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RESUME

Un atelier sur les activites microbiennes au mont Yucca (mai 1995, Lafayette, CA) a eu lieu dans
le but de compiler des renseignements sur tous les aspects pertinents de 1'activite microbienne
qui s'appliquent a un depot eventuel au mont Yucca. Les resultats de cet atelier ont suscite un
certain nombre de mesures visant a incorporer finalement les consequences du comportement
microbien dans les modeles devaluation des performances. Une de ces mesures etait d'elargir
une methode de modelisation existante pour englober les caracteristiques distinctives d'un depot
au mont Yucca (p. ex., conditions non saturees et charge thermique importante). En meme
temps, on a entrepris un certain nombre d'etudes experimentales ainsi que la compilation de
documentation pertinente pour etudier plus en profondeur les parametres physiques, chimiques et
biologiques qui auraient un effet sur l'activite microbienne dans des conditions semblables a
celles du mont Yucca. Cette recherche de documentation (terminee en 1996) est l'objet du
present document.

La documentation rassemblee peut etre divisee en quatre categories, 1) facteurs abiotiques,
2) dynamique de la communaute et aspects in situ, 3) nutriments et 4) transport des
radionucleides. La bibliographic complete (donnee a 1'annexe A) represente une ressource
considerable, mais est trop importante pour pouvoir etre traitee dans un seul document. Par
consequent, le rapport actuel est axe sur la premiere categorie, les facteurs abiotiques, et sur un
examen de ces facteurs afin de faciliter l'elaboration d'un modele pour le mont Yucca.



La premiere partie du rapport (chapitres 1 a 3) est un examen des etats microbiens generaux, des
phases et des criteres de proliferation, des conditions relatives a la «proliferation normale» et
d'autres types de proliferation, strategies de survie et mort de cellule. Elle contient
principalement des idees bien etablies en microbiologie. Les capacites microbiennes de survie et
d'adaptation aux modifications de 1'environnement sont examinees parce qu'un depot place au
mont Yucca aurait deux effets. En premier lieu, 1'environnement naturel serait perturbe par
1'excavation et la construction du depot et en second lieu, cet environnement modifie serait alors
perturbe par les dechets radioactifs eux-memes au cours de la duree de vie du depot (chaleur,
redistribution d'humidite et eventuellement radioactivite).

Dans la deuxieme partie (chapitres 4, 5 et 6), on traite des capacites microbiennes etablies dans la
premiere partie, dans un cadre propre au site qui contribuera a definir les limites de l'activite
microbienne prevue. L'evolution prevue d'un depot potentiel au mont Yucca ainsi que les
facteurs releves qui peuvent influer sur l'activite microbienne (c.-a-d. hautes temperatures,
changements du pH, dessiccation, changements de salinite et rayonnement) sont examines. On y
traite des previsions d'activite microbienne, dans la mesure du possible dans le contexte oii elle
contribue concretement aux decisions de conception pour le depot du mont Yucca envisage.
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ABSTRACT

A workshop on Microbial Activities at Yucca Mountain (May 1995, Lafayette, CA) was held
with the intention to compile information on all pertinent aspects of microbial activity for
application to a potential repository at Yucca Mountain. The findings of this workshop set off a
number of efforts intended to eventually incorporate the impacts of microbial behaviour into
performance assessment models. One effort was to expand an existing modelling approach to
include the distinctive characteristics of a repository at Yucca Mountain (e.g., unsaturated
conditions and a significant thermal load). At the same time, a number of experimental studies
were initiated as well as a compilation of relevant literature to more thoroughly study the
physical, chemical and biological parameters that would affect microbial activity under Yucca
Mountain-like conditions. This literature search (completed in 1996) is the subject of the present
document.

The collected literature can be divided into four categories, 1) abiotic factors, 2) community
dynamics and in-situ considerations, 3) nutrient considerations and 4) transport of radionuclides.
The complete bibliography (included in Appendix A) represents a considerable resource, but is
too large to be discussed in one document. Therefore, the present report focuses on the first
category, abiotic factors, and a discussion of these factors in order to facilitate the development
of a model for Yucca Mountain.



The first part of the report (Chapters 1-3) is a review of general microbial states, phases and
requirements for growth, conditions for 'normal growth' and other types of growth, survival
strategies and cell death. It contains primarily well-established ideas in microbiology. Microbial
capabilities for survival and adaptation to environmental changes are examined because a
repository placed at Yucca Mountain would have two effects. First, the natural environment
would be perturbed by the excavation and construction of the repository and second, that
modified environment would then be perturbed by the radioactive waste itself during the lifetime
of the repository (heat, redistribution of moisture and possibly radioactivity.

