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ABSTRACT:

Pools in thermal areas were 1investigated by direct microscopic
procedures, by indirect tracer methods and by conventional
bacteriological methods of enrichment and 1isolation, 1in order to
determine the diversity and distribution of extremely thermophilic

bacteria.

The indirect isotope uptake tracer method was unsucessful during the
earlier part of the project. Although, problems with isotope methodology
were largely solved, this did not occur early enough in the investigation
to allow use of the method as a means of establishing a biomass activity
index for pools. The immunofluorescence method worked well on laboratory
grown lisolates but was suprisingly unsatisfactory when used in situ. The
method was abandoned because of the time required to correct possible
problems which may have been due to the choice of the microorganisms used
in the study. The 1implications of these results with regard to

ecological studies are discussed in the thesis.

Electron microscopy was used to further investigate the morphology
and diversity of bacteria in pools. Direct microscopic examination of
pool water by phase contrast microscopy showed that over 90% of the pools
contained bacteria. Gram staining of slides colonized in situ revealed
that Gram negative bacteria were the only types present 1in most pools.
New methods of grid preparation and handling were developed. In situ
colonisation of grids showed that practically all the 38 pools over the
temperature range of 70°C to 102°C and pH's from 3.0 to 9.5 contained
bacteria. Pools varied as to diversity of species and numbers of cells
of the same morphotype in each pool. Some pools contalned an apparent

monoculture whereas others had a diverse ecosystem.
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In situ EM technique and subsequent cultural studies revealed that
sulphur-respiring archaebacteria were the dominant microorganisms present
in springs with temperatures above 90°C with both coccal and rod-shaped
forms present. Methanogens, another archaebacterial group, were also

isolated but they inhabitated pools with lower temperatures (between 65

to 80°C).

Isolation and cultivation procedures were also successfully used to
obtain cultures of more conventional anaerobes. These were chiefly
obtained from neutral springs in the 70 to 85°C range and fermented
carbohydrates to a variety of end products but primarily acetate, ethanol
or lactate. The diversity of this group of caldoactive glycolytic
anaerobes was demonstrated by isolating species which produced quite
distinct ratios of the three major end products. Some of these 1isolates
were very similar to glycolytic anaerobes described previously e.g.

Thermoanaerobium brockii, Thermoanaerobacter ethanolicus. A number of

isolates had properties different from the type strains.

Investigation of the aerobic flora of thermal springs were not as
intensive as those on anaerobes, largely because these organisms have
been well described elsewhere. Thermus and Bacillus species were the
most dominant aerobic microflora in many of the New Zealand springs.
Their distribution and characteristics conformed to expectations of
overseas results. Thermothrix and Sulfolobus species were isolated from

a few pools but Thermomicrobium species which have been isolated from the

Yellowstone National Park thermal springs, USA, have not been detected in

the New Zealand thermal springs.
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CHAPTER 1

INTRODUCTION

1.1 DEFINING AN EXTREME ENVIRONMENT

Organisms which grow in extreme environments are called
"extremophiles". The word extreme is often used in the sense of
stressful, severe, and even hostile. This anthropocentric view - as
previously pointed out by Brock, (1969) -poses problems. Why should one
consider anaerobiosis more stressful than aerobiosis considering the
toxicity of oxygen itself, or the products of its utilization? And why
should one consider the non halophiles and most terrestriai organisms,
which have to deal with osmotic stress, as less stressed when compared to
halophiles, which have their internal environments fairly isoosmotic with
the external one? An appropriate definition of an extreme environment
would be a condition under which some kinds of organisms can grow,
whereas others cannot. If we accept this definition, it means that an
environmental extreme must be defined taxonomically. Instead of 1looking
at a single species or groups of related species, we must examine the
whole assemblage of species, microbial or multicellular, 1living 1in
various environments. When we do this, we find that there are
environments with low species diversity and others with high species
diversity. In some environments with low species diversity, we find that
whole taxonomic groups are missing. For instance, in saline and thermal

lakes there are no vertebrates and no vascular plants, although these
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environments may be rich in microorganisms and have very high population
densities of the species that are present. 1In many of the more extreme
environments, we find conditions approaching the pure culture, with only

a single species present.

The most commonly considered environmental extremes are factors such
as temperature, redox potential (Eh), pH, salinity, hydrostatic pressure,
water activity, nutrient concentration and electromagnetic and ionizing

radiations.

For virtually all of these factors, it has been found that organisms
with simple structures can grow under more extreme conditions than
organisms with more complicated structures, hence the predominance of
microorganisms in extreme environments. The capability of microorganisms
to grow under such extreme conditions is either due to (i) evolutionary
adaptation, that 1is, natural selection or (ii) their ability to respond
and adapt to a range of environmental conditions. However, we should
bear in mind that an organism may have to cope with more than one factor
in an extreme environment. For instance, in a hot acidic thermal spring,
an organism not only has to cope with high temperatures and temperature
fluctuations but has to cope with a low pH and low nutrient content as

well.

The most widely studied organisms from extreme environments to date
are the halophiles and the thermophiles. The reasons for such an
interest in the study of these groups of organisms, particularly the

thermophiles, will be discussed in section 1.3.
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1.2 ORIGIN AND DEVELOPEMENT OF THERMOPHILY

1.2.1 The Past And Present Status

The thermophilic bacteria are a ubiquitous group of microorganisms
existing 1in a variety of thermal and non-thermal environments. The
thermal environments include those heated by solar rays (soils or saline
lakes), combustion processes which are either biological (self heating of
hay) or non-biological (burning refuse piles), geothermal activity

(thermal springs) and man made sources of heat (industrial heating).

That microorganisms live at high temperatures has been known since
the early years of the nineteenth century, but work on them was limited
to cobservations of more or less spectacular growth in hot springs. The
first thermophilic bacterium, an aerobic sporeformer, however was not
isolated from such a thermal environment but was isolated from river

water by Miquel in 1888.

During these early days of thermophily, several theories were
proposed to explain the origin of thermophiles. Arrhenius in 1927
proposed that thermophilic microorganisms had their origin on the planet
Venus and were carried to the earth in a few days by radiation pressure
from the sun. Allen, (1953) proposed that thermophiles developed from
mesophiles by adaptation or mutation. The basis of this argument was the
finding that mesophilic species could be adapted to grow at elevated
temperatures and the ubiquitous occurrence of thermophilic species in

non-thermal environments. For instance, Bacillus stearothermophilus had

been 1isolated from soil, sea water, ocean depths, desert soil, decaying
plant matter, air, snow, sewage and faeces of humans and animals.
However, the evidence available today suggests a thermophilic origin for

mesophiles. The most compelling support for this hypothesis comes from
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the argument that evolution proceeded from an environment considerably
warmer than the present one (Dickerscn, 1978). The organisms growing
under such a warm and reducing atmosphere present some 3-Y4 billion years
ago, would have been structurally simple anaerobes. Evidence presented
by geobiochemists indicates that kerogen and geochemical fossils in
sediments contain isoprenoid hydrocarbons, the origin of which could be
traced to hydrocarbons of certain species of bacteria, collectively
called "archaebacteria” (Ourisson et al.,1982; Michaelis and
Albrecht,1979; Hahn,1982; Tornabene et al.,1979 and Langworthy EE_
gl:,1982). Archaebacteria are a phenotypically varied group existing
today 1in extreme environmental conditions and include methanogens, some

extreme halophiles like Halobacterium and Halococcus species, the sulphur

utilizing thermophiles like Thermoplasma, Sulfolobus, Pyrodictium,

Thermofilum, Desulfurococcus and Thermoproteus species. The relationship

of archaebacteria to eubacteria and eucaryotes will be discussed in

chapter 5.

An understanding of the biology of thermophilic microorganisms has
been greatly advanced in the past twelve years because of a most
productive research effort. This golden era of thermophily has been
largely due to the efforts of Brock and his co-workers who spent ten
years from 1965 to 1975 working on the ecology and physiology of aerobic
thermophiles in hot springs of Yellowstone National Park, U.S.A. Their
studies yielded some new groups of bacteria. These included a new

species of thermoacidophilic organism, Bacillus acidocaldarius, a

sporeforming rod shaped bacterium and two new genera, namely Thermus and

Sulfolobus. Thermus species were Gram negative rods to filaments

occurring predominantly in slightly acidic to alkaline hot springs

whereas Sulfolobus species were coccal shaped organisms existing
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exclusively in hot acidic environments.

The study of anaerobic bacteria has always been late coming, either
in the study of mesophilic or thermophilic anaerobes. This probably
reflects to the fact that their physiology is less well understood and
also the fact that limited techniques for culturing and isolating them
exist. Hungate, (1944, 1950) pioneered the technique for culturing
anaerobes, the principles of which are still used today. McBee (1948)
became the first to 1isolate and study a thermophilic anaerobic

cellulolytic Clostridium species, Clostridium thermocellum. Most of the

work on thermophilic anaerobes was done on this organism until the

isolation of Clostridium thermohydrosulfuricum, a glycolytic organism, by

Klaushofer and Parkkinen, (1965) from an Austrian sugar factory. Since

then, Clostridium thermohydrosulfuricum has been isolated from compost

and soil, (Wiegel et al., (1979) and thermal springs (Zeikus et al.,

1980). A methane producing organism, Methanobacterium

thermoautotrophicum was isolated by Zeikus and Wolfe, (1972) from sewage

sludge and subsequently strains of this organism have also been isolated
from thermal springs (Zeikus et al., 1980) and from industrially polluted

coastal sediment (Ronnow and Gunnarsson, 1981).

Recently there has been increasing interest in anaerobic
thermophiles. The features of anaerobic thermophilic systems producing
methane, ethanol and acetate show tremendous potential for the
development of novel biotechnology due to a number of advantages. Again,
a greater variety of isolates provides more diverse material with which a
study of the nature of thermophily can be conducted. The importance of
anaerobic thermophiles will be discussed more fully in section 1.3.
Naturally, thermal springs are the most important habitat for isolating

anaerobic thermophiles. Both the low solubility of oxygen at higher
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temperatures and the presence of hydrogen sulphide create reducing
conditions in the hot spring environments and an ideal place for the

growth of anaerobes.

The most widely studied thermal ecosystem has been decomposing
algal-bacterial mats. Radioactive tracer studies and laboratory culture
work have shown the presence of methanogens (Ward, 1978; Zeikus et al.,
1980; Sandbeck and Ward, 1982), glycolytic anaerobes (Zeikus et al.,
1979, 1980; Wiegel and Ljungdahl, 1981; Ben-Bassat and Zeikus, 1981;
Schink and Zeikus, 1983a) and sulphate-reducing bacteria (Zeikus et al.,
1983) interacting in this ecosystem. Isolation and characterization of
the organisms from this ecosystem has shown that the optimum temperature

for growth is usually between 65-75°C.

Work on the isolation of organisms capable of growth optimally
between 85-105°C has been undertaken by Zillig and coworkers during the
past 2-3 years and a number of organisms have been described (Zillig et
al., 1981a,b, 1982a,b, 1983a,b; Stetter, 1982; Stetter et al., 1983).

These organisms were unique in a number of ways. All of them were
capable of using sulphur as an electron acceptor, were strict anaerobes,
did not grow at a temperature below 65-70°C and could be isolated from
thermal environments only. They also belonged to a novel group of
bacteria known as "archaebacteria”. However, no studies have been

"

performed to investigate growth rates and the mode of metabolism "in
situ" as yet. More recently, Baross and Deming (1983) have cultured
microbial communities from deep sea hydrothermal vents which were capable

of growth at 250°C.
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1.2.2 Definition Of Thermophiles

Since Bacillus species were the only known thermophiles wuntil
recently, thermophiles were 1loosely defined as organisms capable of
growing above 55°C. However, this concept has changed due to the
isolation of increasing numbers of organisms capable of growing at
temperatures well above 55°C and up to 80 - 85 °C. The term "extreme
thermophiles”" has been used to describe organisms capable of growth above
65 °C (Williams, 1975). However, Heinen and Heinen, (1972) proposed that
the term "caldo-active" be used instead of "extreme thermophiles". More
recently, Kogut, (1980a) proposed to classify thermophiles on the basis
of temperature ranges for growth. According to this definition,
organisms with growth temperature minima of above 37°C and growth
temperature maxima of above 70°C were classified as extreme thermophiles
or caldoactive. Those organisms which were capable of growth at or below
37°C and with growth temperature maxima in the caldoactive or
thermophilic range were classified as adaptable or facultative

thermophiles. Hence, according to this scheme Bacillus caldotenax,

Bacillus caldolyticus and Bacillus caldovelox should be termed adaptable

or facultative thermophiles and not caldoactive as previously described.

