCGUGUCGUGAGAUOUUOOGUUaAGUCCCGCaACGAOCOCMCCCUUA-UCCUUAG-·-UAGC 
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AO-------GUGGO-CACUCUAOCOAOACUOCCGOCOA-CM-GUCO--OAOO-A-AGOUOOOO-ACOACGUC--AMUCAUCAUG-CCCCUUAUG-UC-CUGGGCUACACACOUACUAC 
AO-------CCGGO-CACUCUAMOOOACUOCCOOUOA-CM-ACCO--OAGO-A-AOOUGOOO-AUOACGUC--AMUCAUCAUO-CCCCUUAUA-UC-CCGOGCUACACACOUGCUAC 
o--------ACOGO-OACUCUACCOAOACUOCCOUOGA-UM-CACO--OAGO-A-AOOCGOGO-AUGACOUC--AMUCAUCAUO-CCCWUAUO-CC-CUGGGCUACACACOUGCUAC 
o--------CUGOO-CACUCUAOAMOACUOCcOAOOA-CaA-CUCO--OAOO-A-AGGUOOOO-aUOACOUc--aMUCAUCAUO-CCCcuUAUO-CU-UAOOgCUACACACOUOCUAC 
uo-------ouooo-caCUCUAOOOaOACUOCCGOOOA-UnA-CCCO--OAOO-A-AGOCOOOO-ACOAnOUn--nAAUcAUCAUO-CCCcuuAUO-AU-UUOOOCUACACACOUOCUAC 
AO-------CUOOg-CACUCUAGOGAOACUOCCAOOOA-UAA-CCUO--OAOG-A-AOGUGGGO-AUGACOUc--aMUCAUCAUO-CCCCUUAUO-AU-UUOOGCUACACACOUOCUAC 
G--------CUOGO-CACUCUAGAOAOACUOCCAOOOA-UM-CCUO--OAGG-A-AGOCGGGO-AUOAcOUC--AMUCAUCAUG-CCCCUUAUG-AU-CUGOGCUACACACGUOCUAC 
ou--------UGGG-CACUCUAGAGOgACUGCcagnOA-UAA-CCUG--OAGO-A-AOOUGOOg-AUOACGUC--AMUCAUCAUG-CCCCUUAUG-CU-UAGGGCUACACACOUGCUAC 
ou--------UOAG-CACUCUAOUGAOACUOCcCOGOU-UAA-CCGO--naOO-A-AOOcGGGG-AUGACGUC--AMUCAUCAUG-CCCCUUAUG-UC-UAGGGCUACACACGUGCUAC 
GU--------UOAO-CACUCUAGAOgnACUGCCGGUOA-CAA-ACCG--OaOO-A-AOOUOGGG-AUGACOUC--AMUCAUCAUG-CCCCUUAUO-UC-UUOOOCUACACACGUOCUAC 
GU--------UGAG-CACUCUAGCOAOACUOCnCGOOU-UM-CCGO--naOO-A-AOOUGOOG-AUGACGUC--AMUCAUCAUG-CCCCUUAUO-UC-UAGGGCUACACACOUGCUAC 
0--------CCGOG-CACUCUAGOGOOACUOCCOGCGA-COA-gCCO--OAOG-A-AGOAGGGG-AUGACOUC--AGGUACUCGUG-CCCCUUAUO-CC-CUGGGCGACACACOCGCUAC 
uo-------ocooo-OACUCAUOOOAGACUGCCGGOOU-CM-CUCO--GAGG-A-AOOUOOOO-ACOACOUC--AMUCAUCAUG-CCCCUUAUG-UC-UUOOOCUUCACOCAUOCUAC 
uo-------OUGGO-CACUCUMGOOOACUGCCGUCOA-UOA-GOCO--OAGG-A-AGOUOOOO-AUOACGUC--AMUCAUCAUG-CCCCUUAUG-CC-CUGOGCUACACACGUGCUAC 
AO-------CUCOOOCACUCUAAOGOOACUOCCOUCOA-UGA-OGCG--GAOO-A-AOOUOOOO-AUOACGUC--AMUCAUGAUG-CCCCUUAUG-CC-CUGGOCUACACACOUOCUAC 
AG-------CCOOG-CACUCUMOOGOACUGCCGUCGA-UOA-GOCO--OAGG-A-AGOUOOOO-AUGACGUC--AMUCAUCAUG-CCCCUUAUO-CC-CUOGOCUACACACGUOCUAC 
uo-------CCGOO-CACUCUMOGOGACUGCCOUCOA-UGA-GOCG--OAGG-A-AGOUOOOG-AUGACOUC--AMUCAUCAUG-CCCCUUAUG-CC-CUGOOCUACACACOUGCUAC 
AG-·-----CCOOG-CACUCUAAOGGOACUOCCOUCGA-UOA-GOCO--OAOG-A-AGOUGOOO-AUGACOUC--AMUCAUCAUG-CCCCUUAUO-CC-CUGOGCUACACACOUOCUAC 
AO-------OCGGG-CACUCUMOGOGACUGCCOCCGA-UGA-GGCG--GAOO-A-AGOUOOOO-AUOACOUC--AMUCAUCAUG-CCCCUUAUG-CC-CUGGGCUACACACOUGCUAC 
AG-------AUGOG-CACUCUMCOAGACUOCCOOCOA-GM-GUCG--OAOG-A-AGOUOOGO-AUOACOUC--AMUCAUCAUG-CCCCUUAUO-UC-CUGGGCUACACACOUOCUAC 
AO- - - • - - -AUGGG-CACUCUMCGAGACUOCCGGCOA-GM- GUCG- -GAGO-A-AGOUGOGO-AUGACGUC- -AMUCAUCAUG-CCCCUUAUO-UC-CUGGOCUACACACGUOCUAC 
00- - • - - - -GUOOO-CACUCUAGAOOOACUOCCOOCM-AM- GUCG- • GAGO-A-AGGUGOGO-AUGACGUC- -AMUCAUCAUG-CCCUAMUG-CC-CUGGOCUACACACOUGCUAC 
• -- - • - • - • - - • - - - - - - - -- • --- - - - - - - - - - - - - --- --- - -- - - - -- - - - - - - - - - -- -- - -- -ACOUC- -AMUCAUCAUG-CCCUAUAUG-CC-CUGGGCCACACACGUOCUAC 
AO- - - - - - -OCGGO-CACUCUMGGGGACUGCCGCCGA-UGA-GOCG- -GAGG-A-AGGUGGGG-AUGACGUC- -AMUCAUCAUG-CCCCUUAUG-CC-CUGGGCUACACACGUGCUAC 

1111111111101011111110011011111110111111100000000000111111111111001111111111111111111111111111111111111111111111111111 
MUGGCUGCUA-C-AMGGGA-AGC-GAUACCG-COAGGUG---------·-GAGCAMUCCCC·-MMOCAGUCCCAGUUCGGAUUOCAGOCUOAMCUCOCCUOCAUGMGUCGG 
MUGGCCUGUA-C-AMGGGG-UGC·GMOOAO·CGAUCCO···-···-···OAGCOAAUCCCA·J\MAGCAOOUCUCAGUUCGOAUUgcAGGCUGCMCUCOCCUOCAUGMGUCOO 
MUOOCCUOI\A • C • AGAOOOC - AGc:.· •• «.~/\/\Cl• lAO - C.:<i/\UC:CO • • • • • - • - • - - 01\CJ<.'<il\l\lJ<:c:c A- G/\/\AAC /\OOUCCC ACUUC AOAUUQCaOOCUOCMCCCOCCUOCAOOMOACOrJ 
MUGGCUGUUA-C-AMGGGC-UGC-GAGACCG-CGAGGUG-----·-----GAGCCMUCCCA-GMAMCAGUCUMGUUCGGAUUGUAGGCUGAMCUCGCCUACAUGMOCCGG 
aAUGOCGUAM-C- nMGOGA-AOC-GAGACAG-CGAUGUU-. - - • - - - - - -GAGCGMUCCCA-MMUnACGUCCCAGUUCGOACUOCAOUCUGCnACUCGACUOCACGMGCUOG 
MUGGCGUAM-C-AMGGOA-AOC-GAGACAG-UGAUOUG---·-·-·---GAOCJ\MUCCCA-MMUMCGUCCCAGUUCOOACUOUAGUCUGCAACCCOACUACACOAAOCUGO 
MUGOUGACUA-C-AMGAOA-AOC-AMGCUG-UOAAOUG-----------OAGCCAAUCUCA-MMGGUCAUCUCAGUUCGGAUUGUAGUCUOCAACUCGACUACAUOAAGCUGO 
AAUOGGUGGUA-C-AGAGGGc-aOC-CAAGUCG-UOAGOCG-----------GAOCUAAUCCCU-UAMOCCAUUCUCAGuUCGOAUUGUAGGCUOAMCUCOCCUACAUGAAGCUgG 
MUGGUGAGM-C-MCGAGA-UGC-AAUACCG-UGAGGUG-----------GAOCUAMCUUG--MMCUCAUCCCAGUUCGOAUUOCAGGCUGAMUUCOCCugCAUGMGUUGG 
MUGOUCGGUA-C-MCGGOG-AOC-OMGCCG-UGAGGUG-----------GAGCAMUCCCA-AUMGCCGAUCCCAGUUCGOAUUGUAOGCUGAMCUCOCCUACAUGMGCCGG 
MUGOUCGGUA-C-MUGAOA-UOC-AACCUCO-CGAGAGU-----------GAGCMMCUAU--MMCCGAUCUCAGUUCOOAUUGUAGOCUGAMCUCGCCUACAUGAAOCUGG 
MUGOOCGOUA-C-MUGOGU-UOC-GACCCCO-CGAGOGO-----------OAOCCMUCCCC--AMOCCOCCCUCAOUUCOOAUCGCAGOCUOCAACCCOCCUOCGUOMGCCGG 
MUGOCCGGUA-C-AMGOGU-UOC-OAUACUG-UGAOOUO------···--GAGCUMUCCCA-MMGCCOOUCUCAGUUCOOAUUOOOOUCUOCMCUCOACCCCAUOMGUCOO 
MUGGOUOCUA-C-AGAGGOCGUOC-GMOOCG-CGAOCCG-----------OAOCGAAUCCCA-MAMGCACCCCCAGUUCGOAUUOCAOOCUOCAACUCOCCUOCAUGAAOUCOO 
MUOGGUOCUA-C-AGAGOGA-OOC-GMGGCG-CGAGCUG-----------GAOCGMUCCCA-MAMGCACCCCCAGUUCGOAUUOCAGGCUGCAACUCOCCUOCAUGAAOUCGG 
MUGOGUOCUA-C-AGAGOGA-UOC-GAAGGCG-CGAGCUG-----------GAOCGAAUCCCA-MAMGCACCCCCAGUUCGGAUUOCAGGCUOCAACUCOCCUOCAUGAAGUCGG 
MUGGGUOCUA-C-AGAGGGU-UOC-OMGOCO-CGAOCCG-----------GAOCUMUCCCA-MAMOCACCCCCAGUUCOGAUUOCAGOCUOCAACUCOCCUOCAUOMOCCGO 
MUOOOUOCUA-C-AOAOOOA--UO-COMOOC-OCGAOCU·---------OOAOCOMUCCCA-MAMOCACCCCCAOUUCOOAUUOCAOOCUOCAACUCOCCUOCAUOAAOUCOO 
MUGGOUOCUA-C-AOAGGGU-UOC-GAAGGCO-CGAOCCG-----------GAOCGMUCCCA-MAMOCACCCCCAGUUCGOAUUOCAGOCUOCMCUCOCCUOCAUOAAGUCGO 
AAUGGCOACUA-C-AGAGOGA--AG-CAMUCC-GCOAGGA----------GGAGCAMUCCCG--AMGGUCOUCCCAGUUCGOAUUOCAGGCUOCMCUCOCCUOCAUGAAGCCGG 
MUGGCOACUA-C-AOAGOGA--AO-CAMUCC-GGCAGGA----------GOAGCAMUCCCO--AMGGUCOUCCCAGUUCGGAUUOCAGOCUCGMCUCOCCUOCAUGAAGCCOO 
MUGGCCGGUA-C-AGAGOGA--AO-COMOCC-OUGAOOC----------GGAGCOAAUCCCAA-AMGCCGGUCCAAGUUCGGAUUOCAGOCUOCAACUCOCCUOCAUOAAGUCGG 
MUGGCCGGUA-C-AOAGOGA--AO-COAAGCA-GCOAUCU----------GGAOCOAMCCCAA-AMOCCGGUCCMGUUCGOAUUOCAOOCUGCMCUCOCCUOCAUOAAGUCGO 
MUGOGUOCUA-C-AOAGGGU-UOC-OMGGCG-COAOCCG-----------OAOCOMUCCCA-MAMOCACCCCCAGUUCGGAUUOCAGOCUOCMCUCOCCUOCAUOAAOUCGG 
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MUUGCUAGUMUGGCAGGUCAG-CAUACUG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
AGUUGCUAGUMUCGCGGAUCAG-CAUGCCG 
AOUUACUAGUMUCGCAOAUCoO•MUOCUO 
•AUCOCUaOUMUCGCOOIIUCnO·ol\UOCCO 
aAUCGCUAGUMUCGCGMUCaG-MUGUCG 
MUCGCUAGUMUCGCAGAUCAG-MUGCUG 
AGUUACUAGUMUCGCAGAUCAG-MUGCUG 
AGUUGCUAGUMUCGCGMUCAG-MUGUCG 
AGUUGCUAGUMUCGCAGAUCAG-MUGCUG 
AGUUGCUAGUMUCGCGMUCAG-MUGUCG 
MUCGCUAGUMUCGCGGAUCAGCCAUGCCG 
AGUCGCUAGUMUCGCAGAUCAGCMCGCUG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
MUCGCUAOUMUCGCOOAUCAG-CAUGCCO 
MUCOCUAOUMUCGCOOAUCAO-CAUGCCG 
MUUOCUAGUMUGGCAGGUCAG-CAUACUG 
MUUGCUAGUMUGGCAGGUCAG-CAUACUG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 
MUCGCUAGUMUCGCGGAUCAG-CAUGCCG 