Part Two (Chapters 4, 5 and 6) discusses the microbial capabilities established in part one, in a
site specific framework that will help define the limits of expected microbial activity. The
expected evolution of a potential repository at Yucca Mountain is reviewed as well as those
factors identified to be potential issues to microbial activity (i.e., high temperatures, changes in
pH, desiccation, salinity changes and radiation). Expectations for microbial activity, where
possible in the context of explicit input to design decisions for the proposed Yucca Mountain
Repository, are discussed.
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FOREWORD

The lack of sufficient data and understanding to build a model that could assess the significance,
or predict the influence, of microbial activity on physical and chemical properties of a nuclear
waste repository on par with existing abiotic models came into focus through a workshop of
microbiologists, geologists and Yucca Mountain Project engineers. This Workshop on Microbial
Activities at Yucca Mountain (May 1995, Lafayette, CA) was held with the intention to compile
information for application to a potential repository at Yucca Mountain (Horn and Meike 1995).

An assessment of the perturbations of the natural environment as a result of the presence of a
repository, the capabilities of the microbes with respect to affecting a repository's performance,
and the duration of time over which it would be necessary to determine the performance of a
repository, made it clear that a purely abiotic model would be incomplete. The findings of this
workshop set off a number of efforts intended to eventually incorporate the impacts of microbial
behaviour into performance assessment models for a proposed Yucca Mountain repository.

One effort was to expand an existing modelling approach (McKinley and Hagenlocher 1993) to
include the distinctive characteristics of a repository at Yucca Mountain, e.g., unsaturated
conditions and a significant thermal load. This resulted in the so-called TSPA Near Field Model
(TSPA 1998). At the same time, a number of experimental studies were undertaken (Meike et
al.1999, Chen et al. 1999), and a compilation of relevant literature (Appendix A of this report) to
more thoroughly study the physical, chemical and biological parameters that would affect
microbial activity under Yucca Mountain-like conditions. Both efforts were undertaken to
provide data that could further develop and strengthen the model.

The literature search, (Appendix A, by D. Haldeman, University of Nevada, Las Vegas 1996)
addressed a large number of significant factors elicited from the Workshop on Microbial Activity
at Yucca Mountain (Horn and Meike 1995):

1. Microbial growth and responses to environmental parameters - abiotic factors (growth
properties, pH, temperature, osmoregulation, desiccation, radiation, mutation).

2. Survival (general survival, dormancy, spores, resuscitation, viable versus non-culturable
organisms, cryptic growth, injury, stress proteins, bacterial size).

3. In-situ considerations on attachments (biofilms, polymers, polysaccharides) and
interactions (microbe-microbe, consortia, competition, colonization, succession).

4. Diversity of microbiota (general diversity, sulphate-reducing bacteria, anaerobes,
acetogens, microaerophiles, iron-reducing bacteria, autotrophs, hydrogen-oxidizing
bacteria, etc.) and the genetic methods for detecting and identifying microbes.

5. Nutrients and cycling.

continued...



6. Degradation of introduced materials (hydrocarbons (diesel exhaust), concrete, PVC,
rubber, bitumen, styrene, polysaccharaides, blasting residues, etc.).

7. Sorption/adhesion and migration: transport of metals and radionuclides.

A complete bibliography of all literature collected in 1996 from this search is given in
Appendix A. The bibliography represents a considerable resource; too large to present in one
document when it is combined with the necessary discussion. Therefore, the entire bibliography
is planned to be presented in four annotated units: 1) abiotic factors, 2) community dynamics
and in-situ considerations, 3) nutrient considerations and 4) transport of radionuclides. The
present document focuses on the first category, abiotic factors, and a discussion of these factors
in order to facilitate the development of a model for Yucca Mountain.
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1. INTRODUCTION

A large number of abiotic physical and chemical factors influence the survival, metabolic activity
and growth of microorganisms. These factors, described in texts such as Atlas and Bartha
(1987), Brock and Madigan (1991) and Madigan et al. (2000), include nutrients (organic and
inorganic compounds), temperature, pH, water activity, salinity and osmotic pressure, radiation,
pressure and redox potential. The relative importance of these factors varies from organism to
organism. The dominant microbes in an environment will be those less sensitive to the
environmental extremes of that environment or those that can take advantage of the local
conditions. A general assumption is that the potential for survival of any microorganisms exists
anywhere but that the environment selects. Given the major environmental perturbations that
would occur during the construction and operation of a high level nuclear waste repository at
Yucca Mountain, it is clear that there may be a shift in the favored microbial populations. From
this perspective, then, it is clear that more than an assessment of native microbial populations and
processes would be necessary to understand their potential impact on that repository
environment. An assessment of microbial responses to expected environmental changes, and the
kinds of organisms that will be favored is, therefore, also in order.