Similarly, Bacillus coagulans and Bacillus 1licheniformis should be

redefined as adaptable thermophiles. Organisms such as Thermus,

Thermomicrobium, Thermoanaerobium and Sulfolobus would remain in the

caldoactive group.

However, it should be borne in mind that such a <classification
scheme will require that all strains be compared for their growth
temperature maxima and minima on the same type of media since media
composition has been shown to affect growth. For instance, glucose or

pyruvate utilization at 70 and 80 °C by Bacillus caldolyticus is
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dependent on the presence and concentration of Brain Heart Infusion broth

(Heinen and Heinen, 1972).

The definition of thermophiles will require revision as more
information 1is obtained. For instance, it would not be appropriate to
allocate Pyrodictium to any of the existing categories since it does not
grow below 80°C, a temperature at which almost all the existing extreme
thermophiles are 1incapable of growth. Since there 1is no unified
definition for thermophiles at present, 1 have considered organisms with
an optimum growth temperature of above 60-65°C as extreme thermophiles.
All reference to extreme thermophiles throughout this thesis, will be

made in this context.

1.3 THERMOPHILES AN IMPORTANT GROUP OF BACTERIA

The study of thermophilic bacteria has recently become a topic of
increasing interest. It is of interest to microbial ecologists since it
has diversified their field of study. Biochemists have become intrigued
with the fact that macromolecules such as proteins, membranes, DNA and
RNA, which were thought to be thermolabile molecules, can withstand
temperatures greater than 100°C. The study of archaebacteria has already
provided a different perspective on the evolution of 1life and not
unnaturally are now being intensively studied by evolutionary biologists.
Industrial microbiologists and biotechnologists have put forward the
proposal that novel processes can be developed by exploiting thermophilic
microorganisms. It appears that there will be an overall rapid

advancement in the field of thermophily in the near future.
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1.3.1 A Model To Study An Ecosystem

We have already seen that in extreme environments organisms can
reach a pure culture stage. This is especially true in thermal springs
which have very high temperatures. This means that studies on this
ecosystem can be carried out without any complications due to interaction
with other organisms. This is in contrast to studying the soil ecosystem
where a handful of soil can contain very many different species of
organisms. Studies in thermal environments thus become much simpler.
For example, studies on sulphur metabolism by bacteria in situ, could be
ideally studied in the natural ecosystem of the thermal environment
because the thermal areas are rich 1in sulphur compounds and at high
temperatures only a few species of microorganism exist and in some
thermal environments, for example only a single species can sometimes be

isolated from some hot acidic springs,

1.3.2 A Model To Study Evolution

The presence of archaebacteria in hot springs has opened the door
for studies on the evolution of life on earth, since it has been proposed
that the thermal environment in which these organisms exist is
reminiscent of the hot and reducing primitive world that existed billions
of years ago. Refer chapter 5 for the present theories on evolution of

life.

1.3.3 A Model To Study The Nature Of Thermophily

Several mechanisms have been proposed to explain adaptation of
microorganisms to extreme environments. In studies to understand the

nature of thermophily, Bacillus and Clostridium were until recently the
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most commonly species studied. However, with the isolation of new
extreme thermophiles 1including archaebacteria, the emphasis of such

studies has shifted towards these organisms.

The word "adaptation" can have different meanings. An organism can
adapt to an ecological niche by accumulated alterations in cellular
properties - by mutation and genetic exchange - on which natural
selection can act (inherent or intrinsic property), and by physiological
modifications to cope with <changing environments. Both types of
adaptation occur in microorganisms in extreme environments. The

mechanisms of adaptation have been reviewed recently (Kogut, 1980a, b).

1.3.3.17 The Role Of Membrane Lipids:- -

Elucidation of the structure of biological membranes (Singer and
Nicholson, 1972; Welker 1976a, b), the composition of fatty acids in
membranes (Kates and Baxter, 1962: Chan et al., 1971) and ihvestigations
on the thermotrophic gel-liquid-crystalline phase transition of lipids
(Welker, 1976b; McElhaney, 1976; Esser and Souza, 1976; Cronan, 1978)
have helped in our understanding of the role played by membrane structure

in adaptation of microorganisms to extreme environments.

Microbial membranes consist of a phospholipid bilayer containing
loosely "peripheral" proteins and the integrally embedded proteins
(Singer and Nicholson, 1972; Welker 1976a, b). A majority of the

proteins found in biological membranes are "integral" proteins. Studies
of enzymes associated with membranes (integral proteins), have shown that
membrane lipid-integral protein interactions influence the

thermostability of enzymes (Wisdom and Welker, 1973) and may affect the

cardinal temperatures of a microorganism. However, recent evidence
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suggests that the 1lipid bilayer rather than proteins may be directly

involved in thermophily (McElhaney, 1976; Esser and Souza, 1976).

Brock (1967) suggested that the thermostability of the cell membrane
was a factor determining the ability of thermophilic growth and that it,
as influenced either directly or indirectly by the fatty acid
composition of its 1lipid constituents, was perhaps the major factor in
determining the growth range of microorganisms. The temperature span for
growth of microorganisms is usually between 30 to 40°C. The observation
that spheroplasts of Thermus (Ray and Brock, 1971) and Bacillus

stearothermophilus (Bodman and Welker, 1969) did not undergo thermal

lysis in boiling water lent further support to the hypothesis of Brock

(1967).

An important feature of the lipid bilayer is the ability to undergo
reversible phase transition from a gel to a liquid-crystalline phase.
The temperature at which phase transition occurs is dependenf to a large
extent on the fatty acid composition of the bilayer. Lipid in a gel
(rigid) state has a high degree of order and restricted intra- and
intermolecular motion, but in a 1liquid-crystalline (fluid) state the
hydrocarbon chains are partially melted, with an increase in fluidity.
Straight chain saturated fatty acids have, as a class, the highest
melting points and the melting point increases increasing carbon chain
length. An extra methyl group at the penultimate carbon atom of the
carbon chain (iso-branched) yields acids with only slightly lower melting
temperatures than corresponding straight-chain acids. If a methyl group
is present on other carbon atoms (ante-iso-branched), the melting
temperatures of the acids are decreased considerably. Finally, acids
with cis-double bonds have the lowest melting points of all fatty acids

(McElhaney, 1976). Hence 1lipid layers containing straight-chain and
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iso-branched acids have high phase transition temperatures, whereas
membranes with ante-iso-branched acids and cis-double bonded acids have
lower phase transition temperatures. Mixtures of the different types of
acids yield membranes with intermediate phase transition temperatures.
However, the transition temperature is not sharp due to the
heterogenecity in the composition of the membrane and domains of gel and

liquid-crystalline phase can exist simultaneously.

Studies on 1lipid composition of psychrophiles mesophiles and
thermophiles belonging to the same genus, namely Bacillus (Shen et al.,
1970), Clostridium (Chan et al., 1971) and Candida (Kates and Baxter,
1962) have revealed that a relationship exists between the fatty acid
composition of the membrane lipids and the growth temperature range. In
general, psychrophiles have high proportions of unsaturated or
ante-iso-branched fatty acids compared to their mesophilic counterparts,
whereas closely related thermophiles have high proportions of
straight-chain saturated and iso-branched fatty acids. Additionally, the
average 1length of the hydrocarbon chain increases as one procedes from
the psychrophilic members to the thermophilic species within the same
genus. These studies have revealed that organisms which have evolved (or
adapted) to grow at lower temperatures have fatty acids characterised by

low melting points.

Lipids of Thermus species contain in greatest abundance iso_C,,_. and
iso_C,s. fatty acids, lesser amounts of ante_iso_C,,. and ante_iso_C,,
acids and very few straight chain saturated acids (Heinen et al., 1970;
Ray et al., 1971a; Jackson et al., 1973; Oshima and Migagawa, 1974).

Cho and Salton, (1966) analysed lipids from Bacillus stearothermophilus

and found them to consist mainly of iso_C,s. and iso_C,,_ fatty acids.

Lipids of Bacillus caldotenax and Bacillus caldolyticus contained
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iso.C,¢s., 1iso.C,,. and 1iso_C,,. fatty acids as major constituents
(Weerkamp and Heinen, 1972) but another sporulating bacterium PS-3 was
found to contain only the saturated fatty acids iso.C,s_, is0_C,¢. and

iso_C,,. as the major components (Kagawa and Ariga, 1977).

Like most microorganisms, thermophiles can change their fatty acid
composition with growth temperature (Daron, 1970; Ray et al., 1971a,b).
Heinen et al., (1970) and Oshima and Miyagawa, (1974) observed that the
ratios of C,5:Cyy in Thermus species increased with increasing
temperature, indicating chain elongation of fatty acids. 70 percent of

the 1lipids of Thermus thermophilus and Thermus flavus were found to

contain a novel galactofuranose-containing glycolipid. The lipid
component of the glycolipid increased with an increase in temperature

(Oshima and Yamakawa, 1972; Oshima and Ariga, 1976).

Unusual lipids are present 1in archaebacteria, in which, unlike
eubacteria and eucaryotes, the polar glycerolipids contain eiher linkages
rather than ester 1linkages. The fatty acid chains of these 1lipids
consists of identical pairs of isopranoid branched, fully saturated C,,.
phytane or C,,. biphytane (two-head-to-head linked phytanes) hydrocarbon
skeletons. The isopranyl glyc;rol ethers occur in archaebacteria as two
structural types diphytanylglycerol diether (Kates et al., 1965) or
dibiphytanylglycerol tetraether (Langworthy, 1977a). Diethers contain
two C,,. phytanol chains ether-linked to glycerol, whereas the
tetraethers consist of two glycerol molecules bridged through
ether-linkages by two indentical pairs of C,,. biphytanyl terminal diols
with the primary hydroxyls of the glycerol. More recently, diethers
consisting of C,s isopranyl chains have been found in an archaebacterial

haloalkaliphile (De Rosa et al., 1982, 1983). The membrane of

haloalkaliphilic strain MS3 consisted of equal proportions of C,,,C,o
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and C,,,C,s diether (De Rosa et al., 1982) whereas strain SP8 consisted
of 85% C,,,C,s diether, 9% Cz0:C,, diether and 6% C,,C,s diether in its
lipids De Rosa et al., 1983). It has been suggested that the presence of
such asymmetric diether structures formed due to the presence of C,,
isopranyl chains gives rise to "zip" membranes which might be much

thicker than other archaebacterial membranes.

A considerable variation in the ratios of diether to tetraether
membrane lipids exists amongst different genera in the archaebacterial

group. Thermoplasma and Sulfolobus contain 90 - 95 percent tetraether

and 5 - 10 percent diether (Langworthy, 1979b); the coccal shaped
methanogens contain 100 percent diether in their membranes compared to 40
- 70 percent diether found in the membranes of most of the rod shaped
methanogens. Hence, the distribution of diethers and tetraethers can
prove useful in establishing the relationship and taxonomy of
archaebacteria. The thermoacidophiles and methanogens also differ in the
type of biphytanyl chains present. The thermoacidophiles contain from 1
to U4 cyclopentyl rings in their biphytanyl chains whereas methanogens
contain acyclic biphytanyl chains. (De Rosa et al., 1977, 1980a,b).
Within the tetraether, the identical pairs of cyclic biphytanes are in

the antiparallel configuration. Thermofilum pendens (Zillig et al.,

1983a), Thermococcus celer (Zillig et al., 1983b), Thermoproteus tenax

(zillig et al., 1981a) and Desulfurococcus mobilis and Desulfurococcus

mucosus (Zillig et al., 1982a) all contain diethers and tetraethers in
their 1lipids but the ratios of tetraethers to diethers and the type of
biphytanyl chains present in the tetraether has not been investigated as

yet. Pyrodictium occultum, an organism capable of optimal growth at

105°C has been found to have a novel 1lipid structure (Stetter, 1982).

However, the structure has not been elucidated.
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Due to the presence of tetraethers in lipids of archaebacteria, the
structure of the membrane is in effect monolayered rather than bilayered.

This concept is supported by observations that Thermoplasma, Sulfolobus

and certain species of methanogens fail to freeze-fracture tangentially
but do so perpendicularly, and hence inner and outer membrane faces are
not revealed (Langworthy, 1977a, 1979a,b). Diethers, on the other hand

bear a structural resemblance to the normal lipid bilayer.

It has been assumed that «cyclization within the C,,_biphytanyl
chains in thermoacidophilic tetraethers plays a role in the mechanism of
survival and growth of these organisms at high temperatures. Since the
alkyl chains are fixed at 40-carbons and linked across the membrane, ring
formation would reduce rotational freedom in the chain, thereby
increasing rigidity, regulating chain length and simultaneously
controlling width and density. This hypothesis has gained support by the
observation of increased cyclization in the biphytanyl chains of
Sulfolobus, an organism requiring extremely high temperature for growth
(De Rosa et al., 1980c). Further evidence for this hypothesis was

obtained by Langworthy et al., (1982) who observed that in Thermoplasma

the proportion of cyclic biphytanyl chains increased with an increase in
temperature at the expense of acyclic biphytanyl chains. There was a

complete reversal of this phenomenon as the temperature was decreased.