1111111 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
CCGUGMUA- - - - • - - - - - - • - - - - • • - • • • • - - • - - - - • - - - - - • - - - - - - • - • • - - - • • • - - - • - • - - - - - - - - - - - • - - - - - • • - - • - • - - • • 
CGGUGMUACGUUCCCGGGCCUUGUACACACCGCCCGUCACACCACGMAGCUGGCMCACCCGMG-CCGO-UGA-CCUM-CCC---GCGA-·­
CGGUGMUACGUUCCCGGGCCUUGUACACACCGCCCGUCACACCACGAGAGUUUACMCACCCGMG-UCAG-UGA-CCUM-CC---·GnM--­
CGGU9MUGCGUUCCCn99uCUUGUACaCaCc9CcCGUCaCACCAUGGMGUUGGGGGCACCCMAG-UUAG-UUA-UCCM-cc----UUAC--­
CGGUGMUNCGUUCCCGG9nCUUGUaCaCaCc9ccCGUCaCACCauGGGAGUCAGUMCGCCCGMG-UCAG-UGA-CCUaA-CC----GAaA--­
CGGUGMUACGUUCCC9GGuCUUGUACACACC9CcCGUCAcaCCauGGGAGUCAGCMCGCCCGMG-UCAG-UGa-CCCAa-cc----GAaA--­
UGGUGMUACGUUCCCG9GUCUUGUACACACCGCCCGUCACACCAUGGGAGUUGGAUAUGCCCGMG-UCAG-UGA-CCCM-CC----GUM--­
CGGU9MUGCGUUCCCG9GUCUUGUACACACCGCCCGUCACACCACGGGaGUUGGAGGCGCCC9aAG-CCGG-AUA-GCUM-CC----uuuu--­
CGGUGMUACGUUCcc=cuuGUACACACCGCCCGUCACACCAUGAGAGCUgGUMCACCCGMG-UCCG-UGA-GGUM-CC----UUAU--­
CGGUGMUACGUUCCCGGGUCUUGUACACACCGCCCGUCACACCAUGAGAGUCGAUMCACCCGMG-CCGO-UGA-GCUM-CC----GUnn--­
CGGUGMUACGUUCCCGnGCCUUGUACACACCGCCCGUCACACCAUGAGAGUU9GCMUACCCMAG-UUC9-u9u-GCUM-CC----GCM--­
CGGUGMUACGUUCcc=cuuGUACACACCGCCCOUCACGCCACCCGAGUCGGGGGCUCCCOMGACACC-UAC-CCCM-CCC---GMA--­
CGGUGMUACGUUCCCGGOCCUUGUACACACCOCCCGUCMOUCACGMAGUUGGUMCACCCOMG-CCOO-UOO-CCUM-CCC- -CUUOU- - -
CGGUGMUACGUUCCCGGGCCUUGUACACACCGCCCOUCMCACCAUGAGAUCAGCMCACCUGMO-ACACAGGUUMGCUGUGUUGMOGUGGG 
CGGUGMUA----- --- - -- - - - --- - - --- - - -- -- - - - - -- --- - -- - -- - - -- - - - - - - - - - - - - - - -- - - - - - - - - - - - -- - - -- -- - - - - -
CGGUGMUA-- --- --- --- - -- - -- - - -- - - - - - - - - - - - - -- - - - -- --- - - - -- - - - - - - - - -- - - - - - - - - - - --- - - - -- - - - - - - - - - - -
CGGUGMUA- -- - -- - - -- - -- - - - - - - - - - - -- - - - - - -- -- -- - - -- - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - -
CGGUGMUA-- - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - -
COGUGMUA- - - - - - - - - - - - • - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - • - - • • - - - - - - - - - • - - - - - - - - - - - - - - - • - - - - - - - - - -
CCGUGMUA- - - - - - • - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - • - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CCGUGMUACGUU----------------------------------------------------------------------------------­
CGGUGMUACGU------------------------------------------------------------------------- ----------­
CGGUGM- - • - - - - - - - - - - - • - - - - - - - - - • • • - - - - - - - - - - - - - - - - - - - - - - - - - • - - - - - - - - - - - - - • - - - - - - - - - - - - - - - • - - - - - -
CGGUGM·-·-·--·-··-- • • • -· ·- • • • • -· • -- • • • • • ·--· ·-----·-· ·-· • • • • -- • • • • • --------- -------· ----------· 

0 0 0 0 0 0 00 00 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
---------------------------------.. -----.. ----------.... -----------------------.. ---.. ----------.. ----
GGGMGGAGCCGU-CUMGGUGGGGCUGGUgauuGGGG ....... GUMCMG ...... GUAUCGGMG ......... GAUCACCUCCUUUCUA• 
-GGGAGGAnCUGc-CGaAGGUGGGGUMAUGAnnGGGG ....... GUMCMG ...... GUAUCGGMG ......... GAUCACCUCCUUUCCCU 
·GGaGGAGGCUAC-CUMGGUGMUUCMUGac ............................................................. . 
• GGMGGAOcuGC-CGMGGCGGGIICCGl\uMCtJGGGG ........................................................ . 
·GGAGGGAGCUgc-cnaAGGCGGGGCaGGUaACnGGGG ........................................................ . 
-GGAGGGAGCUGC-CGMGGUGGAGCCMUGAcUGGGG ....... GUMCMG ...... GUAUCGGMG ......... GAUCACCUCCUUUCn--
·GGMGCGUCCGU-CGMGGUGMGCCMUMCUGGGG ....... GUMCMG ...... GuoucqGMG ......... OAUCI\CCUCCUUUCn--
• 00<;19cCAOC<;10C•COMOGUOOOI\UUfl(JUOl\uuOOOO ....... GUMCMO ............ OMCCUO ...... 01\UCIICCUCCUUUCU•• 
-GGAGOCAGCCGU-CGMGGUGGGGUUOAUGAnnGGGO ....... GUMCMO ............ GMCCUG ...................... . 
·GGAGGCAGCGAC-CUMGGUAGGGUCAGCGAUUGGGG ....... GUMCMG ............ GMCCUG ...... GAUCACCUCCUUUCn•• 
GGGaGGGGGGGUGUCGAGGGAGMCCUOGCGAOGGGGGCGMGUCGUMCMGGUAGCCGUACCGGMGGUGCGGCUGGAUCACCUCCUUUCU-­
GGGAGGGAGCCGU-CGMGGUGGGACUGGCGAUUGGGACUMGUCGUMCMGGUAGCCGUACCGGMGGUGCOGCUOGAUCACCUCCUUUCU•• 
GCUGAllGAUUGGGGUGMGUCGUMCMGGUAG ............................................................. . 
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APPENDIX 3 

CHAPTER 7 SEQUENCE ALIGNMENT 



10 20 30 40 50 60 70 80 90 100 
. . 

1 GGCGGCG-UG-C-CUAAGACAUGCAAGUCGUGCGCGGCGG--ACGGGUGAGU---AAC-GCGUGGGUGA--CCUAC-CCGGAAGAGGGGGACAACCCGGG T.thermoph 
1 GGCGGCA-CG-U-UUUAAGnAUGCAAGUCGAAUAUGGCGA--ACGGGUGAGU---AAC-ACGUAGGUGA--UCUGC-CUGACGGAUGGGGAUAGCUUGUG Spi.aurant 
1 GGCGGCG-cG-U-UUUAAGnAUGCAAGUCGAACGUGGCGA--ACGGGugAGU---AAC-GCGUAGGUGA--UCUAC-CUUUUAGUUGGGGAUAGCCCAUG Spi.litora 
1 GGCgGCG-cG-U-UUUAAGnAUGCaaGUCGAaCGUGGCGA--aCGGgnnAGU---AAC-ACGUAGAuGA--UCUGC-CUuGAAGUUGGGGAUAGCCCAUA Spi.isoval 
1 GGCAGUG-CG-U-CUUAAGCAUGCAAGUCAAACG--------ACGGGUGAGU---AAC-GCGUGGAUGA--UCUAC-CUAUGAGAUGGGGAUAACUAUUA Bor. burgdorferi 
1 GGCGGCG-CG-U-CUUAGGCAUGCAAGUCGAGCGCGGCGG--ACGGGUGAGU---AAC-ACGUAGGUGA--CCUGU-CCUCAGGUUGGGGAUAGCCCGUG RI19 Bl 
1 GGCGGCG-CG-U-CUUAAGCAUGCAAGUCGAGCGCGGCGG--ACUGGUGAGU---AAC-GCGUGGGUGA--CGUAC-CUUUGUGACGGGGACAGCUCCUA Trp.bryant 
1 GGCGGCG-CG-U-CUUAAGCAUGCAAGUCGGG--CGGCGG--ACUGGCGAGU---AAC-ACGUGGGCGA -CGCGC-CCUCCGGACGGGAAUAGCCUGCA Treponema succinifaciens 
1 GGCGGCG-CG-U-CUUAAGCAUGCAAGUCGGACGuggcgg--acugnunagu---aac-ncguggguGA--CCUAC-CCUUGgnungggaauaGCCAUUA Spi.zuelze 
1 GGCGGCG-CG-U-CUUAAGCAUGCAAGUCGAAC---------ACUGGUGAGU---AAC-GCGUGGGUGA--UCUAC-CCUUAAGAUGGGGAUAGCUCCUA Treponema phagedenis 
1 GGCGGCG-CG-U-CUUAAGnAUGCAAGUCGAgCGCGGCGG--ACUGGUGAGU---AAC-ACGUGGGUGA--UCUAC-CUUUAGGUUGGGGAUAGCCAUUA $pi.stenos 
1 GGCGAUG-CG-U-CUUAAGCAUGCAAGUCGAGC-CGGCGA--ACUGGUGAGU---AAC-ACGUAGGUAA--UCUGC-CGUAGAGUGGGGGAUAACCCAUG S.innocens 
1 GGCGAUG-CG-U-CUUAAGCAUGCAAGUCGAGC-CGGCGA--ACUGGUGAGU---AAC-ACGUAGGUAA--UCUGC-CGUAGAGUGGGGGAUAACCCAUG S.hyodysenteriae 
1 GGCGGCG-CG-U-CUUAAACAUGCAAGUCGAGCGCGGCGA--ACGGGUGAGU---AAC-ACGUAGGUAA--UUUGC-CCACGGAUGGGGGAUAACCUUUC Lpn.illini 
1 GACAGAA-UG-C-UUAACACAUGCAAGUCU-UUnAGGCGG--ACGGGUGAGU---AAC-GCGUAAAGAA--CUUGC-CCUGCAGAGAGGGAUAACAGACG Lpt.buccal 
1 GGCGGCG-UG-C-CUAAUACAUGCAAGUCGAGCgcgGCgg--AUgGGUGAGU---AAC-ACGUgGGCAA--CCUGC-CUGUaAGACGGGGAUAACUUCGG Spl.inulin 
1 GGCGGCG-UG-C-CUAACACAUGCAAGUCGAGCGCGGCGG--ACGGgUGAGU---AAC-ACgUGGgUAA--CCUGc-CCUCCGgAGGGGGAUAACcAGGG Tt.maritima 