The potential importance and effects of microbial activity on the performance of a nuclear waste
repository have been discussed in a number of recent publications (e.g., Meike and Horn 1995,
Meike 1996, Meike 1998a,b, Stroes-Gascoyne and West 1996,1997, Pedersen and Karlsson
1995, Pedersen 2000, West et al. 2000). In brief, microbes can affect water chemistry (pH, Eh),
corrosion of waste containers and waste forms and radionuclide migration (sorption,
complexation, colloid formation). Horn and Meike (1995) established that microbes are
expected to be present in the proposed Yucca Mountain repository environment. Indigenous
species exist in the rock and new organisms will be introduced. Some aspects of microbial
activity that are potentially significant to the ability to predict processes at Yucca Mountain
during the lifetime of the proposed repository were presented. Meike (1996, 1998a,b) has
pointed out that the repository environment will be different from the natural geological
environment due to the importation of water and potential nutrient sources (large volumes of
construction and packaging materials). Furthermore, it was made clear that little data exist that
apply directly to the expected environment of the proposed Yucca Mountain site (i.e., an
unsaturated environment). It was argued that, although microbes might be expected to be
inactive during excessively dry or hot periods, the repository drifts would not become "sterile",
due to the wide-ranging capabilities and adaptive strategies that microbes possess. This argument
is supported by a recent field study in which microbes installed in heater holes of unsaturated
rock have been demonstrated to migrate but they also reappeared in holes after more than a year
of heating above 100°C (Chen et al. 1999). Meike et al. (1999) have used microbial communities
derived from Yucca Mountain Topopah Spring Tuff to demonstrate that microbial activity can
significantly impact abiotic chemistry and the character of that impact can be determined by
species selected through nutrient supply and limitation. The impact of these effects depends on
the actual activity of the microbes in the repository environment, which is determined by and
must also be weighed against, abiotic factors. Consideration of these microbial facts and the
interrelated character of the abiotic and biotic factors suggests that abiotic models intended to
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describe processes in such a perturbed environment over geological periods of time are
incomplete. It is desirable to ultimately develop models that integrate biotic factors.

This report assesses, in some depth, the effects of the physical changes that a Yucca Mountain
repository would impose on the indigenous and introduced (during repository construction and
operation) microbial population at Yucca Mountain. The ultimate goal is to define those
parameters (based on the current state of knowledge in microbiology) that control microbial
activity in this particular environment such that those parameters can be included in performance
assessment models for the site. The present work represents part of an effort intended to better
bound the possible consequences of microbial activity over geologically significant periods of
time in the specific environment conditions expected in a potential repository at Yucca
Mountain. Four major categories have been identified: 1) abiotic factors, 2) community
dynamics and in-situ considerations, 3) nutrient considerations and 4) transport of radionuclides.
This report deals primarily with the first category: microbial survival strategies and the influence
of abiotic environmental parameters on their success. Identification of these processes and
potential consequences will contribute to a more accurate prediction of the local aqueous
chemistry and radionuclide migration at Yucca Mountain.

A very simple model, Microbial Impacts to the Near-Field Geochemistry (MING), for assessing
microbial influence has been constructed for the Yucca Mountain environment (Sassani et
al. 1997,1998, TSPA 1998), using many of the basic assumptions of McKinley and Grogan
(1991) and McKinley et al. (1997), but differing in the requirements and special conditions of
the unsaturated Yucca Mountain environment. Although this model (MING) has been key in the
demonstration of the many ways that microbial processes integrate into factors that are presently
acknowledged as significant to the repository, the modelling capabilities in this area fall short of
the level of the models (hydrological, chemical and radionuclide transport) with which they must
interface. Due to the lack of information the model simplifies microbial activity in ways that
could provide unrealistic results.