The neutral lipids of archaebacteria consist of 1isoprenoid and
hydroisoprenoid hydrocarbons (Tornabene et al., 1979). A considerable
variation in the ratio of isoprenoid to hydroisoprenoid exists among the
archaebacterial group. These differences are of taxonomic importance.
Additionally, these differences may express physiological differences in
the cells. For example, the cellular ratio of hydroisoprenoid to

isoprenoid decreased with a decrease in aeration rates in Halobacterium
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cutirubrum (Tornabene, 1978). In addition to the acylic isoprenoids,

Sulfolobus and Thermoplasma contain a series of branched alkylbenzenes.

The role of neutral 1lipids in archaebacteria has not as yet been
elucidated. A number of polar and neutral lipids of archaebacteria have
been detected in crude oils and sediments (Ourisson et al., 1982). The

significance of this finding has been discussed in chapter 5.

Bacillus acidocaldarius, an acidophilic eubacterium isolated from

the same type of environments as Sulfolobus, was found not to contain
tetraethers in its lipids, indicating that the presence of tetraethers in
archaebacteria 1is not an environmental adaptation but is a physiological

feature. Bacillus acidocaldarius possesses hopane-containing 1lipids

collectively known as hopanoids. Tetrahydroxybacteriohopane (THB) and a
glycolipid <constitute 15 percent of the total 1lipids of Bacillus

acidocaldarius (Langworthy et al., 1976). Both the hopanoid and

glycolipid fractions are presumed to interact and bring about a
temperature dependent condensation of cyclohexane and fluidisation of the
membrane (Kannenberg and Poralla, 1980). An additional feature of the

membranes of Bacillus acidocaldarius 1is the presence of w-cyclohexane

fatty acids, which have not been observed in any other bacterial species
(De Rosa et al., 1971; Oshima et al., 1978; Hippchen et al., 1981).
The presence of such a unique group of fatty acids has been related to
the property of these bacteria to withstand both an acidic and a hot
environment. This hypothesis has gained further support with the

observation that Bacillus cocagulans, which 1is 1less acidophilic than

Bacillus acidocaldarius (Belly and Brock, 1974), did not possess

w—-cyclohexane fatty acids. More recently, a different type of
w-alicyclic fatty acid, called w-cycloheptane fatty acid was isolated

from a moderately thermoacidophilic soil bacillus (Poralla and Konig,
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1983). The reason for the presence of such species of bacteria in

neutral environments is yet to be resolved.

1.3.3.2 Inherent Structural Properties Of Proteins:- -

(a) The Protein Synthetic Machinery:

There is no apparent relationship between the thermal stability of
DNA  and the ability of cells to grow at high temperatures since the base
composition and melting characteristics of thermophiles are comparable to

those of mesophilic organisms (Marmur, 1960; Saunders and Campbell,

1966) .

However, more recently, it was observed that RNAs of extreme
thermophiles possessed unique thermal stability. (Zeikus et al., 1970;
Watanabe et al., 1976). In the case of Thermus transfer RNA, the
thermostability was attributable to the presence of an increased number
of guanine plus cytosine bases at specific base-paired regiohs which as a
result provided greater hydrogen bonding and an increased thermal
stability. It was also observed that the base-paired region in transfer
RNAs from Thermus contained other thiolated thymidine residues which
provided a stronger stacking force inside the molecule and that the

degree of thiolation increased with an increase in growth temperature.

It has also been noted that extreme thermophiles produce unique
polyamines, thermine (Oshima, 1975) and thermospermine (Oshima, 1979).
In addition, more novel polyamines have been isolated from the extremely

thermophilic bacterium, Thermus thermophilus and have been studied by

Oshima (1982, 1983). The function of these polyamines is to stabilize
the protein synthetic machinery and also to help protect macromolecules

from high temperatures.
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Thermostability of bacteriophage infectious to Thermus thermophilus

could be restored in the presence of water of the hot spring from which
the phage had been isolated (Sakaki and Oshima, 1975). They proposed
that the water contained a natural stabilizing factor or factors for the

phage. The factor responsible for such a mechanism was not studied.

Similarly, initiator factors from Bacillus stearothermophilus (Kay,

et al., 1976) and polypeptide chain release factor from Thermus

thermophilus (Ota, et al., 1977) possessed inherent stability.

Studies on synthesis and turnover of proteins, and other
macromolecules of thermophilic bacteria, have provided evidence that
thermostability is an intrinsic property of proteins and the protein
synthetic machinery 1in these organisms. This suggests that rapid
resynthesis is unnecessary as a major mechanism of thermophily.

(b) Enzyme structure:

A number of mechanisms have been proposed to explain enzyme
thermostability. Manning and Campbell,(1961), who were amongst the first
to 1isolate and study a thermophilic a-amylase from Bacillus

stearothermophilus, provided evidence that the increased thermostability

of this molecule was due to its low molecular weight and suggested that
all thermostable proteins might show the same characteristic. However,
subsequent studies have shown that a number of enzymes from thermophilic
organisms have the same molecular weight as their mesophilic counterparts

(Ljungdahl and Sherod, 1976).

Brock, (1967) suggested that thermostable proteins would be
relatively rigid and inflexible, having sacrificed efficiency and control
for stability. However, there are now numerous examples of enzymes

isolated from facultative and extreme thermophiles which are
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allosterically functional and in some cases, function in an identical
fashion to their mesophilic counterparts (Ljungdahl and Sherod, 1976).
Recent evidence (Daniel et al., 1982) suggests that some thermophilic
proteins do possess great structural rigidity, but that the changes in

molecular flexibility do not significantly affect allosterism.

Similarly, the suggestion that differences in secondary structure
allowed for increased or decreased thermostabilty in protein molecules
was disproved by Stellwagen and Barnes, (1976) and Singleton, et al.,

(1977) .

Wedler and Hoffmann, (1974) proposed that an increase in
thermostability could be achieved by aggregation. They observed an
increase in thermostability of glutamine synthetase when a calcium
dependent dodecameric aggregation of the enzyme occurred. However,
little evidence is available to suggest that aggregation is a significant

mechanism of thermophily.

Suggestions that enhanced thermostability of proteins was due to the
presence of an increased number of disulfide bonds in the molecule has
been observed not to be an essential prerequisite for thermostability.
Perutz and Raidt, (1975) and Perutz, (1978) stressed the influence of
extra salt bridges on thermostability. Argos, et al., (1979) showed an
increased internal hydophobicity 1in the proteins from thermophilic
organisms. An increased number of hydrogen bonds has been proposed by

Barnes and Stellwagen, (1973) to account for thermostability.

Grutter, et al.,(1979) observed that a single amino acid change
altered the thermostability of bacteriophage T4 lysozyme. A similar
observation was made by Langridge, (1968) when point mutations of

B-galactosidase were studied. Evidence suggests that the answer or
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thermostability does not lie in the amino acid composition and sequence
of amino acids but lies in very subtle changes in the internal structure
of the protein, which result in greater intramolecular interactions in
the protein without any alteration to the amino acid composition. Walker
et al., (1980) studied the tetrameric enzyme D-glyceraldehyde-3-phosphate

dehydrogenase from Bacillus stearothermophilus and Thermus aquaticus and

proposed that ionic bonds between the subunits, and the hydrophobic bonds
located in the core of the molecule were equally important for the

thermostability of the enzyme.

When the differences between mesophilic and thermophilic proteins
are translated into energetic terms, then simple explanations based on
single properties are insufficient to explain thermostability.
Relatively small changes 1in the free energy of stabilization of a
molecule can be responsible for substantial differences in
thermostability. Often, the energy separation between mesophilic and
thermophilic proteins 1is of the same order of magnitude as the
stabilisation energies of the common intramolecular bonds. Thus it can
be deduced, as found experimentally, that substitution of a few residues
to provide a small number of additional linkages should be sufficient to

account for the phenomenon of molecular thermophily.

1.3.4 Economically Important Group Of Bacteria

In the past few years it has become 1increasingly clear that the
utilization of thermophilic bacteria, particularly the extreme
thermophiles, may at least in some biotechnological processes offer some
advantages over the traditional mesophiles which have been exhaustively
used in these processes to date. This is especially true in the case of

production of acetic acid or ethanol and to a smaller extent in the case
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of production of biocatalysts. The reason for this is two-fold. (1)
Thermophilic temperatures used for the growth of thermophiles can affect
design parameters of the reactor vessels and so lead to a decrease in the
initial cost of constructing a commercial plant. (2) Furthermore, the
Characteristics of the thermophiles may also provide advantages which

would help further in decreasing production costs as described below.

1. The effects of increased temperatures on the physical and
chemical properties of water are very large. Higher
temperatures increase water vapour pressure, volume, diffusion,
ionization and solubility of most organic and inorganic
compounds, while it decreases water density, surface tension,
dielectric constant, viscosity and gas (0,,H,,CH,) solubility.
The lower solubility of oxygen at high temperatures (the amount
of oxygen dissolved in water at 70°C is 5% of that dissolved at
20°C) is an advantage for cultivation of anaerobes but 1is an
obvious disadvantage for thermophilic aerobes. However, this
disadvantage can be overcome by greater mixing and aeration
rates. This in turn would lead to increased water and medium
evaporation thereby providing a situation where metabolite
toxicity could occur. An efficient water condensation apparatus

could solve this problem.

2. The energy requirements for cultivation of thermophilic bacteria
and end product recovery will be less. The energy required to
heat a reactor 1is 1less than that for cooling it. Heat
exchange/refrigeration equipment will not be required for
cooling the reactor after sterilization and during product
recovery. For instance, the recovery of enzymes from mesophiles

is done at 4°C to prevent enzyme denaturation.
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Increased solubility of organic compounds is also an important
positive factor in thermophilic processes because substrate
solubility is often a rate-limiting factor in the bioconversion

of carbon substrates like biopolymers, hydrocarbons and

aromatics.

The possibility of continuous distillation of volatile products
(such as ethanol) directly from fermentation vessels (continuous

process) during fermentation.

Compared to the use of mesophilic bacteria, sterile conditions
are less essential. There are no obligate thermophilic
pathogens known. This is of great importance in the
bioconversion of some municipal wastes and in the production of
single cell protein. However, the thermophilic bioconversion
processes are not necessarily free from extraneous microbial
contamination that may significantly alter produci formation.
The thermophilic endospore-forming bacterium, Bacillus

stearothermophilus, was frequently observed as a contaminant of

Thermus T-351 cultures, when Thermus T-351 cells were grown in
600 litre fermentors. Similar contamination problems have been
cited by other workers. Zeikus, (1979) reported the overgrowth

of Thermus aquaticus by Bacillus stearothermophilus in

improperly sterilzed media. Contamination problems have been
also known to occur in the cultivation of anaerobic
thermophiles. For instance, an autotrophic culture of

Methanobacterium thermoautotrophicum was found to be

contaminated by Clostridium thermohydrosulfuricum (Zeikus,

1979). A similar observation was made by Wiegel, (1980). He

found that Clostridium thermohydrosulfuricum was unable to grow
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Wwithout the presence of Methanobacterium thermoautotrophicum and

concluded that Clostridium thermohydrosulfuricum utilized traces

of lysed products of the cells of Methanobacterium

thermoautotrophicum. It should be noted, however, that

thermophilic spore-formers (Clostridium thermohydrosulfuricum

and Bacillus stearothermophilus) appear to be the only group of

bacteria ubiquitous in nature and hence an easy source of
contamination in thermophilic processes (Allen, 1953, Wiegel et
al., 1979). Thermophilic phages have been isolated from Thermus
species (Sakaki and Oshima, 1975) and from Bacillus species
(Farrell and Campbell, 1969; Sakaki and Oshima, 1976). It
appears that the phages infective to Thermus species have a very
narrow host range (refer chapter 8) and the problem of cultures
collapsing due to phage 1infection appears to be minimal.

However, data is still lacking on this subject.

Thermophiles exhibit high catabolic activities at temperatures
optimal for growth. For instance, the generation time for
growth of thermophilic Bacillus can be as 1low as 14 minutes
compared to the mesophilic Bacillus species which have a
generation time of about 28 minutes. A doubling time of 5 hours
is normal for the mesophilic methanogens whereas a much faster
generation time of 55 minutes has been observed with

Methanococcus thermolithotrophicus. Faster growth rates result

in shorter fermentation time and a high productivity and thus
lead to a higher efficiency of industrial plants. These
features are especially useful in large volume processes such as
industrial, municipal and agricultural waste disposal and

chemical feedstock and fuel production. However it should be
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noted that very high growth rates are often gained at the
expense of yield. Sonnleitner and Fiechter, (1983) observed
that Thermus strains in continuous culture, either grew very
rapidly and gave extremely low yields or grew slowly, utilized
all the available substrate and thereby gave a much better
yield. The reasons for such behaviour was not investigated.
This could become a disadvantage in the production of enzymes,
where such an unstable characteristic could give decreased
enzyme yields; for example, in case of protease or

B-galactosidase production.