* * * ** * * * **** *** ** *** * * * ** * . . . . . . . . . 
T.thermoph 
Spi.aurant 
Spi.litora 
Spi.isoval 
Bor. burgdorferi 
RI19 Bl 
Trp.bryant 

89 GAAACUCGGGCUAAUCCCCCAU-GUGGACCC--G----CC-CUUG-GGG----U-GUGUC-CAAA-CG--CUUCCGG-AUGGGCCCGCGUCCCAUCA-G-
89 GAAACACAGGGUAAUACCGAAU-GAGCUGAC--GA---GC-UUUG-GUU---UU-GUUAG-UAAA-CG--CCGACAG-AGGAGCCUGCGGCUGAUUA-G-
89 GAAACAUGGGGUAAUACCGAAU-AAUCUCAU--U----GU-UUUG-UUU----A-AUGAG-GAAA-CG--CUGAAAG-AUGAGCCUGCGUAUGAUUA-G-
89 GAAAUAUGGGGUAAUACCGGAU-AAUCUCUU--UU---UC-UUUG-GUG---AA-UAGAG-GAAA-cG--CUUUrAG-AUGAGUCUGCGGCUGAUUA-G-
83 GAAAUAGUAGCUAAUACCGAAU-AAGGUCA---GUU--A--UUUG-UU----aA-UUGAU-GAAA-cg--CUUGUAGAUGAG-UCUGCGUCUUAUUA-G-
89 GAAACACGGGGUAAUACCGAAU-GGCCUCC---UUU--GC-UGUG-GCC--UGA--GGAG-GAAA-CG--CCUGAGG-AGNNNNNUGCGGCCCAUUA-G-
89 GAAAUAGGAGAUAAUACCGGAU-ACGCUGCA--UGU--UU-CAG--AGG--ACA-UGCAG-GAAA-CG--CACGAAG-AGCGGCCCGCGUACUAUUA-G-
87 GAAAUGCAGGGUAAUGCCGGAU-GCGAACA---CAC--GG-CUGG-AGC-CGUG--CGUG-GAAAGGG--GCGCCGG-AGGAGCGGCCCGCGGCCCA-U-
89 GAAAUAGugGAUAAUACCGAAU-ACGCuCUU--UU---Uc-uuug-gCn---ga-gaaag-GAAA-nn--CUCGAGG-AUGGGCCCgCGUCCCAUUA-G-
82 GAAAUAGGAGGUAAUACCGAAU-ACGCUUA---UAC--GA-UAAA-GCC-GUAU--?AAG-GAAA-NG--CUUGAGG-AUGAGCCCGCGUCCCAUUA-G-
89 GAAAUAGUgGGUAAUACCGAAU-GUggUUGC--GG---GC-UUUG-GCC---UU-GUAAA-GAAA-CG--CCUGAAG-AUGAGCCCnCGUCCCAUUA-G-
88 GAAACAUGGACUAAUACCGCAU-AUACUCU---UGC--UC-ACAA-GUA-GAGU--AGAG-GAAA-CG--CUUUACG-AUGAGCCUGCGGUCUAUUA-G-
88 GAAACAUGGACUAAUACCGCAU-AUACUCU---UGC--UC-AUAA-GUA-GAGU--AGAG-GAAA-CG--CUUUACG-AUGA-CCUGCGGCCUAUUA-G-
89 GAAAGGAAGGCUAAUACCGCAU-AACACCAU--GGU--UC-CACG-GUA--AUU-AUGGU-CAAA-CG--uCUGUGG-AGAAGCCUgCGUCCGAUUA-G-
88 GAAACGACUGAUAAUACCUgAU-AnAAUUGC--CAG--CC-GCAU-GUG-CCCG-GCAAU-GAAA-UG--CUGCAGG-AGAGCUUUGCGUCCUAUUA-G-
89 GAAACCGgAGCUAAUACCGGAU-AAUCCCUC--Gc---AC-GCnU-GGU---GC-GaGGuUGAAA-CA--CUUACAG-AUGGGCCCGCGGUGCAUUA-G-
89 GAAACCCUGGCUAAUACCCCAU-ACGCUCCA--UC---AC-GCAA-GUU---GG-UGGAG-GAAA-CG--CCGGAGG-AggggCCCGCGGCCCAUCA-G-
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168 CUAG---UUGGUG-GGGUAAUGGCCCACCAAGGCGACGACGGGUAGCCGGUCUGAGAGGAU-GGCCGGCCACAGGGGCACUGAGACACGGGCCCCACUC- T.thermoph 
170 CUAG---UUGGUG-GGGUAAAGGCCUACCAAGGCGACGAUCAGUAGCCGGCCUGAGAGGGU-GUACGGCCACACUGGAACUGAGACACGGUCCAGACUC- Spi.aurant 
168 CUaG---UUGGUG-GGGUAAUUGCCUACCAAGGCGACGAUCAUUAGCCGGCCUGAGAGGGU-GACCGGCCACAUUGGGACUGAGACACGGCCCAGACUC- Spi.litora 
170 CUaG---UUGGUA-GGGUAAAGGCCUACCAAGGCGACGAUCAGUAGCCGGCCUGAGAGGGU-GACCGGCCACAUUGGGACUGAGACACGGCCCAAACUC- Spi.isoval 
162 CUaG---UUGGUA-GGGUAAAUGCCUACcaAGGCAAUGAUAAGUAACCGGCCUGAGAGGGU-GAACGGUCACACUGGAACUGAGAUACGGUCCaGnCUC- Sor. burgdorferi 
170 CUAG---UUGGUG-GGGUAACGGCCUACCAAGGCGACGAUGGGUAGGGGGUCUGAGAGGAU-GGCCCCCCACACUGGGACUGAGACACGGCCCAGACUC- RI19 Bl 
171 CUAG---UUGGUG-AGGUAACGGCCCACCAAGGCAACGAUAGUUACCCGGCCUAAGAGGGU-GAUCGGGCACAUUGGGACUGAGAUACGGCCCAGACUC- Trp.bryant 
170 CAGC-UGGUAGGCGGUGCAAGGGACCACCUAGGCUACGACGGGUACCCGGCNUAAGAGGGC-GGACGGGCACAUUGGGACUGAGAUACGGCCCAGACUC- Treponerna succinifaciens 
170 CUAG---UUGGUG-AGGUAACGGCCCACCAAGGCGACGAUGGGUAUCCGGCCUGAGAGGGU-GUACGGACACAUUGGGACUGAGAUACGGCCCAAACUC- Spi.zuelze 
164 CUUG---UUGGUG-AGGUAACGGCUUACCAAGGCUACGUAUGGNAUCCGGCCUGAGAGGGU-GGACGGACACAUUGGGACUGAGAUACGGCCCAAACUC- Treponema phagedenis 
170 CUAG---UUGGGG-GUGUAACGGACCACCAAGGCGAUGAUGGGnAGCCGGCCUGAGAGGGU-gAACGGCCACACUGGGACUGAGAUACGGCCCAGACUC- Spi.stenos 
170 CCUG---UUGGUG-GGGUAACGGCCUACCAAAGCUACGAUAGGUAGCCGACCUGAGAGGGU-GACCGGCCACAUUGGGACUGAGAUACGGCCCAGACUC- S.innocens 
169 CCUG---UUGGUG-GGGUAACGGCCUACCAAAGCUACGAUAGGUAGCCGACCUGAGAGGGU-GACCGGCCACAUUGGGACUGAGAUACGGCCCNGACUC- S.hyodysenteriae 
172 GUAG---UUGGUG-AGGUAACGGCUCACCAAGCCAGCGAUCGGUAGCCGGCCUGAGAGGGU-GAACGGCCACACUGGAACUGGGACACGGUCCAGACUC- Lpn.illini 
172 CUUG---UUGGUG-AGGUAAnGGCUCACcnAGGCGAUGAUAGGuAGCCGGCCUGAGAGGGU-GAACGGCCACAAGGGgACUGAGAUACGGCCCnUACUC- Lpt.buccal 
171 UUAG---UUGGCG-GGGUAACGGCCCACCAAGACCGCGAUGCAUAGCCGACCUGAGAGGGU-GAUCGGCCACAUUGGGACUGAGACACGGCCCAAACUC- Spl.inulin 
170 GUAG---UUGGUG-GGGUAACGGCCCACCAAGCCGACGACGGGUAGCCGGCCUGAGAGGGU-GGUCGGCCACAGGGGCACUGAGACACGGGCCCCACUC- Tt.maritirna 

* * * * ** * ** * * * * * * ***** * * **** ** **** ** **** ** **** . . . 
T. thermoph 
Spi.aurant 
Spi. l i tor a 
Spi.isoval 
Bor. burgdorferi 
RI19 Bl 
Trp.bryant 