Fundamentals of microbial processes are presented here to indicate directions for more detailed
models that can reduce uncertainty in performance assessment models, as well as some
recommendations for design, such that microbial factors do not negatively influence the intended
attributes of the design. For example, some of the stress factors such as radiation and nutrient
availability are strongly influenced by repository and waste package design decisions.

Although it is unlikely that a first principles model of microbial processes will be developed in a
time frame that is useful to the Yucca Mountain Project, it is possible to incorporate microbial
processes into models at a number of levels, related to the level of knowledge in a particular area.
Some processes, such as changes in biomass, may ultimately be described by a constitutive
equation, while others may be described in less detail or by an envelope delimiting the range of
general microbial activity. Such limits can be referred to as "on/off switches". In addition, those
environmental factors that may determine shifts in microbial population, and thereby modify
associated microbial processes, are highlighted.

Much of the information collected in the bibliography is based on laboratory experiments which
form probably a gross simplification of the natural environment. For example, some of the
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experiments represent nutrient-enhanced and accelerated processes, others are conducted in water
saturated environments. Neither of these are true of the Yucca Mountain environment over the
long term. However, it provides a framework and perspective for the incorporation of microbial
processes into models of repository behavior and make design decisions. A level of detail is
described in this report that will probably not be necessary in the models but that will expose the
significant complex relationships that should be reflected in predictive models. Consideration of
this complexity helps to define the tightest bounds possible for various aspects of microbial
activity without resorting too often to oversimplification that can lead to unrealistic models.

This report consists of two parts, and although it is largely based on the 1996 literature search
(Appendix A), more recent publications are included to illustrate the continuous development in
this field. The first part (Chapters 2 and 3) defines microbial states and general microbial
capabilities and adaptation strategies. The second part (Chapters 4, 5 and 6) focuses on Yucca
Mountain specific factors, examines the anticipated environmental evolution, and discusses
expected trends in microbial activity in that context in order to provide bounds in time and type
of activity. Chapter 2 is a review of general microbial states, phases and requirements for growth
(e.g. nutrients), conditions for 'normal growth' and other types of growth, survival strategies
(i.e., starvation, dormancy, sporulation, resuscitation) and cell death (i.e., what is sterile?). It
contains primarily well-established ideas in microbiology. Microbial capabilities for survival and
adaptation to environmental changes (Chapter 3) are examined because a repository placed at
Yucca Mountain would have two effects. First, the natural environment will be perturbed by the
excavation and construction of the repository and second, that chemically and physically
modified environment will be perturbed by the radioactive waste itself during the lifetime of the
repository (heat, redistribution of moisture and possibly radioactivity). Mutations and mutants,
which are a natural part of microbial growth and an important adaptive strategy, and that can
vary in occurrence rate by a range of stresses, are also discussed in Chapter 3.

Part two (Chapters 4,5 and 6) discusses the microbial capabilities established in general form in
Chapters 2 and 3 in a site specific framework that will define the limits of expected microbial
activity. First the expected evolution of a potential repository at Yucca Mountain is reviewed
(Chapter 4). Those factors identified to be potential issues to microbial activity (i.e., high
temperatures, changes in pH (concrete induced and otherwise), desiccation, changes in gas
chemistry, salinity changes (as a result of high temperatures and resulting drying and
evaporation) and radiation (should the design include non-self-shielding containers)) are
discussed in Chapter 5. In Chapter 6, the expectations for microbial activity, where possible in
the context of explicit input to design decisions for the proposed Yucca Mountain Repository, are
discussed.

2. MICROBIAL STATES

As outlined in the Introduction, the information in this chapter represents some of the
fundamentals of microbial behaviour, which has been summarized in many texts, and is
presented here to provide the context for the site specific discussion in Chapters 4 and 5. Unless
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otherwise noted, Chapter 2 summarizes aspects of Chapters 4,5,6,7, and 9 of Lim (1989) and
Chapter 8 of Atlas and Bartha (1987).

2.1 "NORMAL GROWTH"

A vegetative cell is capable of growing actively. This state can be contrasted with a number of
inactive states which include endospores, resting stages, and cell death. In single celled
microorganisms cell death is defined as the point at which re-initiation of cell division is no
longer possible. It is important to note that the determination of cell death is dependent on the
manner in which growth re-initiation is attempted. In particular, some microbes are revived by
methods that would result in permanent lack of growth in other growth environments (e.g.,
chemical, heat or cold shock). The vegetative cells of many bacteria can undergo some degree of
differentiation into structurally and physiologically distinct forms, classified variously as
endospores, exospores, myxospores, cysts, akinetes and resting stages. However, microbial
growth does not refer to an advancement along a series of structural stages, or an increase in size
which defines growth in multi-cellular organisms. Rather, microbial growth refers to the increase
in the number of cells, which occurs by cell division.