In view of the general features 1listed above, relatively 1little
biotechnological exploitation of thermophilic bacteria has been achieved.
However, the potential benefits for a number of thermophilic processes
have been explored and include areas such as bioconversion of municipal
and agricultural residues (Glymph and Stytzenberger, 1977; Varel et al.,
1977; Wise et al., 1978;), production of fuels and chemical feedstocks
from wastes, biomass polymers and gasification products (Zertuche and
Zall, 1982; Ng et al., 1981; Wiegel, 1982; Zeikus et al., 1981; Wang
et al., 1983; Ferchak et al., 1982; Avgernios and Wang, 1981), single
cell protein production from one-carbon and lignocellulosic substrates
(Mateles et al., 1967; Snedecor and Cooney, 1974; Goto et al., 1977;
Bellamy, - 1977; Cooney et al., 1977), enzymatic hydrolysis of cellulosic
substrates (Ng and Zeikus, 1981; Garcia-Martinez et al., 1980), and
novel processes 1like microbial enhanced o0il recovery (Energy research
reports 1983a,b), extraction of metals from low-grade ores (Brierley,
1982; Torma and Bosecker, 1982;) and desulfurization of coal (Kargi and

Robinson, 1982; Murr and Mehta, 1982).
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(a) Production of biocatalysts

Enzymes are important biological catalysts. They have been used in
food and 1leather industries and have also been used for clinical
analysis. There are a number of forms in which enzymes have been used as
biocatalysts including whole cells (metabolizing, non-metabolizing or

immobilized) or isolated enzymes (free or immobilized).

The processes of some of the industries which use biocataysts
require high temperatures. For instance, 1in the starch industry, a
temperature of between 55 to 110°C depending on the type of end product
desired, 1is routinely used. A number of thermophilic enzymes from
moderate thermophiles are already in use in these industries, but the
half 1lives of these enzymes are short at such elevated temperatures, and
this increases production costs. Much more thermostable enzymes are
needed and the best source for isolating such enzymes appear to be from
extreme thermophiles. A large number of enzymes from extreme
thermophiles have been isolated and studied. These include pullulanase
(Suzuki and Chishiro, 1983), acidophilic a-amylases (Buonocore et al.,
1976; Uchino, 1982) and proteases (Taguchi et al., 1983; Matsuzawa et
al., 1983; Cowan et al., 1982). Table 1-1 provides a comparison of half
lives of some enzymes from mesophiles, moderate thermophiles and extreme

thermophiles.

In addition to the property of thermostability, enzymes from extreme
thermophiles have been found to be extremely resistant to denaturing
agents (Taguchi et al., 1983; Cowan et al., 1982). Similarly, the
specific activity of these enzymes appears to be very high (Zeikus

,1979) .
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Table 1.1 Thermal stability of enzymes from mesophiles, thermophiles and

extreme thermophiles:

Half life (Hours)

Enzyme Tem?gggture Mesophile Thermophile Extreme thermophile
Pectin esterase 58.5 0.5(a) - -

70 - - 0.5(b)
Asparginase 55 0.3(°) 1.4(d) -

75 0.3(e) - 70(f)
B-galactosidase 50 0.3(9) - .

60 - 7.5(h) -

65 - 1.4(0) >750(1)

80 - - >20(1)

85 - - 55(.”
Protease 60 0.25(k) - -

75 - - 193(n)

80 - 1 30(n)

85 - 0.2(m §(°)
a-amylase 90 0.00S(p) 0.4(Q) 0.3(r)

95 - - 1-2(s)

Organisms and growth temperatures:

Coniophera cerebella (25°C); Kulp, 1975.

rmophilus (55°C); Doig, 1974.
. CO 3 Guy, 1980.
Thermus T-351 (75°C); Guy, 1980.
N. crassa (25°C); Johnson and De Busk, 1970.
B. stearothermophilus (65°C); Griffiths and Muir, 1978

ermophile 4- C); Daniel et al., 1981
Caldariella acidophila (87°C); Buonocore et al., 1980.
. subtilis 3 McConn et al., 1964.

MaTbreacha pulchella (45°C); Voorduow et al., 1974.
B. thermoproteolyticus (55°C); Ohta, 1967.
ermus ; Cowan et al., 1982.
Thermus T351 (75°C); Cowan and Daniel, 1982b.
B. subtilis (37°C); Doig, 1974.
B. stearothermophilus (55°C); Doig, 1974.
. caldolyticus ; Heinen and Heinen, 1972.
Bacillus spedes (?°C); Sonnleitner and Fiechter, 1983.

P T e e e S e i
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CT. thermosulfurogenes (60°C); Schink and Zeikus, 1983b.
B. coaqulans 13758); Doig, 1974.
B. stearothe
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Enzyme immobilization technology with enzymes (schmid, 1979)
or whole cells (Abbott, 1978) from mesophiles has been successfully used
today. However, in the case of thermophiles, only a limited amount of
information is available. 1In the case of immobilization of D-asparginase
(Guy, 1980) and protease (Cowan and Daniel, 1982b) an increase in the
thermostability of these enzymes was observed. On the other hand,
B-galactosidase from Caldariella (Buonocore et al., 1980) and Thermus
4-1A (Cowan, D.A., Daniel, R.M. and Morgan, H.W., unpublished results),

showed no increase in thermostabiity after immobilization.

However, a higher degree of thermophilicity of an organism does not
necessarily mean that pure enzymes derived from such organisms will
always be more thermostable. For example, while glucose isomerases
produced by thermophilic bacilli were quite stable, the most thermostable

glucose isomerase was purified from a mesophilic Actinoplanes species.

The activity was still retained after more than 20 minutes at an
incubation temperature of 90°C. Another point worthy of noting was that
with a few of the enzymes from thermophiles or extreme thermophiles,
enzyme thermostability was dependent on presence of calcium ions (Heinen
and Lauwers, 1975; Cowan and Daniel, 1982a; Cowan et al., 1982). The
fact remains, however, that one has a better chance of finding more
thermostable or more chemoresistant enzymes from extreme thermophiles
than in moderate thermophiles. Obviously, the recently isolated
thermophilic archaebacteria, which have growth optima as high as 105°C,
would be prime candidates for further investigation. A B-galactosidase
from Caldariella (a thermophilic archaebacterium capable of optimal
growth at 85°C, was found to have a half 1life of 55 hours at 85°C.
Furthermore, the enzyme was found to be <constitutive rather than

inducible (Buonocore et al., 1980; Drioli et al., 1981). An
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extracellular protease from an archaebacterial coccus was found to have a
half life of about 30 minutes at 100°C (Cowan, unpublished results).

(b) Thermophilic Ethanol Production

The production (and use) of ethanol from biological materials as an
alternative fuel has become one of the hopes for solving the worsening
energy crisis. The most important criterion for its use as an
alternative fuel rests on the production cost. As with all industrial
processes, the main factors which affect production cost are the
availability (cost) of the substrate, the efficiency of the conversion

organism being used, and plant design and product recovery.

It appears that cellulosic biomass such as agricultural, forestry
and municipal residues are the potentially important substrates for the
production of ethanol. This is because cellulose is abundant, renewable,
inexpensive and at present poorly utilized. (Rabson and Rogers, 1981;
Wilke et al., 1981; Flickinger, 1980). Chemically, cellulosic biomass
consists of lignin, cellulose and hemi-cellulose. Hemicellulose consists
of hexose and pentose polymers; the ratios of hexose and pentose
polymers vary considerably in different biomass (Rosenberg, 1980;

Zeikus, 1980). Cellulose is composed of D-glucose polymers.

At present, there are two major ways of producing ethanol from
cellulose. These processes have been reviewed recently by Ladisch et

al., (1983) and Wiegel, (1982).

1. The two-step process: Cellulose 1is converted enzymatically
(Reese and Mandels, 1980) or by treatment with chemicals (Han
and Callihan, 1974; Grant et al., 1978; Ladisch et al, 1978;
Uprichard and Burton, 1982) to pentoses and hexoses. Hexoses

are further fermented in a second stage to ethanol by yeasts
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(Reese and Mandels, 1980) or by Zymomonas (Viikari et al.,

1981).

2. The one step process: Cellulose is degraded anaerobically to
ethanol by the cellulolytic thermophile, Clostridium

thermocellum (Avgernios et al, 1981) or by co-cultures

consisting of cellulolytic and glycolytic bacteria (Alexander et

al., 1981; Cooney et al., 1978; Ng et al., 1981)

The two step process:

Saccharomyces strains have been used in the production of ethanol

for a number of years. Numerous techniques including continuous process
and rapid fermentation process have been tested to improve production
(Gencer and Mutharasan, 1981; Robinson et al., 1981). In spite of all
the rapid advances, a major disadvantage of ethanol production by

Saccharomyces strains is their inability to utilise the pentose sugar,

D-xylose. D-xylose is the major product of hemi-cellulose hydrolysis.

However, it was observed recently that Saccharomyces strains could

utilise D-xylulose (Wang et al., 1980). This feature has been exploited
to convert D-xylose to D-xylulose using D-glucose isomerase or D-xylose
isomerase and hence indirectly bring about the fermentation of D-xylose

by Saccharomyces strains (Hsiao et al., 1982; Wang et al., 1980; Gong

et al., 1981). Another yeast species, Pachysolen tannophilus was able to

ferment D-xylose but the yield of ethanol produced was too little to be
of commercial value. The rate of fermentation of D-xylose <could be
improved by allowing growth to occur semi-anaerobically (Maleszka and

Schneider, 1981).
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Out of the numerous anaerobic mesophilic eubacteria which have the

capability to produce ethanol, some strains of Zymomonas mobilis have the

potential for industrial ethanol production (Skotnicki et al., 1981:; Lee

et al., 1979; Rogers et al., 1979). The advantage Zymomonas mobilis

strains hold over yeast strains is their higher uptake rates for glucose
and hence the rate of ethanol production is higher than for yeasts.
However, 1like yeasts, they too have the disadvantage of not being able to
ferment D-xylose. 1In addition there is an associated problem with using
Zymomonas. The bacterial fermentation requires pH values of above 5, a
range which is suitable for the growth of other microorganisms and hence

the necessity of extra precautions with sterility monitoring.

At present, strains are being genetically engineered for two
purposes. (1) To enhance cellulase production for the initial hydrolysis
step. (2) To clone the cellulase gene so that cellulose hydrolysis and
ethanol production can simultaneously occur in one organism
(Montenecourt, (1983; Cornet et al., 1983).

The one step process:

The advantages of thermophilic fermentations have already been
discussed above. A number of anaerobic extreme thermophiles have been

isolated and tested for production of ethanol. Thermoanaerobacter

ethanolicus (Wiegel and Ljungdahl, 1981) Clostridium

thermohydrosulfuricum (Wiegel et al., 1979), and Thermoanaerobium brockii

(Zeikus et al., 1979) have been observed to ferment a wide range of
carbohydrates including pentoses and biopolymers such as starch,
cellobiose and lactose to ethanol. This nutritional versatility
exhibited by extremely thermophilic anaerobic glycolytic anaerobes 1is a
very important property and can be exploited for the fermentation of

cellulose by cocultures. For instance,a stable coculture of Clostridium
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thermocellum and Clostridium thermohydrosulfuricum was found to produce

an ethanol yield that was twofold higher than that obtained by a

monoculture of Clostridium thermocellum, when grown on cellulose (Ng et

al., 1981).

Of all the extreme thermophiles so far tested, Thermoanaerobacter

ethanolicus had some advantages over the other ethanol producing extreme
thermophiles: (1) It exhibited a very broad pH optimum range and (2)
Under some conditions it fermented glucose and other sugars
quantitatively to ethanol as do yeast and Zymomonas. However, variations

in the ethanol to lactate ratio occur for as yet an unknown reason.

Clostridium thermohydrosulfuricum isolated by Zeikus et al., (1980)

produced more ethanol than Thermoanaerobacter ethanolicus. However,

ethanol production, as with all Clostridium thermohydrosulfuricum

strains, was pH dependent.

None of the strains under current investigation with the exception

of Clostridium thermocellum, are capable of simultaneously hydrolysing

cellulose and producing ethanol. This direct conversion of cellulose to
ethanol, has been of interest to several groups of workers (Cooney et _
al., 1978; Garcia-Martinez et al., 1980; Avgerinos and Wang., 19871;

Zertuche and Zall, 1982).