262 CUACG--GGAGGCAGCA-G-UUAGGAAUCUUCCGCAAU-GGGC-GCAA-GCCUGACGGAGCGACGCCGCU-UGG-AGGAAGAAGCCC--UUCG-GGGUGU 
264 CUACG--GGAGGCAGCA-G-CUAAGAAUCUUCCGCAAU-GGGC-GAAA-GCCUGACGGAGCGAUGCCGCG-UGA-UCGAUGAAGGUC--GAGA-GAUUGU 
262 CUACG--GGAGGCAGCA-G-CUAAGAAUCUUCCGCAAU-GGAC-GCAA-GUCUgACGGAGCGACGCcGCG-UGU-GCGAAGAAUGUC--GAGA-GAUUGU 
264 CUACG--GGAGGCAGCA-G-CUAAGAAUCUUCCGCAAU-GGGC-GCAA-GccugACGGAGCGACGCCGCG-UGG-ACGAAGAAUGCC--GAGA-GGUUGU 
256 cUACG--GGAGGCAGCA-G-CUAAGAAUCUUCCGCAAU-GGGC-GAAA-GccugACGGAGCGAcaCUGCG-UGA-AUGAAGAAGGUC--GAAA-GAUUGU 
264 CUACG--GGAGGCAGCA-G-CCAAGAAUCUUCCGCAAU-GGGC-GAAA-GCCUGACGGAGCGACGCCGCG-UGG-GGGAAGAAGGCC--GGAA-GGUUGU 
265 CUACG--GGAGGCAGCA-G-CUAAGAAUAUUCCGCAAU-GGAC-GAAA-GUCUGACGGAGCGACGCCGCG-UGG-AUGAUGAAGGCC--GGAA-GGUUGU 
267 NUACG--GGAGGCAGCA-G-CUAAGAAUAUUCCGCAAU-GGGG-GGAA-CNNUGACGGAGCGACGCCGCG-UGG-GCGAGGAAGGCC--GGAA-GGUUGU 
264 CUACG--GGAGGCaGCA-G-CUAAGAAUAUUCCGCAAU-GGAC-GAAA-GUCUgACGGAGCGACGCcGCG-UGG-AUGAAGAAGGCC--GAAA-GGUUGU 
258 CUACG--GGAGGCAGCA-G-CUAAGAAUAUUCCGCAAU-GGAC-GGAA-GUCUGACGGAGCGACGCCGCG-UGG-ACGAAGAAGGCC--GAAA-GGUUGU 
264 CUACG--GGAGGCAGCA-G-CUAAGAAUAUUCCGCAAU-GGAC-GAAA-GUCUGACGGAGCGACGCCGCG-UGG-AUGAUGAAGGCC--GAAA-GGUUGU 
264 CNACG--GGAGGCAGCA-G-CUGAGAAUCUUCCACAAU-GGAC-GAAA-GUCUGAUGGAGCGACAUCGCG-UGA-GGGAUGAAGGCC--UUCG-GGUUGU 
263 CNACG--GGAGGCAGCA-G-CUGAGAAUCUUCCACAAU-GGAC-GAAA-GUCUGAUGGAGCGACAUCGCG-UGA-GGGAUGAAGGCC--UUCG-GGUUGU 
266 CUACG--GGAGGCAGCA-G-UUAAGAAUCUUGCGCAAU-GGAG-GCAA-CUCUGACGCAGCGACGCCGCG-UGU-GCGAUGAAGGCC--CUCG-GGUUGU 
266 CUACG--GGAGGCAGCA-G-UGGGGAAUAUUGGACAAU-GGGG-GCAA-CCCUGAUCCAGCAAUUCUGUG-UGC-ACGAAGAAGGUU--UUCG-GAUUGU 
265 CUACG--GGAGGCAGCA-G-UAGGGAAUCUUCCACAAU-GGAC-GAAA-GUCUGAUGGAGCAACGCCGCG-UGA-GCGAAGAAGGUU--UUCG-GAUCGU 
264 CUACG--GGAGGCAGCA-G-UGGGgAAUCUUGGACAAU-GGGG-gAAA-CCCUGAUCCAGCGACGCCGCG-UGC-GGGACGAAgccc--UUCG-GGGUGU 
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350 AAA-------------CUCCUGAA-CCCGGGACG--AAUGACGGUACCG-G-GGU-AAU-AGCGCC-GGCCAACUCCGUGCCAGCAGCCGCGGUAAUACG T.thermoph 
352 AAA-------------GAUCUUUUCUACAUGAGG--AAUGACGUUAGUG-U-AGG-AAUAAGCCCC-GGCUAAUUACGUGCCAGCAGCCGCGGUAACACG Spi.aurant 
350 AAA-------------GCACUUUUAUAUGUGAGG--AAUGACGUUAGCA-U-AUG-AAUAAGCUCC-GGCCAAUUACGUGCCAgcAGCCGCGGUAACACG Spi.litora 
352 AAA-------------GUCCnuUUAUUUGCGAAG--AAUGACGUUAGCU-U-AUG-AAUAAGCUCC-GGCCAAUUACGUGCCAGCAGCCGCGGUAACACG Spi.isoval 
344 AAA-------------AUUCUUUUAUAMUGAGG--AAUGACGUUAAUU--UAUG-AAUAAGCCCC-GGCUAAUUACGUGCCAgnAgCcGcGGuaAUACg Bor. burgdorferi 
352 AAA-------------ccccuuuucccAGGGAAG--AAUGACGUUACCU-G-GGG-AAUAAGCCCC-GGCUAACUACGUGCCAGCAGCCGCGGUAAUACG RI19 Bl 
353 AAA-------------AUCCUUUUAUGACUGAGG--AAUGACUGUAGGU-C-AUG-AAUAAGCAAC-GGCUAAUUACGUGCCAGCAGCCGCGGUAACACG Trp.bryant 
355 AAA-------------GCCCUUUUGCGCGCGAGG--AGUGACUGUAGCG-C-GCG-AAUAAGCGCC-GGCUAAUUACGUGCCAGCAGCCGCGGUNACACG Treponema succinifaciens 
352 AAA-------------AUCCUUUUGCUGAUGAAG--AAUGACAUUAGUC-G-GUG-AAUAAGCCCC-GGCUAACUACGUGCCAGCAGCCGCGGUAACACG Spi.zuelze 
346 AAA-------------GUUCUUUUGCCGAUGAAG--AAUGACGGUAGUC-GAGCG-AAUAAGCCCC-GGCUAAUUACGUGCCAGCAGCCGCGGUAACACG Treponema phagedenis 
352 AAA-------------GUCCUUUUGUCGACGAAG--AAUGACGUUAGUC-G-GCG-AAUAAGCCCC-GGCUAAUUACGUGCCAGcAGCCGCGGUAACACG Spi.stenos 
352 AAA-------------CCUCGGAAAUUAUCGAAG--AAUGACAGUAGAU--??AA-UGUAAGCCUC-GGCUAACUACGUGCCAGCAGCCGNNNUNAUACG S.innocens 
351 AAA-------------CCUCGGAAAUUAUCGAAG--AAUGACAGUAGAU-C-UAA-UGUAAGCCUC-GGCUNACUNCGUGCCAGCNGCCGNNNUNNUNCG S.hyodysenteriae 
354 AAA-------------GCACAACAAACAGGGAAG--AAUGACGGUACCU-G-UCU-GA--AGCACC-GGCUAACUACGUGCCAGCAGCCGCGGUAAUACG Lpn.illini 
354 AAA-------------GUGCUUUCAGCAGGGAAG--AAUGACGGUACCU-G-CAG-AAGAAGCGAC-GGCUAAAUACGUGCCAGCAGCCGCGGUAAUACG Lpt.buccal 
353 AAA-------------GCUCUGUUGCCGGAGAAG--AAUGACGGUAUCC-G-GCC-AGAAAGCCAC-GGCUAACUACGUGCCAGCAGCCGCGGUAAUACG Spl.inulin 
352 AAA-------------ccgCUGUGGCGGGGGAAG--AAUGACGGUACCC-C-GCU-AGAAAGCCCC-GGCUAACUACGUGCCAgCAgCCgCGGUAAUACG Tt.maritima 

**************** * ** **** **** ** * * *** ***** * * ******* * * . . . . . . . . . . 
T. thermoph 
Spi.aurant 
Spi.litora 
Spi.isoval 
Bor. burgdorferi 
Ril 9 Bl 
Trp.bryant 

429 GAG-GGCGCGAGCGUUACCCGGAUUCACUGGGCGUAAAGGGCGUGUAGGCGGCCU-GGGGCGUCCC-AUGUGAAAGACCACGGCUCAACCGUGGGGG-AG 
433 UAA-GGGGCnAGCGUUGUUCGGAAUUAUUGGGCGUAAAGGGCACGCAGGCGGUUA-UGCAAGUCUG-AUGUGAAAUCUCCGGGCUUAACUCGGAAUC-CG 
431 UAA-GGAgCnAGCGUUGUUCGGAAUUAUUGGGCGUAAAGGGCAUGUAGGCGGUUU-UGUAAGUCCG-AUGUGAAAGCGUGCAGCUUAACUGCAUUGU-UG 
433 UAA-GGAGCgAGCGUUGUUCGGAAUUAUUGGGCGUAAAGGGCAUGUAGGCGGUUU-UGUAAGUCUG-GUGUGAAAUACUACAGCUUAACUGUGGGAA-CG 
425 UAA-GGGnnnAGCGUUGUUCGGGAUUAUUGGGCGUAAAGGGUGAGUAGGCGGAUA-UAUAAGUCUA-UGCAUAAAAUACCACAGCUcAACUGUGgaCCUA 
433 UAN-GGGGCGAGCGUUGUUCGGAAUUACUGGGCGUAAAGGGGGCGCAGGCGGCCU-GGCAAGUCUG-GUGUAAAAGGCUACGGCUCAACCGUAGUGU--G 
434 UAA-GUUGCGAGCGUUGUUCGGAAUUAUUGAGCGUAAAGGGCAUGUAGGCGGUUC-UGCAAGUCUG-GUGUGAAAUGCCGGGGCUCAACCCCGGAAC-UG 
436 UAA-GGCGCNAGCGUUGUNCGGAAUNAUUGGGCGUAAAGGGCGUGUAGGCGGCCC-UGCAAGCCUN-GCGUGAAAUCCCGGGGCNCAACCCCGNAAC-CG 
433 UAG-GGGGCnAGCGUUGUUCGGAAUUAUUGGGCGUAAAGGGCAUGUAGGCGGUUU-GGUAAGCCUg-GUGUGAAAUCCUGCAGCUUAACUGUAGAAU-UG 
428 UAA-GGGGNNAGCGUUGUUCGGAAUUAUUGGGCGUAAAGGGCACGCAGGCGGGUU-GGUAAGCCUG-NUGUGAAAUACUCAAGCUUAACUUGAGAAU-UG 
433 UAA-GGGgcnAGCGUUGUUCGGAAUUAUUGGGCGUAAAGGGUACGUAGGCGGUCC-UGUAAGCCCn-ACGUGAAAUACUGGAGCUUAACUCCAGAAC-UG 
433 UAG-GAGGCAAACGUUGCUCGGAUUUACUGGGCGUAAAGGGUGAGUAGGCGGACU-UAUAAGUCUA-AGGUGAAAGACCGAAGCUCAACUUCGGGAA-CG 
432 UAG-GAGGCNAACGUUGCUCGGAUUUNCUGGGCGUNAAGGGUGAGUAGGCGGACU-UAUAAGUCUA-AGGUGAAAGACCGAAGCUCAACUUCGGAAA-CG 
433 UAU-GGUGCAAGCGUUGUUCGGAAUCACUGGGCGUAAAGGGUGCGCAGGCGGACU-GUUAAGUCGG-GAGUGAAAACUGAGGGCUCAACCCUCAGCC-UG 
435 UAU-GUCGCnAGCGUUAUCCGGAAUUAUUGGGCAUAAAGGGCAUCUAGGCGGCcA-GACAAGUCUG-GGGUGAAAACUUGCGGCUCAACCGCnAGCC-UG 
434 UAG-GUGGCnAGCGUUGUCCGGAAUUAUUGGGCGUAAAGCGCGCGCAGGCGGCUU-CUUAAGUCUG-AUGUGAAAUCUUGCGGCUCAACCGCAAAAG-GU 
433 UAG-GGGGCAAGCGUUACCCGgAUUUACUGGgCGUAAAGGGGGCGUAGGCGGCCU-GGUgUGUCGG-AUgUgAAAUCCCACGGCUCAACCGUGGGGC-UG 
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525 CGUGGGAUACGCUCA-GGCUAGACGGUGGGAGAGGGU-GGUGGAAUUCCC-----GGAGUAGCGGUGAAAUG-CGCAGAUACCGGGAGGAACGCCGA--U T.thermoph 
529 CGUUGGAAACUGCAU-GACUAGAGUAUUAGAGGGGGA-GUCGGAAUUCCU-----AGUGUAGGGGUGAAAUC-UGUUGAUAUUAGGAAGAACACCGG--U Spi.aurant 
527 CGUUGGAAACUGCGA-GACUAGAAUCCGAGAgGGGUA-AGUGGAAUUCCU-----AGUGUAGGGGUGAAAUC-UGUUGAUAUUAGGAAGAACACCAG--A Spi.litora 
529 CACUGGAAACUGUGA-GACUAGAAUCAGUGAGGGGUA-ACCGGAAUUCCU-----UGUGUAGGGGUGAAAUC-UGUUGAUAUAAGGAAGAACACCGA--U Spi.isoval 
522 UGUUGGAAACUAUAU-GUCUAGAGUCUGAUAGAGGAA-GUUAGAAUUUCU-----GGUGUAAGGGUGgAAUC-UGUUGAUAUCAGaAAGAAUACCGG--A Bor. burgdorferi 
528 CACCGGAAACUGCUG-GGCUGGAGUCCCGGAGGGGGA-GCUGGAAUUCCC-----GGUGUAGGGGUGAAAUC-UGUAGAUAUCGGGAGGAACGCCGG--A RI19 Bl 
530 CGUUGGAAACUGCAG-AACUUGAGUCGCUGAGGGGCn-GCCAGAAUUCCA-----GGUGUAGGGGUGAAAUC-UGUAGAUAUCUGGAAGAAUACCAA--U Trp.bryant 
532 CGCUGGGAACUGCUG-GGCUUGAGCCGCUGUGGCGCA-GCCGGAAUUNCA-----GGUGUAGGGGUGAAAUC-UGUAGAUAUCUGGAAGAACACCGA--U Treponema succinifaciens 
529 CAUUGGGUACUGCCA-GACUUGAAUCACAGAGGGGAA-ACUAGAAUUCCA-----GGUGUAGGGGUGGAAUC-UGUAGAUAUCUGGAAGAAUACCGG--U Spi.zuelze 
524 CAUUGGGUACUGCCA-GUCUUGAAUCACGGAGGGGAA-ACCGGAAUUCCA-----AGUGUAGGGGUGGAAUC-UGUAGAUAUUUGGAAGAACACCGG--U Treponema phagedenis 
529 CGCCGGGAACUGUAG-GACUUGAGUCAUGGAAGGGGA-GUUGGAAUUCCA-----GGUGUAGGGGUGAAAUC-UGUAGAUAUCUGGAAGAACACCGG--U Spi.stenos 
529 CCUCGGAUACUGUGA-GUCUUGGAUAUUGUAGGGGAU-GAUGGAAUUCNC-----GGUGUAGCGGUGGAAUG-CGCAGAUAUCGAGAGGAACACCUA--U S.innocens 
528 CCUCGGAUACUGUAA-GUCUUGGAUAUUGUAGGGGAU-GAUGGAAUUCUC-----GGUGUAGCGGUGGAAUG-CGCAGAUAUCGAGAGGAACANCUA--U S.hyodysenteriae 
529 CUUUCGAAACUGGCA-GUCUGGAGUCCCGGAGAGGCA-GGCGGAAUUCCC-----GGUGUAGCGGUGAAAUG-CACAGAUAUCGGGAGGAACACCAA--U Lpn.illini 
531 CCCUGGAAACUGUUU-GGcuAGAGUGCUGGAGAGGUG-GACGGAACUGCA-----CGAGUAGAGGUGAAAUU-CGUAGAUAUGUGCAGGAAUGCCGA--U Lpt.buccal 
530 CAUUGGAAACUGGGG-aGCuUGAGUGCAGAAGAGGAG-AGUAGAAUUCCa-----CGUGUnGCGGUGAAAUG-CGUnGAGAUGUgGAGGAAUACCAG--U Spl.inulin 
529 CAUCCGAAACUACCA-GGCUUGGGGGCGGUAGAGGGA-GACGGAACUGCC-----GGUGUAGGGGUgAAAUC-CGUAGAUAUCGGCAGGAACGCCGG--U Tt.maritima 