Standard bacterial growth curves track cell growth using some measure of cell number. The most
often used models of microbial growth apply to unicellular organisms which divide by division
and age only in response to external factors such as exhaustion of a substrate, effect of an
inhibitor, or changes in the physicochemical environment (these models cannot apply without
caution to other types of microbial growth, i.e., mycelial (fungi) growth or budding (yeasts)
(Aragno 1981)). The fundamental definitions of procaryotic cell division are bacterial generation
time, which is also known as its doubling time, or the duration of one binary fission from having
just divided to the point of having just completed the next division. Generation times vary with
organism and environment. A fast growing bacterium can have a generation time on the order of
20 minutes under ideal conditions. Slowly growing bacteria or those in less ideal conditions can
have generation times of hours or days.

2.1.1 Reaction Kinetics to Describe Microbial Substrate Transformation

In zero-order reactions the rate of transformation of a substrate is unaffected by changes in the
substrate concentration, because the reaction rate is determined by some factor other than the
substrate (e.g., the amount of catalyst) (Paul and Clark 1989):

DA/dt = -k, or A, = Ao - kt

Where:
A, = amount of substrate remaining at any time
\ = initial concentration of substrate
k = rate constant (concentration . time')
t = time since initiation of reaction
li/2 = A,/2k (50% of initial substrate gone)
tmrt = A A (mean residence time)
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(At high substrate concentrations at which substrates are not limiting, enzymatic reactions are
usually zero-order).

In first-order reactions, the rate of transformation of a substrate is proportional to the substrate
concentration (Paul and Clark 1989):

DA/dt = -kA or A, = A^e* or In (A/A,,) = -kt

Where:
A, =
A =

k
t =
t =

n in

amount of substrate remaining at any time
initial concentration of substrate
rate constant (time')
time since initiation of reaction
0.693/k
1/k

Many reactions found in nature have rate constants in which the graph of product versus time
yields a curve approaching some maximum value. This is best described by a hyperbolic
equation, which is known as the Michaelis-Menten equation in enzyme chemistry but as the
Monod equation when used to describe microbial growth. In physical chemistry the use of a
curve approaching an asymptote to describe adsorption phenomena is called a Langmuir
equation. All three use identical principles (Paul and Clark 1989):

Where:
V = rate of reaction (concentration . t ime ' )
A = substrate concentration
^max = maximum reaction rate (concentration . t ime1)
Km = (half-saturation) constant or affinity

When
V = l /2V_.k . = A

If A » k m , V = Vniax (zero order reaction)
If A « km, V = kA (first order reaction), where k = V^/k,,,

The hyperbolic equation can be linearized to solve, or computer fitting can be used. The great
applicability of such hyperbolic equations stems from the fact that the whole asymptotic curve
can be described by two values, V ^ and km (Paul and Clark 1989).

2.1.2 Growth Phases

The standard bacterial growth curve reflects the stages of growth a pure culture of bacteria will
go through, beginning with the addition of cells to sterile medium and ending with the death of
all of the cells present. When added to fresh medium in the laboratory, bacteria usually progress
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through four phases of growth: "lag phase", "log (logarithmic or exponential) phase", "stationary
phase", and "decline phase" (e.g., Madigan et al. 2000).

The lag phase is a slowing of cell division which occurs, for instance, when differences exist in
the chemistry or concentration of the old and new medium before responding to the new
environment with renewed cell division. In some cases the lag phase involves an increase in cell
size in the absence of division. It is associated with a physiological adaptation to the new
environment. Individual cells continually undergo changes in mass. They increase in mass as a
precursor to division, then divide, and as a result the number of cells increases as the mass of
each cell is diminished. Note however that size is not always a determinant of division. Bakken
and Olsen (1987a,b) studied the potential relationship between cell size and growth. They
observe that whereas the small diameter bacteria (<0.4 \un) increased to greater than 0.4 jun
before growth, very few (0.2%) were observed to be viable in the sense of showing growth. Due
to this different behavior, Bakken and Olsen (1987a) commented that the smaller bacteria may
not be smaller forms of the normal sized bacteria. The length of the lag phase can vary from an
hour or two to several days. It depends on the bacterial species and the characteristics of the new
and the old media. It has been observed that organisms that are adapted to limited nutrients and
large accumulated wastes of old cultures take longer to adjust to a new medium than those from
a relatively fresh, nutrient-rich medium .