A drawback of these organisms, as is the case with a number of
industrially important organisms, 1is product inhibition. Clostridium

thermocellum was found to be inhibited by end products of fermentation,

such as acetate, ethanol and lactate (Herrero and Gomez., 1981).

Thermoanaerobacter ethanolicus was found to be inhibited by 0.5% ethanol

(Carreiria and Ljungdahl, 1982) whereas, Thermoanaerobium brockii was

observed to be inhibited by low concentrations of hydrogen (Lamed and
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Zeikus, 1980). The mechanisms for product inhibition in Clostridium

thermocellum has been under investigation by Herrero and Gomez, (1981)

and Herrero, (1983). Similarly, mutants of Clostridium thermocellum

(Herrero and Gomez, 1980) and Thermoanaerobacter ethanolicus (Carreiria

and Ljungdahl, 1983; Carreiria et al., 1983) with increased ethanol

tolerance have been isolated and studied.

Saccharide fermentation by thermophiles proceeds via the
Embden-Meyerhof-Parnas pathway and hence they produced the same end
products as mesophiles, namely ethanol, acetate, lactate, CO, and H,, but
in totally different proportions. The biochemical basis for such a
difference in the end product ratios is related to subtle differences in
the specific activities and regulatory properties of the enzymes which
control carbon and electron flow during fermentation. Some of the
enzymes involved in these fermentation processes have been studied
recently (Lamed et al., 1981; Bryant and Ljungdahl, 1981; Mitchell et
al., 1982; Lamed and Zeikus, 1980, 1981; Bryant and Wiegel, 1983) and

are reviewed by Ljungdahl et al., (1981) and Zeikus et al., (1981).

Hot springs contain a wide spectrum of glycolytic anaerobes of which
only those with immediate commercial potential have been studied. Our
understanding of many of the others is still rudimentary and incomplete
(Carreira et al., 1983; Biomass Digest, 1982; Schink and Zeikus,

1983a).



PART A

"IN SITU" STUDIES ON HOT POOL MICROBES

Isolation and characterization of bacteria in vivo 1is the most
widely used method for gaining information on microorganisms. However,
not all cultural techniques are suitable for isolation and cultivation of
microorganisms. This means that some of the microorganisms in the
microbial population may not be detected and hence not studied. Studies
of microorganisms in situ can be an aid to a better understanding pf the

ecosystem.

Successful in situ studies are dependent on sensitive methods. To
stugy the ecology of thermal springs in situ, three sensitlve methods,
namely, radio-isotope uptake, electron microscopy and immunofluorescence
and were chosen. Radio-isotope uptake experiments were used in an
attempt to determine growth rates, electron microscopy to determine
morphological types of microorganisms present and immunofluorescence to
determine the distribution and prevalence of some extremely thermophilic

species and their serotyes in the thermal spring environment.



CHAPTER 2

MICROSCOPY OF HOT POOL BACTERIA

2.1 INTRODUCTION:

Initial studies on the ecology of the thermal pools were hampered due
to 1lack of suitable culture methods. It could not be assumed that
organisms cultured from the pool were necessarily the dominant ones, since
they might merely reflect the selectivity of culture methods available.
Hence, it was necessary to develop a suitable method to identify the
dominant microbial flora for comparison with the pure cultures isolated in

vivo.

Microscopic examination of pool water was a quick, simple and
effective method of correlating the morphology of organisms in situ with
those that were cultured. However, pool water, especially from pools at
low pH contained a high concentration of particulate material which under
the light microscope, made differentiating bacteria, especially coccal
shaped cells, very difficult. This problem is not uncommon with many
natural environments; for example, Tuovinen and Nurmiaho, (1979),
examined ochreous sludge for the presence of iron bacteria and observed
that interference due to presence of ferric hydroxide particles was so
great that bacterial cells could not be detected under the 1light

microscope at all.
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Additionally, adsorbed bacteria are possibly more important in many
pools (those pools with a fast runoff) than free living bacteria, so that
observation of bacteria colonising a surface might more truly reflect the
important bacterial species in the pool. Observations to this effect have

been made in marine and fresh-water systems (Paerl, 1974).

In the present study it was found that observation of colonized glass
slides by phase contrast illumination in most alkaline to moderately
acidic thermal pools was possible but far more information could be

obtained by using electron microscopy techniques in situ.

Two different approaches have been generally used to study the
morphologies of bacteria in situ using electron microscopy. (1) The
sample containing the microbial community to be studied 1is fixed and
concentrated by means of filtration (Carlucci et al., 1976; Torrella and
Morita, 1979; Paerl, 1975), or centrifugation (Moriarty and Hayward,
1982; Ewert and Paynter, 1980; Ackermann and Nguyen, 1983) or by an agar
diffusion technique (Anderson and Doane, 1972). (2) Plastic films
(Caldwell et al, 1981; Jordan and Staley, 1976), glass slides (Bott and
Brock, 1970), parafilm (Brock, et al., 1971), nucleopore membrane filters
(Jannasch and Wirsen, 1981) and carbon films (Chalcroft and Morgan, 1982)
have been used as substrates for adsorption and colonization 1in the
environment. Natural substrates which harbour and allow colonization of
the microbial populations under investigation, have also been studied,
using electron microscopy (Berry et al., 1978; Ducklow and Mitchell,
1979). These methods which use artificial or natural substrates for
colonization also become an effective way for concentrating the organisms
in the ecosystem. The samples from either of the procedures listed above
are then processed for transmission electron microscopy using techniques

of thin sectioning and /or negative staining, or scanning electron
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microscopy.

It should be noted, however, that studies which wuse artificial
substrates for colonization may not necessarily reflect the true
population present in the ecosystem under study, since microbial
attachment to a surface appears to be a more complex process than earlier
envisaged, and colonization may reflect the type of material used for such
in situ studies. Mills and Maubrey, (1981), used different substrates for
colonization studies in aquatic environments and found that microbial

colonization did vary with the type of substrate used.

In situ techniques involving the use of electron microscopy have not
only demonstrated the presence of unique bacterial morphologies but have
also been successfully used for determining the proportion of Gram
positive to Gram negative bacteria in sediments and in determining
generation times of bacteria in a number of environments, the examples of

which are illustrated below.

Nikitin, (1973), used a "thermal adhesion method" for preparing an
electron microscopy specimen from soil suspensions and observed a number
of unusual bacterial morphologies and viruses in the samples, some of
which were isolated in pure culture. Brock et al., (1971), observed
coccal and rod shaped bacteria with unique cell wall structures 1in the
thermal springs of Yellowstone National Park U.S.A., but were unable to
culture them under laboratory conditions. Waid (cited by Uydess and
Vishniac, 1976) demonstrated the presence of bacterial cells in arid
jce-free Antarctic soil using a "soil film floatation method." This
disproved earlier suggestions that such extreme environments were sterile;
a notion which came about because earlier attempts to isolate

microorganisms from these environments had failed. Subsequently, a number
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of unique bacterial morphologies were isolated from these areas by Uydess

and Vishniac, (1976).

Moriarty and Hayward, (1982), studied marine sediments using a thin
sectioning method and observed bacteria with unique cell wall
morphologies, some of which exhibited a honey comb structure and others
which exhibited spiny structures. They also used this method to obtain a
distribution profile of Gram positive and Gram negative bacteria in marine
sediments. They observed that 10% of bacteria in the surface sediment (0
to 1 cm depth) were Gram positive whereas in the deeper anaerobic zone (20
to 21 cm depth), about 40% were Gram negative. This was in good agreement

as determined earlier by muramic acid measurements (Moriarty, 1975, 1980).

Jordan and Stanley, (1976), used an "electron microscope grid
immersion”" method to study autogenic succession in freshwater (the
succession from pioneering community with low species diversity toward an
increasingly complex community with greater species diversiiy on approach
of the climax). Caldwell et al., (1981), used a similar technique of grid
immersion to determine microbial attachment and generation time of
microorganisms in lakes. Generally, immersed glass slides have been used
to determine the generation time of bacteria in natural ecosystems (Brock,

1971; Bott and Brock, 1969, 1970; Bott, 1975).

To study bacterial morphologies present in their natural environment
of the hot springs of New Zealand, a number of studies were performed.
These included (i) microscopicy examination of pool water, (ii)
determination of colonization rates of bacteria "in situ" by a slide
colonization method and subsequent studies of colonized bacteria by Gram
staining and electron microscopy and (iii) ultrastructural studies of

bacteria colonising electron microscope grids and membrane filters.



Page 2-5

SECTION 1

DISTRIBUTION OF BACTERIA IN NEW ZEALAND THERMAL SPRINGS-- A LIGHT
MICROSCOPIC SURVEY

Microscopic examination of hot spring samples from a number of
thermal regions of the world have shown the presence of bacteria (Brock
and Brock, 19771a). That these bacteria are actively metabolising in such
extreme environments has also been demonstrated (Brock and Brock, 1971b;

Brock et al., 1971).

Although the presence of bacteria in some New Zealand thermal springs
has been studied previously (Brock and Brock, 1971a), a much more thorough

investigation of their distribution was attempted.

2.2 MATERIALS AND METHOPS:

2.2.1 Location Of Field Sites And Sampling Procedure

Samples were collected from thermal regions of New Zealand and White
Island. A number of these thermal areas, for example, Rotorua, Waimangu,
Waiotapu, Tikiteri were visited on several occassions whereas others like
Wwhite 1Island and Fiji were visited once. The details of the location and
sites of the sampling areas have been provided in the 1inside back cover

pocket.

Soil samples from fumaroles were scooped into sterile 30 ml universal
bottles. Samples from hot springs were collected in sterile 30 ml
universal bottles or 125 ml medical-flats which were held with a pair of
tongs, or tied to plastic coated wire if samples were to be collected from
inaccessible pools. The collection vessels were completely filled,

usually with both sediment and pool water, sealed with a gas tight septum
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and capped tightly. All samples were transported to the laboratory at

ambient temperature.

The samples were usually used immediately for 1light microscopy, or

stored at room temperature for future use, mainly for culturing.

2.2.2 Chemical And Physical Determinations

” s

pPH, temperature and conductivity measurements were performed in
situ" wusing a Digi-sense LED pH meter, a Digi thermometer and Triac

Controls conductivity meter respectively.

The temperatures of the thermal springs ranged from 37 to 103°C with
the majority being between 65-95°C. The temperatures of springs surveyed

microscopically is provided in figure 2.1A.

The pH values ranged from as low as 1.9 to as high as 9.1. The pH
profile of the springs studied is given in figure 2.1B. Two major types
of springs, seen as peaks in the regions of pH 4 and pH 7 were
predominantly studied, reflecting the actual pH and temperature profiles

of New Zealand thermal springs.

Springs in different parts of the world do not always show the same
range. The thermal springs of Yellowstone National Park, USA, have
boiling temperatures at 93-94°C reflecting the altitude at which they
occur. The New Zealand thermal springs are also different with respect to
the relatively high amounts of sulphide present. This is evidenced by the
presence of sulphur, formed due to oxidation of sulphide, around the rims
of a majority of alkaline springs, especially in Whakarewarewa thermal
area in Rotorua. The Fijian springs, especially those around the coastal

areas, are high in chloride and sulphate ions due to mixing of thermal
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water with sea water. The Fijian springs were all alkaline with no
springs having pH below 6.8. Sulphur was not evident around the rims of
any Fijian spring. On the other hand, the springs of Iceland are

predominantly neutral to alkaline with very few springs occurring between

pH 4 and 6.

2.2.3 Examination Of Pool Water

10 micro-litres of pool water was placed on a slide and a coverslip
(22 X 22 mm, No. 1; Chance Propper Ltd., U.K.) pressed over it. The
preparation was then observed under a phase contrast microscope (Leitz or
Olympus). Approximately 30 fields were observed and a rough estimate of

the morphological types of bacteria present noted.

For observation of bacteria in soil samples obtained from fumaroles,
a soil suspension was prepared in acidified Allen's salts (Darland and
Brock, 1971) and in alkaline Allen's media (Jackson et al., 1973). The
particulate material was allowed to settle and the above procedure then

followed for microscopy.

2.3 RESULTS AND DISCUSSION:

2.3.1 Field Observations

New Zealand thermal springs with an outflow and which were less than
70°C, wusually had visible algal growth. In certain cases, visible
bacterial mats were also observed. Fluctuations in temperature and pH was
noted in several springs in the Rotorua thermal area during the course of
this investigation. The pH of a spring is mainly due to the solubility of
the silica present which 1is known to be dependent on the temperature.