* ** * * * * *** * ***** * ** *** *** * ** * * *** * ** . . . . . . . . . . 
T.thermoph 
Spi.aurant 
Spi.litora 
Spi.isoval 
Bor. burgdorferi 
RI19 Bl 
Trp.bryant 

615 
619 
617 
619 
612 
618 
620 
622 
619 
614 
619 
619 
618 
619 
621 
620 
619 

GGCGAAGGCAGCCACCUGGUCCACCCGUGACGCUGAGGCGCGAAAGCGUGGG-GAGCAAACCGGAUUAGAUACCCGGGUAGUCCACGCCCUAAACGAUGC 
GGCGAAGGCGGACUCCUGGCUGAAUACUGACGCUGAGGUGCGAAAGCAUAGG-GAGCAAACAGGAUUAGAUACCCUGGUAGUCUAUGCUGUAAACGAUGU 
GgCGAAGGCGACUUGCUGGCUCUGGAUUGACGCUGAGGUGCGAAAGCGUAGG-UAGCGAACAGGAUUAGAUACCCUGGUaGUCUACGCCGUAAACGAUGU 
GGCGAAGGCAGGUUACUGGCGCAUGAUUGACGCUGAUGUGCnnnAGCGUAGG-GAGCGAACAGGAUUAGAUACCCUGgUnGUCUACGCUGUAAACGAUGU 
GGCGAAGGCGAACUUCUGGGUCAAGACUgACGCUgAGUCACgaAAGCGUAGG-GAGCAAACAGGAUUAGAUACCCUgGUAGUCUACGCuGUAAACGAUGC 
GGCGAAGGCGAGCUCCUGGCCGGAGACUGACGCUGAGGCCCGAAAGCGUGGG-UAGCGAACAGGAUUAGAUACCCUGGUAGUCCACGCCGUAAACGAUGU 
GGCGAAGGCAGGCUGCCAGCAGAUGACUGACGCUGAGGUGCGAAGGUGCGGG-GAGCAAACAGGAUUAGAUACCCUGGUAGUCCGCACAGUCAACUAUGU 
GGCGAAGGCAGGCUGCGAGCGGACGGCUGACGCUGAGGCGCGAAGGCGCGGG-GAGCGAACAGGAUUAGAUACCCUGGUAGUCCGCGCAGUAAACGAUGC 
GGCGAAGGCGGGUUUCUAGCUGAUGAUUGACGCUGAGGUGCGaAAGUGCGGG-GAGCAAACAGGAUUAGAUACCCUGGUAGUCCGCACCGUAAACGAUGU 
GGCGAAGGCGGGUUUCUGGCCGAUGAUUGACGCUGAGGUGCGAAGGUGUGGG-GAGCAAACAGGAUUAGAUACCCUGGUAGUCCACACAGUAAACGAUGU 
GGCGAAGGCGAACUCCUGGCCAAUGACUgACGCUGAGGUACGAAAGUGCGGG-GAGCAAACAGGAUUAGAUACCCUGGUaGUCCGCACAGUAAACGAUGU 
AGCGAAGGCAGUCAUCUGGGCAUUUAUCGACGCUGAAUCACGAAAGCUAGGG-GAGCAAACAGGCUUAGAUACCCUGGUAGUCCUAGCCGUAAACGUUGU 
AGCGAAGGCAGUCAUCUGGGCAUUUAUCGACGCUGAAUCACGAAAGCUAGGG-GAGCAAACAGGCUUAGAUACCCUGGUAGUCCUAGCCGUAAACGUUGU 
GGCGAAGGCAGCCUGCUGGACGGAGACUGACGCUCAUGCACGAAAGCGUGGG-GAUCAAACAGGAUUAGAUACCCUGGUAGUCCACGCCCUAAACGUUGU 
GAUGAAGAUAGUUCACUGGACGGUAACUGACGCUGAAGUGCGAAAGCUGGGG-GAGCGAACAGGAUUAGAUACCCUGGUAGUCCCAGCCGUAAACGAUGA 
GGCGAAGGCGGCUCUCUGGUCUGUUACUGaCGCUGAGGUGCGaAAGcgUgGG-GAGCAAACAGGAUUAGAUACCCUGGUAGUCCAUGCcGUAAACGAUGA 
GGGGAAGCCGGUCUCCUGGGCCGACCCCGACGCUGAGGCCCGAAAGCCAGGG-GAGCAAACCGGAUUAGAUACCCGGGUAGUCCUGGCUGUAAACGAUGC 
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714 GCG-CUAGGUCUCUGGG------ucu--------CCUGGGGGCCGAAGCUAACGCGUUAAGCGCGCCGCCUGGGGAGUACGGCC-GCAAGACGCGAAGAA T.therrnoph 
718 GCA-CUUGGUGUUGGGCC-----GAUUA-----GGUUCAGUGCCGUAGCUAACGCGAUAAGUGCACCGCCUGGGGAGUAUGCCC-GCAAGACGCGAGAAA Spi.aurant 
716 ACA-CUUGGUGUCUGGAUC----AUGA-----GAUCUAGGUGCCGUAGCUAACGCGUUAAGUGUACCGCCUGGGGAGUAUGCCG-GCAaCACGCGAGAAA Spi.litora 
718 GCA-CUUGGUGUUGGGGUU----ACUA-----AGCCUCAGUGCCgAAGCUAACGCGUUAAGUGCACCGCCUGGGGAGUAUGCCG-GCAACaCGCGAGAAA Spi.isoval 
711 ACA-CUUGGUGUU------AACUAAAAGUU-------AGUACCGAAGCUAA-CGUGUUAAGUgUGCaGCCugGGGAGuAUGCUC-GCAAGACGCGAGGAA Bar. burgdorferi 
717 GCA-CUAGGCGUUGGGCC-----UUGA------GGCUCGGUGCCGAAGCUAACGCGUUAAGUGCACCGCCUGGGGAGUAUGCCG-GCAACACGCGAGGAA RI19 Bl 
719 ACA-CUGGGUGUCCGUUC-----AUGA------GAAUGGGUGCCGAAGCAAACGCGAUAAGUGUACCGCCUGGGGAGUAUGCCC-GCAAGACGCGAGGAA Trp.bryant 
721 ACA-CUGGGUGNUCGGG----CAUGAG--------CCGGNUGCCGAAGCGAACGCGUUAAGUGUGCCGCCUGGGGAGUAUGCCC-GCAANUAGCGAGGAA Treponerna succinifaciens 
718 ACA-CUAGGUGUUGGGGC-----AUGA------GUCUCAGUGCCAAAGCUAACGUGAUAAGUGUACCGCCUGGGaAGUAUGCCc-GCaAGACGCGAGGAA Spi.zuelze 
713 ACA-CUAGGUGUUGGGG----CAAGAGCUU-------CAGUGCCGGCGCAAACGCAAUAAGUGUACCGCCUGGGGAGUAUGCCC-GCAAGACGCGAGGAA Treponema phagedenis 
718 GCA-CUAGGUGUUGGGCC-----GAGC------GGUUCAGUGCCGAAGCUAACGUGAUAAGUGCACCGCCUGGGGAGUAUGCCC-GCAAGACGCGAGGAA Spi.stenos 
718 ACA-CUAGGUGCUUCUA----UUUAAAU-------AGGAGUGCCGUAGCUAACGUCUUAAGUGUACCGCCUGAGGAGUAUGCCC-GCAAGACGCGAAAAA S.innocens 
717 ACA-CUAGGUGCUUCUN----UUUNAAU-------AGGAGUGCNGUAGCUNACGUCUUNAGUGUNCCGCCUGAGGAGUAUGCCC-GCAAGACGCGAAAAA S.hyodysenteriae 
718 AGA-CCAGACGUUGGAGG---CAUCAACC----CCUUCAGUGUCAAACCAAACGGAUUAAGUCUACCGCCUGGGGACUAUGCUC-GCAAGACGCGAAAAA Lpn.illini 
720 UUA-CUGGGUGUGGGCAUG----AAG------AGUGUCCGUGCCGAAGCUAAUGCGAUAAGUAAUCCGCCUGGGGAGUACGGCC-GCAAGACGCGAGGAA Lpt.buccal 
719 AUg-CuAGGuGUnAgggGGG---UCCA----ACCCCUUAGUGCUGAAGUUAACACAUUAAGCAUUCCGCCUGGGGAGUACGACC-GCAAGACGCGAAGAA Spl.inulin 
718 CCA-CUAGGUGUGGGGGGG----UAA------UCCCUCCGUGCUGAAGCUAACGCGUUAAGUGGGCCGCCUGGGGAGUACGCCC-GCAAGAAGCCAAGAA Tt.rnaritirna 