Hence, fluctuations in the temperature of a spring can alter the pH of the
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spring, which may be reflected in alterations in the bacterial flora.
Similarly, other chemicals present in the springs can also play an
important part in determining the predominant microbial flora of a
particular spring; for example sulphide. However, it was beyond the

scope of this investigations to fully investigate these changes.

2.3.2 Distribution, Density And Morphotype Profile

Bacterial presence was demonstrated in 171 of the 190 thermal samples
analysed microscopically (Appendix 1) and bacterial absence was recorded
in another 13 samples.

Analysis of a further 5 samples was hampered due to particulate
interference. Of the 13 samples from which bacteria were absent, 4 were
obtained from fumaroles. Additional samples from fumaroles (not recorded
in the appendix), were also devoid of bacteria. Bacterial absence from
fumaroles has also been noted by Brock, (1967). He concluded that 1liquid
water, rather than steam was necessary for development of 1living
organisms. Sulfolobus have been isolated from moisture saturated hot and
acid soils. However the densities of these bacteria were so low that they
were impossible to detect under the light microscope (Fliermans and Brock,
1972).

Bacterial absence in the 9 other (non-fumarole) samples cannot be
explained. The samples had temperature and pH ranges similar to the
samples in which bacteria were present. Chemical analysis of these
springs would be necessary to determine whether toxic elements existed in
these pools. As an example, Waiotapu which has high levels of arsenic was

one region were bacterial presence was unusually low.
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Morphologically diverse groups of bacteria were present in the
thermal springs investigated and included filaments, rods, cocci,
spirochetes, spirals and vibriods. The predominant microbial morphology
was rods which were present in 70% of the springs. This probably suggests
a diverse physiology allowing colonization over such a range of pH and
temperature (Figure 2.2).

Cocci were present in 55% of the springs. They were present in both
the boiling acid pools and the vigorously boiling alkaline pools.
Previously their presence has been primarily associated almost exclusively
with hot and acidic springs, from which they could be readily isolated.
Zillig et al., (1981a) isolated anaerobic cocci, whereas Brock et al.,
(1972) had earlier only isolated aerobic cocci from such hot and acidic
environments. Brock et al., (1971) on the other hand did observe coccal
shaped cells in an alkaline hot spring of Yellowstone National Park, USA.
However, this organism was not cultured and nor was their presence in

other alkaline springs studied.

Cocci were more dominant in the acidic springs than the alkaline ones
(Figure 2.3). Again, the density and morphology of cocci in acidic
environments was different to that found in alkaline hot springs. The
coccal population was greater 1in acidic environment (as high as 107
cells/ml and these cocci were much more phase dark compared to the cocci
in alkaline environments, where the population was far less (10" cells/ml)
and the cells phase light. The isolation and characterisation of these
cocci is dealt with more fully in chapter 5.

Filaments were present in 42% of the springs. The presence of
filaments was dependent on the pH of the spring, filaments being more
prevalent in springs above pH 6.0 (Figure 2.4). The presence of filaments

was independent of temperature and they were observed in springs covering
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the whole temperature spectrum.

In only two springs was the presence of spirochetes demonstrated.
These were Rt3 and Rt6, both of which were located in Kuirau Park,
Rotorua. One of the spirochetes was isolated for further studies (Refer
chapter 7). Spiral bacteria which were morphologically distinct from
spirochetes were observed in three pools, namely Rt37 (Located in Kuirau
Park thermal area) and Rt94 and Rt99 (located in Whakarewarewa thermal
area). Vibriods were observed in two pools only. Both the pools were
located in White 1Island (Refer appendix I). Unique spheroid producing
rods were observed in pools Rt8, Rt12, Rtidd4 and Rt86. Caldoactive

(spheroid producers)
glycolytic anaerobes with a similar morphology as those aboveAwere
isolated from these and some other pools and were found to constitute a

Fervidobacterium
new genusﬁwhich is more fully described in chapter 7.

Repeated sampling of a number of pools for microscopy, yielded the
same morphotype on each occasion indicating that the organisms were a
stable component of the thermal environment. A number of springs were
observed to fluctuate in temperature, pH and water level. However,
reversal of these fluctuations resulted in the rapid reestablishment of

the original flora.

During the course of these investigations, at 1least four springs
underwent drastic changes in pool characteristics. 1In pools Rt1 and Rt3,
both of which cooled considerably (from 85°C to 30°C and from 70°C to 50°C
respectively), dramatic changes in microbial flora resulted. Pool Rt1
lost a coccal shaped archaebacterium designated AN1 (Morgan, 1979) and
pool Rt3 1lost a spirochete population. 1In a third pool, Rt8, which was
runoff channel formed by a vent from a heat exchanger, closure of the vent
resulted in drying of the <channel and the decay of black gelatinous

bacterial mats present. However when the vent was reopened the bacterial
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mats re-established rapidly. Whether recolonization by the same organisms
would occur in pools Rt1 and Rt3 if they return to original conditions
remains to be seen. A fourth pool, Rt34 (DSIR no. 344) was devoid of
bacteria when pool water was examined microscopically by Brock and Brock,
(1971a). The temperature and the pH recorded by them was 95.5°C and 3.05
respectively. Recent microscopic examination revealed the presence of
bacteria in this pool. The temperature of the pool was 75.7°C and pH 6.53
(appendix 1). Hence, <colonization of this pool must have occurred
recently or alternatively, changes in the condition of the pool must have
favoured a rapid growth of a previously more or 1less dormant flora to
occur.
SECTION 11

STUDIES ON BACTERIAL COLONIZATION OF GLASS SLIDES

2.4 MATERIALS AND METHODS:

The purpose of these studies was to determine colonization rates of
bacteria present in situ from 5 springs. It was also necessary to
determine the type of bacteria present in a number of springs. This was
achieved by performing Gram staining and electron microscopy of the

colonized slides. Twenty four pools were selected for these studies.

For colonization of bacteria, detergent washed and distilled
water-rinsed glass slides 1in glass staining racks were suspended by
plastic coated wire in hot pools. Slides were removed at intervals from
these racks and immediately fixed in 4% formalin solution prepared in

appropriate pool water.

These colonized slides were either used immediately if colonization

rates and morphology of the bacteria was to be determined, or were dried
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and stored in slide mailers for a period of not more than two weeks during
which time they were used for studies on immunofluorescence (Chapter 1),

electron microscopy and Gram staining.

2.4.1 Determination Of Colonization Rates

The selection of the 5 springs for studies on colonization rates was
based on (a) the accessibility of the pools since the work was to be
performed by day and night and (b) pH and temperature range of the pools.
To determine colonization rates, bacteria in 100 fields per slide were
counted for each incubation period with the aid of an Olympus Phase
contrast microscope, and an average of the number of bacteria per field
calculated. Colonization rate in this case is equal to the growth rate
plus the attachment rate since no attempts were made to account for the
two processes separately as done by Bott, (1975). It was assumed that if
growth rates of adsorbed <cells was rapid compared to attachment then
colonization would be exponential. However, if the reverse was true, then
colonization would be 1linear. Studies on colonization rates was
compounded by the fact that the spring microorganisms did not grow as
microcolonies due to the nature of these micro-organisms. The mode of
division of such archaebacteria is presently unknown. This made it more
difficult to use correction equations devised by Caldwell et al., (1981)
to account for attachment rates and hence calculate the actual growth

rates of the micro-organisms under study.

2.4.2 Gram Staining And Electron Microscopy Of Colonized Slides

Gram staining was performed using the method of Lillie, (1928) as

modified by Preston and Morrell, (1962).
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For electron microscopy, cells adhering to colonized slides were
released by scraping the slide surface gently with a scalpel. Two drops
of appropriate filter sterilized pool water was added to the scraped
surface and a butvar-carbon coated electron microscope grid was floated on
the surface of this suspension for 20 to 30 minutes (Refer Chapter 3 for
preparation of butvar films). The excess liquid was blotted off and the
grids stained with 1% uranyl acetate for 30-40 seconds. The grids were
then blotted to remove excess stain and observed under a Phillips EMA00

electron microscope at an accelerating voltage of 80kV.

2.5 RESULTS AND DISCUSSION:

2.5.1 Colonization Rates

Due to slow colonization rates, attempts at determining colonization
rates in three pools, viz Rt30, Rtd2 and Rt57 were abandoned. In the
first two pools, typically less than 1-2 cells per field were observed
after 1lengthy incubation periods. Incubation of slides was abandoned in
pool Rt57 for the same reason where as few as 12 cells per 100 fields were

observed after 24 hours incubation.

The colonization rate of bacteria present in pools Rt51 and Rt56 was
0.31 cells/field/hour and 8.1 cells/field/hour which was equivilent to a
generation time of 16 hours and 12 hours respectively (Figure 2.5). The
microbial population of Rt 51 consisted of filaments for the the first 12
hours after which very few small rods, usually attached to the filaments
were observed. The Rt56 population consisted of rods, with very few
filaments present. Colonization rates of only the dominant bacterial

flora present in both these pools was calculated.
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Figure-2.5. Colonisation rates of filamentous bacteria in pool
Rt51(A) and rods in pool Rt56(B). Colonisation rates were
determined as described in Materials and Methods in Section
II.
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2.5.2 Morphology, Gram Reaction And Electron Microscopy O0Of Colonized

Slides

Microbial colonization of microscope slides occurred in 23 of the 24
hot springs analysed (Table 2.1). Filaments, rods and cocci were the
usual morphotypes observed.

Filaments usually formed rosettes due to attachment to mineral
particles, presumably sulphur or silica. This was a common occurrence in
almost all of the hot alkaline springs.

Rod shaped bacteria were also observed in a few hot alkaline springs,
for example, Rt2, Rt56, Rt68. 1In some of the springs, cell division of
these rod shaped bacteria was also observed.

An abundant coccal population was observed in pool Rt71, which was an
extremely hot, acid spring. Cocci were also observed in a number of
alkaline springs (eg., Rt56, Rt60, Rt61) but were not as numerous.

Algal cells were also observed in a relatively cool and acid pool,
Wai3 and a much hotter, alkaline pool, Wail9. The presence of algae in
Wail9 (temp of 79°C) was not surprising, since cool spots existed in this

pool, where algal mats thrived.

All the pools, except pools Rt8 and Wail9, had exclusively Gram
negative microbial populations.

The cell wall of the filaments from pool Rt8 stained Gram negative
however, portions within the wall stained Gram positive. Whether the
organisms were sheathed bacteria or whether the Gram positive portions
were storage granules of some sort within the cells, was not investigated.

In Gram stain preparation of Rt51, scutellum bearing filaments were
observed (Refer scutellum bearing organisms in section 111 of this
chapter). The scutellum stained a much darker pink compared to the

filament which was much lighter in colour. The intensity of Gram stain on



fable 2. 1: Morphological studies and Gram reaction of microbial population colonising microscopic slides:

Pool Temp. pH Bacterial Morpholagy
No. (*c) . , i
Gram stained preparation Electron microscopy
Rt2 82. 5 7. 66 Gram -ve short{ rods and filaments.
Rt3 70 7.2 Gram -ve coccy and filaments
Rté 64 9. 4 Gram -ve filaments.
Rt8 70 9.1 Gram —ve sheath enclosing Gram +ve cells;

Gram +ve short rods.

Rti12 &6 6.9 Gram -ve rods (0. 75um x 1.8um) Rods with slime and pilis Dividing rods with pili;
Gram -ve curved rods (0. 7S5um x 1. Sum); Few curved cells.
Gram -ve filaments.

Rt13 I8 7.4 Gram -ve filaments (O.75um in diameter).
Rt14 80 7.0 Gram -ve small rods (0. 5um x 0. 75um) with Rods with slime and pili.

slime layer surrounding the cells; Gram -ve
filaments.

Rt1S 96. 4 8.7 Gram -ve filaments. Ribbon like ghost cells; Rods with pili and slime
Rods in association with flagellated cocci.

Rt30 97.0 3. 69 Gram -ve cocci.

Rt34 80 6. 53 Gram -ve rods, some dividing (0.75 x 1 to
2 um); Gram -ve filaments,

Rt42 7 7.3 Few Gram —-ve filaments.

Rt44 62 7. 81 Gram -ve rods, some dividing (1. 25um «x Fat rods; Cells with slime, pili; Spheroid bearing
3. O0unm); Gram -ve long vods (ium x 1Qum); Tods.