** * * * ** * *** * * * * *** ** * ** . . . . . . . 
T.thermoph 
Spi.aurant 
Spi.litora 
Spi. isoval 
Ber. burgdorferi 
RI19 Bl 
Trp.bryant 

798 CCUUA-CCAGGCCUUGACAUGCU-AGGG---AACCC-GGGU-GAAAGCC-U-GGGAGGUGCUGCAUGGCCGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
806 CCUUA-CCAGGGUUUGACAUGCA-CAGG---AAUAG-UUUA-GAGAUAG-G-CUAAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
805 CCUUA-CCAGgGCUUGACAUAUA-CAGG---ACGGC-ACUA-GAGAUAG-U-GUUAGGUGCUGCAUGGUUGUcGUcAGCUCGUGCcGUgAGgUgUUggGU 
807 CCUUA-CCAGGGUUUGACAUGUU-UAUG---AUCGU-CAUA-GAGAUAU-G-AUUAGGUGCUGCAUGGUUGUCGUCaGCUCGUGCCGUGAGGUGUUGGGU 
795 CCUUA-CCAGGgCuUGACAUAUA-UAGG--AUAUAG-UUAG-AGAUAAU-U-AUUAGGUGCUGCAUGGUUGUCGUCAGCUCGUGCUGUGAGGuGUUGGGU 
804 CCUUA-CCAGGGCUUGACAUCUA-CCGG---GCGGC-UGCA-GAGAUGC-A-GCUAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
806 CCUUA-CCUGGGUUUGACaaUAC-ACAG--GAAUUA-UUUA-GAGAUAA-G-UAAAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
807 CCUUA-CCUGGGCUUGACAUACA-CAGG--GACCGC-CUGG-AGACAGG-C-GGCAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
805 CCUUA-CCUGGGUUUGACAUCAA-GUGG---AAUGG-UAUA-GAGAUAU-A-UCAAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
800 UCUUA-CCUGGGUUUGACAUCAA-AAGC--AAUAUU-AUAG-AGAUAUG-G-UAGAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
805 CCUUA-CCUGGGUUUGACAUCCU-GAGG---AAUAC-GGUA-GAGAUAU-C-GUAAGGUGCUGCAUGGCUGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 
805 CCUUA-CCUGGGUU-GAAUUGUA-AGAU--GAAUGA-UUUA-GAGAUAA-G-UCAAGGUGCUGCAUGCCUGUCGUCAGCUCGUGUCGUGAGAUGUUGGGU 
804 CCUUA-CCUGGGUU-GAAUUGUA-AGAU--GAAUGA-UUUA-GAGAUAA-G-UCAAGGUGCUGCAUGGCUGUCGUCAGCUCGUGUCGUGAGAUGUUGGGU 
809 CCUUA-CCCGGGCUUGACAugca-uCAG---ACAGG-CGUA-GAGAUAC-G-CCCAGGUGCUGCAUGGUUGUCGUCAGCUCGUGUCGUGAGAUGUUGGGU 
808 CCUUA-CCAGAUCUUGACAUC-C-UACG---AAUGC-CUGU-GAGAACA-G-GCaAGGUGnnGCAUGGCUGUCGACAGCUCGUGUCGUGAGAUGUUGGGU 
810 CCUUA-CCAGGUCUUGACAUC-C-UCUG---ACAAG-ucUA-GAGAUAG-G-CcGaGGUGGUGCAUGGUUGUCGUCAGCUCGUGUCGUGAGAUGUUGGGU 
806 CCUUA-CCAGGGCUUGACAUGCC-GGUG--GUACCU-CCCC-GAAAGGG-GUAGGAGGUGGUGCACGGCCGUCGUCAGCUCGUGCCGUGAGGUGUUGGGU 

Treponerna succinifaciens 
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******* * ** * ** * * * **** *** * ** * ******* ** ** ** ** 
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889 UAAGUCCCGCAACGAGCGCAACCCCCG-CCGUUAG---UUGCCAGCACUCUAACGGGACUGCCCGCG--AAA-GCGG--GAGG-A-AGGAGGGG-ACGAC T.thermoph 
897 UAAGUCCCGCAACGAGCGCAACCCCUA-UUGCCAG---UUACCAUCACUCUGGCGAGACUGCCGGUGA-CAA-ACCG--GAGG-A-AGGUGGGG-AUGAC Spi.aurant 
896 UAAGUCCCGAAACGAGCGCAACCCCUG-UUGUAUG---UUACCAUCACUCAUGcAAGACUGCcGGuGA-CAA-ACCG--GAGG-A-AGGUGGGG-AUGAC Spi.litora 
898 UAAGUCCCGCAACGAGCGCAACCCCUA-UUGUCUG---UUACCAUCACUCAGGCAAGACUGCCGGUGA-CAA-ACCG--GAGG-A-AGGUGGGG-ACGAC Spi.isoval 
887 UAAGUCCcgcAACGAGCGCAACccUUG-UUAUCUG---UUACCAGCaCUCAGAUAAGACUGCCGGUGA-UAA-GUCG--GAGG-A-AGGUGAGG-AUGAC Bor. burgdorferi 
895 UAAGUCCCGCAACGAGCGCAACCCCUG-CCGUCUG---UUGCCAUCACUCAGGCGGGACUGCCGGUGA-CAA-ACCG--GAGG-A-AGGUGGGG-AUGAC RI19 Bl 
898 UAAGUCCCGCAACGAGCGCAACCCCUA-CUGCCAG---UUACUAGCACUCUGGCGGAACUGCCGGUGA-CAA-ACCG--GAGG-A-AGGUGGGG-AUGAC Trp.bryant 
899 UAAGUCCCGCAACGAGCGCAACCCCUG-CCGCCAG---UUGCCAGCACUCUGGCGGAACUGCCGGCGA-CAA-GCAG--GAGG-A-AGGCGGGG-ACGAC Treponema succinifaciens 
896 UAAGUCCCGCAACGAGCGCAACCCCUA-CUGCCAG---UUACUAACACUCUGgCGGAACUGCcGGUGA-CAA-ACCG--GAGG-A-aGGunGGG-aUGAC Spi.zuelze 
892 UAAGUCCCGCAACGAGCGCAACCCCUA-CUGUCAG---UUGCUNACACUCUGGCGGAACUGCCGAUGA-CAA-AUCG--GAGG-A-AGGUGGGG-AUGAC Treponema phagedenis 
896 UAAGUCCCGCAACGAGCGCAACCCCUA-CUGCCAG---UUACUAACACUCUGGCnGAACUGCCGGUGA-CAA-ACCG--GAGG-A-AGGUGGGG-AUGAC Spi.stenos 
896 UAAGUCCCGCAACGAGCGCAACCCUCA-CCCUUUG---UUGCUACCACUCUUAGGGGACUGCCUACGU-UCA-AGUA-GGAGG-A-AGGUGGGG-AUGAC S.innocens 
895 UNAGUCCCGCAACGAGCGCAACCCUCA-CCNNUUG---UUGCUACCACUCUUAGGGGACUGCCUACGU-UCN-AGUA·GGAGG-A-AGGUNGGN-AUGAU S.hyodysenteriae 
900 UAAGUCCCGCAACGAGCGCAACCCCUA-CCGUGUG---UUACCAUCACUUGCACGGAACUGCCGGUGA-UAA-ACCG--GAGG-A-AGGUGGGG-AUGAC Lpn.illini 
898 UAAGUCCCGCAACGAGCGCAACCCCUA-UCGCAAG---UUGCCAUCACUCUAGCGAGACUGCCUGCGA-AGA-GCAG--GAGG-A-AGGUGGGG-AUGAC Lpt.buccal 
900 UAAGUCCCGCAACGAGCGCAACCCUUG-AUCUUAG---UUGCCAGCACUCUAAGGUGACUGCCGGUGA-CAA-ACCG--GAGG-A-AGGUGGGG-AUGAC Spl.inulin 
899 UAAGUCCCGCAACGAGCGCAACCCCUG-CCCCUAG---UUGCCAGCACUCUAGGGGGACUGCCGGCGA-CGA-gCCG--GAGG-A-AGGAGGGG-AUGAC Tt.maritima 

* ***** ************ * ****** * * ** ***** * * * * ******* ** * * ** . . . . . . 
T.thermoph 
Spi.aurant 
Spi.litora 
Spi.isoval 
Bor. burgdorferi 
RI19 Bl 
Trp.bryant 

977 GUC--UGGUCAGCAUG-GCCCUUACG-GC-CUGGGCGACACACGUGCUACAAUGCCCACUA-C-AAAGCGA-UGC-CACCCGG-CAACGGG---------
986 GUc--AAGUCAUCAUG-GCCCUUAUG-UC-CUGGGCUACACACGUAAUACAAUGGUCGGUA-C-AGAGGGU-UGC-GAAGCUG-UGAAGUG---------
985 GUC--AAAUCAUCAUG-GCCCUUAUG-UC-CUGGGCUACACACGUGCUACAAUGGCCGGUA-C-AGAGUGA-UGC-GAAGCCG-CGAGGUG---------
987 GUC--AAAUCAUCAUG-GCCCUUAUA-UC-CUGGGCUACACACGUGCUACAAUGGCCGGUA-C-AGAGUGA-UGC-GAAGCCG-CGAGGUG---------
976 GUC--AAAUCAUCAUG-GCCCUUAUG-UC-CUGGGCUACACACGUGCUACaAUGGCCuGUA-C-AAAGCGA-AGC-GAAACAG-UGAUGUG---------
984 GUC--AAGUCAUCAUG-GCCCUUAUG-CC-CUGGGCUACACACGUGCUACAAUGGCCGGUA-C-AGAGGGA-GGC-GAAGCCG-CGAGGCG---------
987 GUC--AAGUCAUCAUG-GCCCUUAUG-UC-CAGGGCUACACACGUGCUACAAUGGCAGGUA-C-AGAGUGA-AGC-GAAGCAG-UGAUGUG---------
988 GUC--AAGUCAUCAUG-GCCCUUAUG-UC-CAGGGCUACACACGUGCUACAAUGGCAGGCA-C-AGAGUGA-AGC-GAGGCCG-CGAGGCG---------
985 GUC--AAGUCAUCAUG-GCCCUUAUG-UC-CAGGGCUACACACGUGCUACAAUGGUAGCUA-C-AAAGCGA-UGC-UAAACCG-CGAGGUC---------
981 GUN--NAGUCAUCAUG-GCCCUUAUG-UC-CAGGGCUACACACGUGCUACAAUGGUUGCUA-C-AAAGUGA-AGC-GAGACUG-UGAGGUU---------
985 GUC--AAGUCAUCAUG-GCCCUUAUG-UC-CAGGGCUACACACGUGCUACAAUGGUCGGUA-C-AGAGCGC-AGC-GAACCCG-CGAGGGAU--------
986 GUC--AAGUCCUCAUG-GCCCUUAUG-UC-CAGGGCUACACACGUGCUACAAUGGCAAGUA-C-AAAGAGA-AGC-GAGACCG-CGAGGUG---------
985 GUC--AAGUCCUCAUG-GCCCUUAUG-UC-CAGGGCUACNCACGUGCUACAAUGGCAAGUA-C-AAAGAGA-AGC-AAGACCG-CGAGGUG---------
989 GUC--AAAUCCUCAUG-GCCUUUAUG-UC-CGGGGCUACACACGUGCUACAAUGGUCGGUA-C-AGAAGGA-AGC-GAAGUCG-UGAGAUG---------
987 GUC--AAGUCAUCAUG-CCCCUUAUG-AU-CUGGGCUACACACGUGCUACAAUGGCCGGUA-C-AAAGAGC-UGC-AAAACGG-UnACGUU---------
989 GUC--AAAUCAUCAUG-CCCCUUAUG-AU-CUGGGCUACACACGUGCUACAAUGGGCGGUA-C-AAAGGGC-AGC-GAAACCG-CAAGGUC---------
988 GUC--AGGUACUCGUG-CCCCUUAUG-CC-CUGGGCGACACACGCGCUACAAUGGGCGGUA-C-AAUGGGU-UGC-GACCCCG-CGAGGGG---------