Gram -ve spheroid bearing rods.

og-2 a8ed



Table 2. 1: Morphological studies and Gram reaction of microbial population colonising microscopic slides:

Pool Tenp. pH Bacterial Morphology
Na. (°c) . i
Gram stained preparation Electron microscopy
RtS1 82 7. 34 Gram ~ve filaments with scutellumi Gram -ve Rods with subunit cell walli Scutellum bearing
filamentsi Gram -ve rods, single or dividing +filaments.
Few Gram -ve cocci.
R£S6 ?0.2 7.87 Abundant Gram -ve short rods (lum x 1. Bum);
Few Gram -ve cocci and filamants.
RtS7 7 7.2 Gram —-ve filaments. Rods with subunit cell wall.
Rt5S9 103 7.6 Gram-ve filaments and cocci; Gram -ve rods,
single or dividing (0. 75um x 1. 25um).
Rt &0 Q7.7 7.16 Gram —ve cocci and filaments. Rods with subunit cell wall.
Rté&1 ?4.5 8.1 Good Gram -ve coccal population: Gram -ve Small rods; Nonflagellated cocci; Ribbon like ghost
filaments. cells; Filaments with slime and pili.
Rt68 5 7. 52 Gram -ve rods, filaments and cocci. Non flagellated cocci; Rods with slime and pili;
Rods with subunit cell wall.
Rt70 98. 2 3. 38 Gram -ve cocci.
Rt71 98. 5 3.52 Abundant Gram -ve cocci.
Rt72 ]7 6. b4 Gram negative long rods
Rt84 ND ND Gram —-ve filaments; Gram -ve rods
(fum x 1. Sum).
RE101 b6 2.7 Negative. Negative.
Wai3d 48 5.5 Algae and Gram -ve filaments.
Wailvy 79 7.7 Algae, Gram -ve filaments and Gram +ve

rods, single, in twos or in chains (0. 75um
x 1 to 1. Sum).

The time of incubation of slides was between 8 to it days.

1z-Z =beg
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filaments from Rt13 decreased in slides which had been incubated in the
pools for 7, 17 and 35 days respectively. The possibility that this was
due to the degeneration of the colonized cells cannot be ruled out.
However, since the number of cells colonising glass cylinders increased
(Refer Chapter 3) as indicated by an increase in protein concentration,
this seems wunlikely. The more plausible explanation is the hindrance of

stain uptake due to production of slime by bacterial cells due to

adhesion.

Bacterial adhesion to a surface is known to play an important role in
aquatic environments and a direct relationship exists between the surface
properties of the substratum being colonized and the biological response
of the colonising microbe, for example cell adhesion. It is likely that
after adhering to glass slides, the bacteria produce more slime in
response to the vigorously boiling and turbulent nature of the pool. The
presence of extensive slime was noted in Gram stained preparations from
pool Rt14. The presence of slime was a much more common phenomenon as

revealed by electron microscopy of colonized slides (Table 2.1).

Electron microscopy of scrapings of <colonized slides (Table 2.1)

revealed the presence of rods, cocci and scutellum bearing filaments.

Cells from pools Rt12, Rt14, Rt15, Rtdd, Rt61 and Rt68 possessed
slime and/or pili at one end (Figures 2.6A, B). Cells from pools Rt57,
Rt60 and Rt68, possessed a subunit cell wall structure similar to that of

the sulphur respiring archaebacteria Thermoproteus tenax and Thermofilum

pendens (Zillig et al., 1981a, 1983a). It has been known that the surface
layer consisting of sub-units (S-layer) has evolved as a result of
interactions between the cells and their environment and it is likely that

under conditions that do not mimic the natural habitat, such as attachment
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Figure 2.6. A cell from pool Rt68(A) showing subunit cell wall
structure resembling Thermoproteus species. Note the
electron dense material presumably slime around the outside
of the cell and (B) showing extensive pili formation.
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on artificial substrates, the cells produce slime. The slime produced may
mask the subunit structure, so that the cells will not be recognised as
archaebacteria. It 1s possible that in this study, cells of
archaebacterial dimensions and morphology but not exhibiting wall subunit
Structure typical of the group were simply covered in a masking layer of
slime.

SECTION 111

ULTRASTRUCTURAL STUDIES OF BACTERIA COLONISING BUTVAR AND MEMBRANE
SURFACES

The gross ultrastructural studies of bacteria colonising butvar
coated E.M. grids 1in situ were achieved using negative staining
procedures. Thin sectioning of bacteria colonising polycarbonate
membranes in situ was performed for a much more detailed invéstigation of
bacterial wultrastructure. Initially, a 1lot of difficulties were
encountered when sectioning bacteria concentrated by filtration. A great
amount of chattering occurred during sectioning, presumably due to the
presence of particulate material, such as silicates and iron complexes
present in the pools. Similar difficulties were encountered when
bacterial mats present in pools Rt6, Rt8 and RtU4U were sectioned and hence
this work was abandoned and the above polycarbonate colonization method

was used instead.
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2.6 MATERIALS AND METHODS:

2.6.1 Chemicals

Chloroform, amyl acetate, uranyl acetate, osmium tetraoxide, and
ethanol were purchased from BDH, U.K.; butvar B-98 from Probing and
Structure, Australia; formvar and Spurrs Embedding kit from Agar Aids,
U.K.; phosphotungstic acid from TAAB, U.K.; sodium veronal, sodium
acetate, anhydrous, sodium citrate, dihydrate, and sodium hydroxide from
May and Baker Ltd., U.K., 25% glutaraldehyde solution from Polaron
equipment Ltd., U.K., Parafilm from American Can Co., U.S.A., lead nitrate
from Polysciences Inc., U.K., cellulose acetate (Industrial Lacquer, Duco,
Dulex New Zealand Ltd, New Zealand) was a gift from Gary Leet, MRINZ,

Hamilton, New Zealand.

2.6.2 Location Of Field Sites

The pools in which studies in this section were performed are 1listed
in Table 2.2 (Refer section 2.7.1.2). The locations of the sampling sites

are shown in the maps provided in the inside back pocket cover.

2.6.3 Chemical And Physical Determination

pH, temperature and conductivity measurements were performed "in

situ" as described in section I.

Sulphide was determined by the method of Pachmayr as modified by

Brock et al., 1971.
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2.6.4 Grid Immersion And Floatation Technique

Butvar films were prepared as described by Handley and Olsen, (1979)
with a minor modification. Microscope slides (Blue star microslides,
Chance Proper Ltd, U.K.) were cleaned with tissue paper, made dust free

and then used for casting films on.

For preparing formvar films, a film casting apparatus was used so as
to obtain a consistent film thickness, especially at higher concentrations
of formvar. For casting films, 40 to 50 ml of formvar solution was added
to a separating cylinder. A clean slide (prepared as above) was placed in
the cylinder. The stopcock was opened and the solution allowed to drain
under gravity, after which the stopcock was closed, the top of the
cylinder was fitted with the cap and the slide allowed to remain in the
chloroform saturated chamber for one minute. The slide was then removed
with a pair of forceps, and the film floated off in a trough filled with

water.

Cellulose acetate films were prepared as described by Stolinski and

Gross, (1969).

3.05 mm copper (200, 300 and 400 mesh) or nickel (200 and 300 mesh)
grids (Polaron Equipment Ltd, U.K.) were dropped shiny side down onto the
prepared film (as above). The grids plus film were picked up by putting a

piece of parafilm on to them and drawing the parafilm out slowly. These

grids were then carbon coated.

For the purpose of immersing grids into pools, double sided sellotape
or autoclave tape was stuck onto glass slides. The edge of a grid was
attached to the edge of the double sided sellotape or autoclave tape, and

the slides were then suspended into pools in glass staining racks which
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were tied to plastic coated wire.

After a suitable incubation period, grids were removed, blotted, and
stained 1immediately with 1% uranyl acetate (pH 5.0) or 1% phosphotungstic
acid (pH 7.0) for 40 to 60 seconds, after which the excess stain was

blotted off.

The "floatation method" as described by Chalcroft and Morgan, (1982)

was also used on occasions.

2.6.5 Membrane Immersion Technique

Polycarbonate membranes (0.2um pore size and 25mm in diameter) were
cut into four pieces and the edges stuck onto glass slides (usually two
pieces per slide) by means of autoclave tape. The slides were then
immersed 1into selected pools for colonization. After a fixed incubation
period, normally 3 to 5 days, the polycarbonate membrane pieces were
removed and fixed immediately in 2.5% glutaraldehyde (prepared’ in
veronal-acetate buffer). The fixation process was terminated within two
hours after which the membranes were washed twice in veronal acetate
buffer, transported to the laboratory in fresh buffer and stored at y°c

before further processing usually on the following day.

Further fixation of the membrane pieces was achieved with 1% osmium
tetraoxide (prepared in veronal acetate buffer) for two hours after which
they were rinsed in 2 changes of veronal acetate buffer and then
dehydrated through a graded series of ethanol. The membrane pieces were
then cut into approximately 2mm squares, infiltrated and polymerised 1in
Beems Capsule with Spurr's resin. The protocol for the dehydration,

infiltration and polymerization steps is given below:
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1. 25% ethanol --5 to 8 minutes at room temperature.

2. 60% " --5 to 8 minutes at room temperature.
3. 95% " --5 to 8 minutes at room temperature.
4. 100% " --5 to 8 minutes at room temperature.

(two changes)

5. 100% ethanol + Spurrs
Embedding resin (1:1)-- 30 minutes at room temperature.
(two changes)

6. Spurrs resin -- 36 hrs. at 60°C or 9 hours at 70°C.

After polymerization, the specimen block was removed from the Beem
vertically thru' the membrane

capsules, trimmed and thin sections cutwith glass knives in a Reichert
microtome. Silver and grey sections were picked up on 300 mesh copper
grids and stained using a double stain consisting of 1% uranyl acetate and
lead citrate (Reynolds, 1963). The protocol for the staining procedure
was as follows: (1) Grids were stained with 1% uranyl acetate for 60
seconds and then rinsed in distilled water.
(2) Further staining was achieved with lead citrate in a closed petri dish
containing pellets of sodium hydroxide.
(3) After 3 to 5 minutes the grids were removed and submerged in 0.02N

sodium hydroxide. They were then washed throughly in distilled water and

blotted.

Observations of thin sections were made as previously described.
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2.7 RESULTS AND DISCUSSION

2.7.1 Studies Of Bacteria Colonising EM Grids

2.7.1.1 Development Of A Method For Colonization Of E.M. Grids -

The major drawback with existing E.M. procedures was the instability
of the coating materials, and on occasions of the grids themselves, in the

hostile pool environment.

Formvar was found to be stable in pools with temperatures up to 68°C
and PpH's near neutrality but was unstable under more extreme conditions.
Increasing formvar concentrations to 0.8%, or using chloroform or 1,2

dichloroethane as solvents had no beneficial effect on film stability.

Cellulose acetate films were time consuming to prepare and they were
less stable than formvar films. They often cracked on drying in air, and

difficulty was often encountered in adhering the grids to the film.

Butvar proved to be an extremely good support film being stable to
conditions of up to 103°C or pH's from 2.8 to 9.2 for periods of over 60
hrs. No change in stability was observed when grids were carbon coated
and on occasions this was routinely performed, especially as a comparison

with the "floating carbon film method" devised by Chalcroft and Morgan,

(1982) .

Copper grids were generally unsatisfactory as film supports; in many
pools they completely disintegrated within 2-3 hrs of incubation. In
contrast nickel grids have been left in pool Rt56 (90C, pH 7.87) for over

60 hrs with no adverse effects.
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Other features of importance were the greater reliability of
autoclave tape over sellotape for attaching grids to supporting glass
slides, and the use of glass staining racks as slide holders in the pool
in preference to metal holders. Metal holders were particularly prone to
corrosion, which besides possibly affecting the colonization of grids,

also resulted on occasions in the complete loss of samples.

In general, better staining was achieved with the 1% uranyl acetate

stain than with the 1% phosphotungstic acid.

Using the method described (butvar coated nickel E.M. grids attached
to glass slides) the colonization of butvar films has been recorded in 38
thermal pools and the major morphotypes described. In some cases
organisms resembling those observed in situ have been cultured and studied

further, and will be reported in later sections.