Treponema succinifaciens 
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1058 --GAGCUAAUCGCA-AAAAGGUGGGCCCAGUUCGGAUUGGGGUCUGCAACCCGACCCCAUGAAGCCGGAAUCGCUAGUAAUCGCGGAUCAGCCAUGCCGC T.thermoph 
1067 --AAGCUAAUCUCA-AAAAACCGAUCUCAGUUCGGAUUGGAGUCUGAAACUCGACUCCAUGAAGGUGGAAUCGCUAGUAAUCGCACAUCAG-CAUGGUGC Spi.aurant 
1066 --AAGCAAAACGCA-UAAAGCCgGUCUCAGUUCGGAUUGGAGUCUGAAACUCGACUCCAUGAAGGUGGAAUCGCUAGUAAUCGCGCAUCAG-CAUGGCGC Spi.litora 
1068 --GAGCCAAACGCA-AAAAGCCGGUCUCAGUUCGGAUUGGAGUCUGAAACUCGACUCCAUGAAGGUGGAAUCGCUAGUAAUCGCGCAUCAG-CAUGGCGC Spi.isoval 
1057 --AAGCAAAACGCA-UAAAGCAGGuCUCAGUCCGGAUUGAAGUCUGAAACUCGACUUCAUGAAGUUGGAAUCGCUAGUAAUCGUAUAUCAG-AAUGAUAC Bor. burgdorferi 
1065 --GAGCAAAUCCCA-GAAAGCCGGUCUCAGUACGGAUUGGAGUCUGAAACCCGACUCCAUGAAGGUGGAAUCGCUAGUAAUCGCGCAUCAGCCAUGGCGC RI19 Bl 
1068 --GAGCAAAACGCA-GAAAGCCUGCCUCAGUCCGGAUAGGAGUCUGAAACCCGACUCCUUGAAGUUGGAAUCGCUAGUAAUCGCACAUCAG-CACGGUGC Trp.bryant 
1069 --GAGCGAAACGCA-GAAAACCUGCCGUAGUCCGGAUCGGAGUCUGAAACCCGACUCCAUGAAGCUGGAAUCGCUAGUAAUCGCGCAUCAG-CACGGCGC Treponema succinifaciens 
1066 --ACGCAAAACGCA-AAAAAGCUACCGUAGUUCGGAUUGAAGUCUGAAACCCGACUUCAUGAAGUUGGAAUCGCUAGUAAUCGCGCAUCAG-CACGGCGC Spi.zuelze 
1062 --AAGCAAAUCGCA-AAAAAGCAAUCGUAGUUCGGAUUGAAGUCUGAAACUCGACUUCAUGAAGUUGGAAUCGCUAGUAAUCGCACAUCAG-CACGGUGC Treponerna phagedenis 
1067 --aAGCGAACCGCA-AAAAGCCGGCcGUAGUUCGGAUUGAAGUCUGAAACCCGACUUCAUGAAGGUGGAAUCGCUAGUAAUCGCGCAUCAG-CACGGCGC Spi.stenos 
1067 --GAGCAAAACUCA-AAAAAGUUGCCUCAGUUCGGAUUGGAGUCUGAAACUCGACUCCAUGAAGUUGGAAUCACUAGUAAUCGUAGAUCAG-AACGCUAC S.innocens 
1066 --GAGCAAAACUCA-AAAAAGUUGCCUCAGUUCGGAUUGGAGUCUGAAACUCGACUCCAUGAAGUUGGAAUCACUAGUAAUCGUAGAUCAG-AACGCUAC S.hyodysenteriae 
1070 --GAGCAGAUCCGA-GAAAGCCGAUCUCAGUUCGGAUUGGGGUCUGCAACUCGACUCCAUGAAGUCGGAAUCGCUAGUAAUCGCGGAUCAG-CAUGCCGC Lpn.illini 
1068 --UAGCCAAUCUUU--AAAGCCGGUCCAAGUUCGGAUUGAAGUCUGCAACUCGACUUCAUGAAGCCGGAAUCGCUAGUAAUCGCAGAUCAGCAAUGCUGC Lpt.buccal 
1070 --AAGCCAAUCCCA-UAAAGCCGCCCCCAGUUCGGAUUGCAGGCUGCAACUCGCCUGCAUGAAGCCGGAAUUGCUAGUAAUCGCGGAUCAG-CAUGCCGC Spl.inulin 

, 1069 --GAGCCAAUCCCC--AAAGCCGCCCUCAGUUCGGAUCGCAGGCUGCAACCCGCCUGCGUGAAGCCGGAAUCGCUAGUAAUCGCGGAUCAGCCAUGCCGC Tt.maritima 
** ** 

1155 G 
1163 G 
1162 G 
1164 G 
1153 G 
1162 G 
1164 G 

* * * *** . *** ***** * * *** *** ** * * ***** ***** ********** ***** * * * 

T.thermoph 
Spi.aurant 
Spi.litora 
Spi.isoval 
Bor. burgdorferi 
RI19 Bl 
Trp.bryant 

1162 
1158 

G 
G 
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1163 
1163 
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1166 
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APPENDIX 4 

CHAPTER 8 SEQUENCE ALIGNMENT 



10 20 30 40 50 60 70 80 90 100 
. . . . . 

1 UUU-GAUCCUGGCUCAGGG-UGAACGCUGGCGGCGUGC----CUAACACAUGCAAGUCGAGCGGcAUAGCGGCGGACGGGUGCGUAACACGUAGG-AACG FERV.NOD 
1 uUu-gAUCCUgGCUCAGGG-UgAACGCUGGCGGCGUGC----cuAACACAUGCAAGUCGaGCgGcAUAGCGGcGAACGGGUGCGUAACGCGUAGG-AACG FERV.ICE 
1 UUU-GAUCCUGGCUCAGGG-UGAACGCUGGCGGCGUGC----CUUACACAUGCAAGUCGAGCGACCCAGCGGCGGACGGGUGAGUAACGCGUAGGUGACC RI 19.B2 
1 UUU-GAUCCUGGCUCAGGG-UgAACGCUGGCGGCGUGC----CUUACACAUGCAAGUCGAGCGACcnAGCGGCGGaCGGGUGAGUAACGCGUAGGUGACC TSIPH. AFRICANA 
1 UUU-GAUCCUGGCUCAGGG-UGAACGCUGGCGGCGUGC----CUAACACAUGCAAGUCGAGCGGCCCAGCGGCGGACGGGUGAGUAACACGUGGGUAACC Therrnotoga rnar_;tima 

. . -.. -~ -. . . . . . . . . . 
94 UGCCCCCUgGA-------------------------------------GGCGGAUAGCUACGGGAAA--CUGUAGGUaAUCCnnnAUA---GACUCGGGC 
94 UGCCcnCUGGA-------------------------------------GGCGGAUAGCCGUGGGaAA--CUGCGGGUAAACCGcnAUA---GACUCGGgc 
95 UACCCCUCAGA-------------------------------------GGGGGAUAACUGGGGGAAA--CCUCAGCUAAUACCCCAUA---CGUUCCUAG 
95 UACCCCUCAGA-------------------------------------GGGGgAUAACUGGGGGaAA--CCUCAGCUAAUACCCnAUA---CGUUCCUAn 
95 UGCCCUCCGGA-------------------------------------GGGGGAUAACCAGGGGAAA--CCCUGGCUAAUACCCCAUA---CGCUCCAUG 

FERV.NOD 
FERV.ICE 
RI 19.B2 
TSIPH. AFRICANA 
Therrnotoga rnaritima 

152 
152 
153 
153 
153 

228 
228 
229 
229 
229 

···~----· . . . . . . . . 
AGGgnGCCngCG--GCCCAUc-------------AGGU--AGUUGGUAGG-GUAACGGCCUACnn---AGCCGACGACGGGU--AGCCGAUCUGAGA-GG FERV.NOD 
AGGgggCCUgCG--UCCCAUc-------------AGGU--aguUGGUAGG-GUAACGGccuaCna---AGCCuaCgACGGGu--AGCCGGUCUGaGA-GG FERV.ICE 
GAGGGGCCUGCG--ACCCAUC-------------AGGU--AGUUGGUGAG-GUAACGGCUCACCA---AGCCUACGACGGQU--AGCCGGUCUGAGA-GG RI 19.B2 
nnGGGGCCUGCG--ACCCAUC-------------AGGU--AGUUGGUGAG-GUAACGGCUCACnA---AGCCUaCGAcGGGU--AGCCgGUCUGAGA-GG TSIPH. AFRICANA 
GAGGGGCC~g~G--GCCCAUC-------------AGGU--AGUUGG~~~~~UAACGGC~~A~~---~<?CCG~~G!1~~~~~:~~CGGCCUGAGA-GG Thermotoga maritima 

• ----. . . . . . . . . . 
AUg-GUCGgcCACAAGGGCA-CUGAGACACGGGCCnnnCUccUAC-----GG-GAGGCAGCAGUGGGGGAUAUUGGACAAUGGGCGAA-----AGCCunA 
AUG-GCcGgccACAAGGGCA-CUGAGACACggGCCcuaCUccUAC-----GG-GAGgcAGCaGUGGGGGAUAUUGGAcaaUGggCGAA-----AGCCUgA 
AUG-GCCGGCGACAAGGGCA-CUGAGACACGGGCCCCACUCCUAC-----GG-GAGGCAGCAGUGGGGGAUUUUGGACAAUGGGCGAA-----AGCCUGA 
AUG-GcCgncnACAAGGGCA-CUGAGACaCGGGCCnnaCUccUAC-----GG-GAGgCAGCAGUGGGGGAUUUUGGACAAUGGGCGAA-----AGCCUnA 
GUG-GUCGGCCACAGGGGCA-CUGAGACACGGGCCCCACUCCUAC-----GG-GAGGCAGCAGUGGGGAAUCUUGGACAAUGGGGGAA-----ACCCUGA Thermotoga maritima 

FERV.NOD 
FERV. ICE 
RI 19.B2 
TSIPH. AFRICANA 

• • I t t e I 

315 UCCAGCGaCGCCGcGUAUGGU-ACCUAGCGAAU----AAGCCCcGGCUAACU--ACGUGCCAGCAGCCGCGGUAAUACGU-AGGGqGcnAGCGUUACCCG FERV.NOD 
315 UCCaGCGacGCCGCGUAUGGU-ACCCgACGAAU----AAGCCCCGGCUAaCU--ACGUGCCAGCAgCcgCGGuaAUACGU-AgGGGncnAGCGUUaCCCg FERV.ICE 
316 UCCAGCGACGCCGCGUACGGU-AUCCCACUAGA----AAGCCCCGGCUAACU--ACGUGCCAGCAGCCGCGGUAAUACGU-AGGGGGCGAGCGUUACCCG RI 19.B2 
316 UCCAGCGACGccGngUACGgU-AUCCCACUAGA----AAGCCCCGGCUAACU--ACGUGCCAGCAGCCGCGGUAAUACGU-AGGGGgcnAGCGUUACCCG TSIPH. AFRICANA 
316 UCCAGCGACGCCGCGUACGGU-ACCCCGCUAGA----AAGCCCCGGCUAACU--ACGUGCCAGCAGCCGCGGUAAUACXU-AGGGGGCAAGCGUUACCCG Thermotoga maritima 