2.7.1.2 Species Diversity In Hot Pools -

Electron microscopy was used to study bacterial morphotypes from 38
thermal pools, of which 23 pools were located in Rotorua, 4 in Tikiteri, 1
in Waiotapu, 7 in Waimangu, 1 in Wairakei and 2 in Fiji (Refer maps in
back pocket for sampling sites). Table 2.2 lists the pools investigated
by the butvar method with the pool characteristics and the types of
bacterial morphologies present. Of the 38 pools 1listed covering
temperatures from 56C to boiling and a pH range from 2.96 to 9.2 only one
pool produced a negative result with respect to bacterial presence. This
pool (Rt55) was a very acidic hot pool. Pools of a similar pH but lower
temperature e.g. pool WP9 (56°C and pH 2.96) had a population of
flagellated rods. The absence of bacteria on grids cannot, of course, be

taken as evidence of their absence from the pool. The population density



Table 2.2 A summary of microbes colonising butvar coated E.M. grids:

Pool No Temperature pH Su
°

1phide

Description of

)brphétypes present

(ug/m1) pool
s Rods and filaments Coccf Others
ROTORUA (Kuiran Park
Rt2 82.5 7.66 ND Stagnant Large)and small rods, some dividing - -
(2.34 :
Rt3 63 1.5 3 Fluctuating With cell-wall subunits; Spheriod bearing; with slime Spirochaetes (2.6)
(2.42); with vesciles (2.43? with scutellum (2.16) - phages (2.13)
Rt6 70 9.2 ND Flowing With scutellum (2.15); Rosette forming (2.36) - -
Rt40 63 4.95 ND Decaying matter - - Spiral (2.11)
RtS8 103 1.6 6 Yig. boiling Flagellated rods; with pili - -
Rt59 103 8.12 6 Vig. boiling Filaments; flagellated rods - -
Rt60 97.7 7.16 ND Boiling Dividing rods (2.35); Non dividing rods; Flagellated _
rods
ROTORUA (Whakarewarewa)
Rt12 66 6.9 12 Flowing Polarly flagellated rods - -
Rt12A 72 6.34 N0 Flowing Flagellated rods (2.39); with scutellum (2.17); Flagellated -
Dividing rods (2.38); Filaments (2.52);Subunits (2.52)
Rt13 98 7.4 22 Boiling With cell wal) subunits and golf balls - -
Rt14 80 7.0 4 Stagnant Rods in pairs; filaments - -
Rt30 97 3.69 6  Vig. bofling Cocci, some dividing (2.48) - -
Rt34 75.7 6.53 ND Fluctuating Rods - -
Rt36 62 4.0 ND Fluctuating Flagellated and non-flagellated rods; filaments - -
Rt42 97 7.3 21 Waxy layer on Curved cells (2.12) - -
surface - boiling .
Rt44 62 7.8 ND  Flowing With intracellular material (2.40); "Flagellated
With monopolar flagella (2.41) (2.50)
RtS1 82 7.34 19 Fluctuating With subunits (2.51); Spiralzing cells with Non flagellated
swellings; with scutellum (2.19? (2.51) R
Rt52 68 6.16 ND Flowing Rods - -
Rt54 72.5 3.15 NO Mud pool Cocci - -
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Table 2.2 A summary of microbes colonising butvar coated E.M. grids:

Pool No Temperature pH Sulpnide

Description of

Morphotypes present

° /ml) pool
(*c) (ug Rods and f{laments Cocct Others

RESS 80.9 2.89 20 Bubbling mud pool - - -

Rt56 30.2 7.87 16 Flowing With cell wall subunits (2.30, 2.31); Dividing + -
rods (2.32); Polarly flagellated (2.33)

RtS57 97 7.2 23 Vig. boiling With cell wall subunits - -

ROTORUA (Government Gardens)

Rt8 70 9.1 25 Flowing Spheroid bearing; rods with nipples; with - -
scutellum (Z.IB?; Filaments

TIKITERI (Tourist Reserve)

Tk4b 86.9 6.17 ND  Mud pool With cell wall subunits (2.28) - -

Tk8 80.5 3.2 NO Mud pool Rods - -

Tk14 80.4 5.85 N0  Mud pool With cell wall subunits - -

Tk1S 84.5 5.33 ND Mud pool With cell wall subunits - -

WAIOTAPU

WP9 56 2.86 NO Stagnant Monopolarly flagellated and slime covered - -
envelope (2.44)

WATMANGU THERMAL VALLEY

Wail2 95.5 7.38 ND Boiling With cell wall subunits - -

Wail7 75 7.75 ND Stagnant With cell wall subunits - -

Wailg 81.6 7.34 ND Flowing With scutellum (2.23, 2.24, 2.25, 2.26, 2.27);Subunits - -

Wail9 79 7.7 ND  Stagnant With intracellular material (2.10); Filaments (2.37) Cocci (2.37) Spirochete (2.9)

Wai20 96 6.85 ND Boiling mud #ith cell wall subunits; Rods - -

Wai2l 58 6.9 ND Flowing With scutellum (2.20, 2.21, 2.22) Coccl (2.49) Spirochete (2.7)

Phage (2.14)
WAIRAKE
Wkl 97 3.15 ND Boiling - Cocci(2.45 to Phage like gartlcles
.47). (2.45, 2.46

F1J1 ’

wglTC 90.3 8 ND Bubbling Spiralizing cells with swellings (2.29) - -

SSFI 9 7.6 ND Bubbling - With flaps (2.54)

Filaments and rods with square ends (2.53);

ND = not determined

Bracket indicates relevant figure numbers presented in this chapter,

Z€ -2 98ey
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might be too low to be easily detected by EM observation, or adsorption to
the butvar surface might not have occurred. However bacterial absence in
some acidic pools with high temperature in Yellowstone Park, USA does
occur (Brock, et al., 1972). Bacteria were observed in all remaining
pools. What is significant is that no two pools gave a similar density or
distribution of morphotypes present even though in some pH, temperature
and sulphide concentration were similar e.g. Rtd42 and Rt57. Until a more
detailed description of each pool is obtained with respect to the dominant

microflora, it would be wise to regard each pool as a unique ecosystem.

An amazing range of morphologically diverse types of microorganisms
was observed in the 37 pools examined. The morphological types included
rods, cocci, and filaments which were more commonly observed, and more
rarely observed scutellum bearing organisms, spirochetes, spiral and
curved bacteria. Some of the rods and cocci possessed flagella and pili.
Surprisingly, in many pools identifiable bacteriophages were observed and

different phage types could be recognised.

The figures listed in Table 2.2 are representative of the most
commonly observed morphotypes. Their association in Table 2.2 with a
particular pool should not be taken as an indication that their
distribution was restricted to that pool. Rather, the figures are
provided to demonstrate the diversity of flora in hot springs and the

effectiveness of the butvar coated grid procedure.

A description based on the morphological types of bacteria and phages
present in the 38 pools surveyed is given below. It must be stressed that
comparisons on the basis of colonization of E.M. grids could produce
quite misleading results, but in the absence of other data this could

provide an indication of where a more comprehensive study could be
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fruitful.

(a) Spirochetes, spiral and curved bacteria:

Spirochetes were observed in pools Wai21 (Figure 2.7), Rt3 (Figure
2.8) and Wail9 (Figure 2.9). They were identified as spirochetes on the
basis of presence of outer sheath (0S), protoplasmic cylinder (PC) and
periplasmic filament (PF). The width of the cells was found to be
approximately 0O.2pm. However, the number of turns (helix) appeared to
vary considerably 1in each of the cells. For example, the spirochete from
pool Wail9 had(b) more turns than the spirochetes from pool Rt3 or pool
Waiz2i. Enrichment cultures of anaerobic spirochetes growing at the
approximate pool temperatures have been obtained from pools Wai21 and Rt3.
These have been subsequently isolated in pure culture and will be

discussed fully in (a paper in back pocket cover (Patel et al., 1985b).

Another spirochete-like organism was observed in pool Wail9 (Figure
2.10). However, this organism does not appear to posses typical features
of a spirochete as discussed above. The width of this organism was
approximately twice that of the spirochetes from Wai21 and Rt3 and it also
possessed spherical globules. These spherical globules could be sulphur
particles, either attached or produced by the cell, storage granules or
gas vacuoles. The presence of such globules was also evident 1in rod

shaped bacteria observed in the same pool, Wai 21 (Figure 2.10).

Spiral shaped organisms were observed in pool Rt40 (Figure 2.11), the
width of which is very similar to the width of the spirochetes in figures
2.7, 2.8 and 2.9. Two spiral cells are shown in figure 2.11. One of
cells is longer than the other and the cells appear to be attached to each

other. Attempts to culture this organism using enrichment techniques
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Figure 2.7. A spirochete present on butvar coated E.M. grids
incubated in pool Wai21 for 3 hours. Note the tightly
coiled nature of the organism and the presence of
periplasmic filament.

Figure 2.8. Fine structure of a spirochete from pool Rt3, showing a
periplasmic filament (PF) wound around the protoplasmic
cylinder (PC) and the outer sheath (0S). Time of
incubation of the E.M. grid in the pool was 1 hour.
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Figure 2.9. A tightly coiled spirochete similar to that depicted 1in
Figure 2.8, present in pool Wail9. The E.M. grid was
incubated in the pool for 4 hours.

Figure 2.10. A spiral bacterium present on the same grid as
mentioned above. Note the electron 1light spherical
particles in the bacterium.
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Figure 2.11. spiral bacteria absorbed to butvar coated E.M. grid
incubated in pool Rtd0 for 1 hour. Note the difference in
dimension and morphology when compared to the spiral
bacterium in Figure 2.10.

Figure 2.12. Colonisation of butvar coated E.M. grid incubated 1in

pool Rtd2 for 2 hours by a single mor hological type of
bacterium. 8 P 8 7P
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successfully used for culturing spirochetes failed.
Curved rods were observed in pool Rtl42 (Figure 2.12). This is a good
example of heavy bacterial colonization/attachment to carbon coated butvar

grids which occurred in some pools even after a short incubation period,

in this case a period of 2 hrs. Attempts to culture this organism failed.

(b) Phage and Phage-like Particles:

Tailed phages were observed in pools Rt3 (Figure 2.13) and Wai21

(Figure 2.14). However, here the resemblance ended.

Rt3 phage was more complex in structure and possessed a head, a
collar, a sheath enclosing the tail, and tail fibres. A phage
morphologically similar to this phage was isolated from pool Wail9 using
Thermus Wail9-AT1 as a host. Details of this will be discussed in chapter

8. The host organism for the phage from pool Rt3 is unknown.

The phage from from pool Wai2l was simpler in morphology and
possessed a head and a tail which appeared to be enclosed by a sheath. It
is interesting to note that morphologically similar phages were observed
attached to spirochetes in enrichment cultures from pool Rt3 (Figure
2.13). Since pool Wai21 was also colonized by spirochetes it would be of
interest to determine the host specificity of the phages in pools Rt3 and

Wai21. However, no serious attempts have been made at 1isolating these

phages.

Tailess phage-like particles (Figures 2.45, 2.46) were observed in an
extremely acid, boiling pool, Wk1, adsorbed to coccal cells, presumed to
be Sulfolobus species since all attempts to enrich anaerobic organisms

from this pool failed (Table 5.3). However, aerobic Sulfolobus
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Figure 2.13. A viral particle observed on a butvar coated E.M. grid
incubated in pool Rt3 for 1 hour. Note the presence of
head (H), collar (CL), sheath (S) and tail fibres (TF).

Note that this
in Figure 2.13.

N The butvar
8rid was incubated in the pool for 3 hours.

is morphologically distinct to that depicted
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species were isolated (Chapter 5).

A combined effort, 1involving the use of in situ studies and
laboratory studies should be made to understand microbe-phage interaction
in thermal environments. In situ studies of phage are on the whole
unsatisfactory because staining of phage with negative stains can
sometimes lead to artifacts. Such results obviously makes 1identification
and classification of phage very difficult (Ackermann et al., 1974). On
the other hand, isolation of phage by plaque purification method under
laboratory conditions is a highly selective procedure which can not detect

all the phage types present in the sample.

£
(c) Scutellum bearing organisms:

Filamentous cellswith a central, swollen sac-like structure were
observed in 7 of the 38 pools examined. We have termed this structure a
"scutellum". Scutellum bearing cells were observed in pools Rt6 (Figure
2.15), Rt3 (Figure 2.16), Rt12A (Figure 2.17), Rt8 (Figure 2.18), Rt51
(Figure 2.19), located in the Rotorua thermal areas, and pools Wai2l
(Figures 2.20, 2.21, 2.22) and Wail8 (Figures 2.23, 2.24, 2.25, 2.26,

2.27), located in Waimangu thermal valley.

The scutellum was a part of the cell in all the scutellum bearing
organisms observed and were wider than the filamentous cells which bore
them. The width of the scutella varied from 0.4 um to 0.8um and the

length varied from 1.0 pm to 1.63um whereas the width of the cells varied

from O.1um to O.4um (Table 2.3).

Scutellum (L. shield; plural= scutella)
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Figure 2.15. A filamentous bacterium with a centrally situated
"scutellum" observed on formvar coated E.M. grids
incubated in pool Rt6. Note the holed appearance of the
formvar film.

Figure 2.16. A filamentous bacterium with a sub-terminal scutellum
observed in pool Rt3. The butvar coated E.M. grid was
incubated in the pool for 1 hour.

Figure 2.17. A very similar morphotype to that of Figure 2.16
observed in a butvar coated E.M. grid incubated in pool
Rt12A for 1.5 hours.
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Figure 2.18. A scutellum bearing filamentou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>