407 
407 
408 
408 
408 

. -- - . ·- ·----·-. . . 
GAAUCACUGGGCGUA----AAGGGUGCGUAGG-UG----GCCCUGUGnGUCUGGCGUUAAAUACCACGG-CUCAACUGUgGGAUUG-CGCU-GGAA-ACU 
GAAUcACUGGgCGUa----aaGGgUGCGuAGG-CG----GCcGaGUGuGUCUGGCGUaAAAUUcCACGG-CUcAACuGUGGgUAUG-CgCU-GGAA-ACU 
GAUUUACUGGGCGUA----AAGGGGGCGUAGG-CG----GCCGUGAAAGUCCGGUGUGAAAACUCACGG-CUCAACCGUGGGACUG-CGCU-GGAA-ACU 
GAUUUACUGGGCGUA----AAGGGGgcGUAGG-CG----GCCGUGAAAGUCCGGUGuGAAAACUCACGG-CUCAACCGUGGGACUG-cGCU-GGAA•ACU 
GAUUUACUGGGCGUA----AAGGGGGCGUAGG-CG----GCCUGGUGUGUCGGAUGUGAAAUCCCACGG-CUCAACCGUGGGGCUG-CAUC-CGAA-ACU 

----· 

FERV.NOD 
FERV. ICE 
RI 19.B2 
TSIPH. AFRICANA 
Thermotoga __ mari tima 

"' 
~ 
(') 

N -
0 



494 
494 
495 
495 
495 

571 
571 
572 
572 
572 

623 
623 
624 
624 
624 

717 
717 
718 
718 
718 

803 
803 
804 
804 
804 

893 
893 
894 
894 
894 

• • • • • • I 

GCAG-GGcuUGGGUGC---GGC-AGA------------GGCAGAU---GGAACUGCUgGU--GUAGGGGUnaAAUC-CGUAGAUAUCAGCAgnAACGCCG 
aCUC-GGcuUGGGUGC---GGC-aGA------------GGCAGAC---GGAACUGCUGGU--GUAGGGGUGAAAUCC-GUAGAUAUCAGCaGGaACgCCG 
ACAC-GGCUUGAGGAC---GGU-AGA------------GGGAGAC---GGAACUGCUGGU--GUAGGGGUGAAAUCC-GUAGAUAUCAGCAGGAACGCCG 
ACaC-GGCuUGAGGAC---GgU-AGA------------GGGAGAC---GGAACUGCUGGU--GUAGGGGUgAAAUCC-GUAGAUAUCAGCAGgAACGCCG 
ACCA-GGCUUGGGGGC---GGU-AGA------------GGGAGAC---GGAACUGCCGGU--GUAGGGGUGAAAUCC-GUAGAUAUCGGCAGGAACGCCG 

------· -. . . . . . . . 
GU--GGA-----------------GAAG-----------------UCG-------GUCUGCUnGGCcgunACCgA-CGC-UGAGGC-aCnA--AAGCUAG 
GU--GGA-----------------GAAG-----------------UCG-------GUCUgCUGGGCCGUAACCGA-CGC-UGAGGC-aCga--AAGcuAG 
GU--GGA-----------------GAAG-----------------UCG-------GUCUCCUGGGCCGUUCCUGA-CGC-UGAGGC-CCGA--AAGCUAG 
GU--GGA-----------------GAAG-----------------UCG-------GUCUCCUgGGCCGunCCUGA-CGC-UGAGGC-CcnA--AAGCUAG 
GU--GGG-----------------GAAG-----------------CCG-------GUCUCCUGGGCCGACCCCGA-CGC-UGAGGC-CCGA--AAGCCAG 

----- • -·-· ------. . . . . . . . . 
GGGAGC-GAACCGgaUUAGAUACCCGGGUnGUCCU--aGCCGUaAACGAUGCUcACUAgGUGUGGGGGCUCcGUGCUgAA--gc-UaACGCGAUAAGUGA 
GGGAGC-GaACCGGAUUAGAUnCCCGGGUaGUCCU--AGCCGUAAACGAUGCUCACUaGGUGngGGGCCUCCGugcugAA--GC-naAcgCGGaUAAgUg 
GGGAGC-AAACCGGAUUAGAUACCCGGGUAGUCCU--AGCCGUAAACGAUGCCCACUAGGUGUGGGGCCUCCGUGCUNAA--GC-UAACGCGAUAAGUGG 
GGGAGC-AAACCGGAUUAGAUACCCGGGUAGUCCU--AGCCGUaAACGAUGCCCnCUAGguGUGGGGCCUCCGUGCUGAA--gc-uAACGCGAUAAGUGG 
GGGAGC-AAACCGGAUUAGAUACCCGGGUAGUCCU--GGCUGUAAACGAUGCCCACUAGGUGUGGGGCCUCCGUGCUGAA--GC-UAACGCGUUAAGUGG 

----- - ------. . . . . . 
GC------nGCCUGGG--GAGUAUGC-CCG-CA-AGGGUGAAACUCAAAGGAAUUGACgGGGGCCng--CACAA-GCgGUGGAGCGUGUgGUUUAAUUGG 
AG------cGCcUggg--gaGUACGc-ccG-CA-AggGUGAAACUCAAAGgAAUUGACggGGGnCCG--CACAA-GCGgUGGAGCGUGUGGUUUAAUUGg 
GC------CGCCUGGG--GAGUAUGC-CCG-CA-AGGGUGAAACUCAAAGGAAUUGACGGGACCCCG--CACAA-GCGGUGGAGCGUGUGGUUUAAUUGG 
Gc------cGCCUGGG--GAGUAUGC-CCG-CA-AGGGUGAMCUCAAAGGAAUUGACGGGACCCng--cACAA-GcGGUGGAGCGUGUGGUUUAAUUGG 
GC------CGCCUGGG--GAGUACGC-CCG-CA-AGGGUGAAACUCAAAGGAAUUGACGGGGGCCCG--CACAA-GCGGUGGAGCGUGUGGUUUAAUUGG 
---- •• - - -------------------•----------------· 

I • • I t ■ t • I • 

AAgcUAAGCCAAGAACCUUA-CCAGGGCUUGACAUGGCCAGcn-----CAGGUGGuGCACGGUCGUC-GUCAGCUCG-UG-CCG-UGAGGUGUUGGGUUA 
aAncUAAGCCAAGAACCUUA-CCAGGGCUUGACAUgGCCagca-----CAGGUggugcaCgGUCGUC-GUcAGCUCG-UG-CCg-ugAGGUGuuGGGUUA 
ACGCUAAGCCAAGAACCUUA-CCAGGGCUUGACAUGGCCAGCA-----CAGGUGGUGCACGGUCGUC-GUCAGCUCG-UG-CCG-UGAGGUGUUGGGUUA 
AcgcUAAGCCAAGAACCUUA-CcAGGGCUUGACAUGGCCAgca-----CAGGUGGuGCACGGUCGUC-GUCAGCUCG-UG-CCG-UGAGGUGUUGGGUUA 
AUGCUAAGCCAAGAACCUUA-CCAGGGCUUGACAUGGCCGGCA-----CAGGUGGUGCACGGCCGUC-GUCAGCUCG-UG-CCG-UGAGGUGUUGGGUUA 

. - --·•· ----- ----------- -· --- - ---.--•· ----. -···. -·-·· 
t t t t t • t t t I 

AGUCCcgc--AACGAGCGCA------ACCCCUG--CCCUUAGUUG-aC-UCUAAGgnn-ACU-Gc-cGGC------------GACgA------------­
aGUCCcgC--AACGAGCGCa------ACCCCUG--CCcUUAGUUG-aC-UCUAAGGgg-ACU-GC-CGGc------------gnnnA------------­
AGUCCCGC--AACGAGCGCA------ACCCCUG--CCCUUAGUUG-AC-UCUAAGGGG-ACU-GC-CGGC------------GANGA------------­
AGUCCcgC--AACGAGCGCa------ACCCCUG--CCCUUAGUUG-aC-UCUAAGGgn-ACU-GC-cGGC------------GACgA------------­
AGUCCCGC--AACGAGCGCA------ACCCCUG--CCCCUAGUUG-AC-UCUAGGGGG-ACU-GC-CGGC------------GACGA-------------

--- ------

FERV.NOD 
FERV. ICE 
RI 19.B2 
TSIPH. AFRICANA 
Thermotoga maritima 

FERV.NOD 
FERV. ICE 
RI 19.B2 
TSIPH. AFRICANA 
Thermotoga maritima 

FERV.NOD 
FERV.ICE 
RI 19.B2 
TSIPH. AFRICANA 
Thermotoga maritima 

FERV.NOD 
FERV.ICE 
RI 19.B2 
TSIPH. AFRICANA 
Thermotoga maritima 

FERV.NOD 
FERV.ICE 
RI 19.B2 
TSIPH. AFRICANA 
Thermotoga maritima 

-~ FERV.NOD 
FERV. ICE 
RI 19.B2 

rio 

TSIPH. AFRICANA 
Therrnotoga maritima 

(";) 

N 



. . . . 
953 -GCCG-gAGGAAGGAGGGnnUGACGUCA-GAUGUCCUgGGCGACACACGCGCUACAaUG---GGGCGGACAGC--------------------------- FERV.NOD 
953 -gCCG-GAGGAAGGagGGgaUGACGUCA-GAUGUCCUGGgcUACncnCGCGCUacnaUG---GGGUGGAUagC--------------------------- FERV.ICE 
954 -GCCG-GAGGAAGGUGGGGAUGACGUGA-GAUGCCCUGGGCGACACACGCGCUACAAUG---GGUGGGACAGC--------------------------- RI 19.82 
954 -GCcG-GAGGAAGGAGGGGaUGACGUCA-GAUGCCCunGGCGACACACGCGCUACaAUG---GGUGGGACAGC--------------------------- TSIPH. AFRICANA 
954 -GCCG-GAGGAAGGAGGGGAUGACGUCA-GGUGCCCUGGGCGACACACGCGCUACAAUG---GGCGGUACAAU--------------------------- Thermotoga maritima 

1020 
1020 
1021 
1021 
1021 

1059 
1059 
1060 
1060 
1059 

1109 
1109 
1110 
1110 
1109 

. . . . . . . . . . 
----------------------------------------GGGaAGCGA--GCCAGU--GA-UGGUG-AGCAAAACCC---------------UCnAACC 
----------------------------------------GGgAagCgA--GGCAgc--gA-UGCUG-AGCaAAaCCC---------------UgaAACC 
----------------------------------------GGGAAGCGA--GCCAGC--GA-UGGUG-AGCGAAGAAA---------------UUAAACC 
----------------------------------------GGGAAgCGA--GCCAGC--GA-UGGUG-AGCGAAGCCC---------------UUAAACC 
----------------------------------------GGGUUGCGA--CCCCGC--GA-GGGGG-AGCCAAUCCC----------------CAAAGC 

. . . - -~·---. -· --- - • . • ·-- -.--- . 
GUCC--CCCAGUUCAGAUUGUGG-GC----------------------------------------------UGAAACCCGCCCAC-AUGAAGCCGGAAU 
AcCC--CCcAGUUCAGAUUGUGG-GC----------------------------------------·-----UGAAACCCGCCCaC-aUGAAGCCGGAAU 
CACC--CUCAGUUCGGAUUGCAG-GC----------------------------------------------UGAAACCCGCCUGC-AUGAAGCCGGAAU 
CACC--CUCaGUUCGGAUUGCAG-GC----------------------------------------------UGAAACCCGCCUGC-AUGAAGCCGGAAU 
CGCC--CUCAGUUCGGAUCGCAG-GC----------------------------------------------UGCAACCCGCCUGC-GUGAAGCCGGAAU 

CGCUAGUAAUCGCGGAUCAGCCACGCCGCG 
CGCUAGUAAUCGCGGAUCAGCCaCGCCGCG 
CGCUAGUAAUCGCGGAUCAGCCACGCCGCG 
CGCUAGUAAUCGCGGAUCAGCCACGCCGCG 
CGCUAGUAAUCGCGGAUCAGCCAUGCCGCG 

---··-·•---- _.., ______ _ 

- --- . ----- -·-·· - --------. 
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