Logarithmic or exponential growth is a physiological state marked by back-to-back division
cycles such that the population doubles in cell number every generation time. Exponential
growth is not accompanied by a change in average cell mass. Logarithmic growth can be easily
achieved in a culture (sometimes after a lag period) and can be maintained until nutrient
exhaustion or self-inhibitory effects occur. Provided that the cells are fully adapted to the growth
medium, and that all nutrients are present in excess such that the nutrient transport systems of the
cells are saturated, and that no change occurs in the medium that affects the whole cell activity,
the doubling time of the biomass in a culture will be constant at any time. Thus, cell numbers
increase exponentially with time. Logarithmic growth represents balanced growth if biomass
and its components (e.g., number of cells, proteins, nucleic acids enzyme activities) increase at
the same rate.

A stationary phase is achieved when the number of cells reaches a constant value. The simplest
way to achieve this is that no cells die or divide. However, it is more commonly a steady-state
equilibrium where the rate of cell growth (division) is exactly balanced by the rate of cell death.
These two possibilities are distinguished by comparing viable counts with total counts. If neither
changes then the former possibility is true, if total count increases and viable counts remain
constant, then the latter is true. The stationary phase usually occurs when cell concentrations are
such that some aspect of the environment is no longer able to serve the requirements of
exponential growth. The stationary phase is also a time of significant physiological change and
adaptation of cells to survival. Cell death or least lack of cell division is brought about by the
absence of important nutrients, which may have been incorporated into cells during log-phase
growth, or the introduction of toxins, which may be products of microbial activity released
during log-phase growth.
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The decline or death phase occurs when cell death exceeds division such that a reduction in the
number of cells is observed. Specifically, the viable count declines. Typically the decline in the
number of cells occurs exponentially. Vegetative cells die when exposed to harsh conditions for
too long a period of time. During the decline phase, cells commonly undergo involution, in
which they assume a variety of unusual shapes.

Although the language and observations are often transferred to describe bacteria in natural
settings, the "batch culture environment" is different from many natural environments that
experience continuous or pulsed influxes of nutrients. This review examines mostly phases of
activity and inactivity that occur when cells are stressed but do not die. If, in contrast to the
above described batch culture, fresh medium is supplied, then a population may experience only
some of these phases or may be captured at a single growth phase for an extended period of time.
This is the fundamental principle of the "chemostat".

2.2 REQUIREMENTS FOR GROWTH

All living organisms require nutrients for growth and reproduction. These nutrients are used
inside the cells, after transporting them from the environment through the cell walls, either in
catabolic processes to generate energy for cellular processes, or in anabolic processes to create
chemical building blocks for cell growth. Based on the nature of their energy source,
microorganisms are divided into two categories, phototrophs and chemotrophs. Phototrophs
capture the radiant energy of sunlight and transform it into chemical energy that is stored in the
bonds of carbohydrates and other molecules. Phototrophic microorganisms (algae, cyanobacteria
and photosynthetic bacteria (Rhodospirillaceae, Chromataceae, Chlorobiaceae and
Chloroflexaceae)) are not important in subsurface environments such as that of Yucca Mountain
and will, therefore, not be further considered here. Most microorganisms are chemotrophs and
must rely on the oxidation of reduced chemical compounds as a source of energy.

2.2.1 Energy

Chemotrophy can be subdivided into two groups, the chemo-organotrophs and the
chemolithotrophs. The former obtain their energy from the oxidation of reduced organic
compounds such as carbohydrates, organic acids and proteins. The latter obtain their energy
from the oxidation of reduced inorganic compounds such as HjS, Hj, NO2, NH, and Fe2+.
Although chemolithotrophy is restricted to only a few types of bacteria (and is not found in
higher life forms), chemolithotrophic bacteria are widely distributed in soil and water.

All primary energy-yielding reactions utilized by living organisms are oxidation-reduction
reactions. Table 2.1 shows the reaction couples known to be used by living organisms to gain
energy for growth (Kristjansson and Hreggvidsson 1995).

In microbes (and other organisms), energy is released in catabolic metabolic pathways and stored
in chemical form in adenosine triphosphate (ATP) which subsequently can be used in anabolic
pathways to build cell material.
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TABLE2.1

THE REDOX REACTION COUPLES KNOWN TO BE USED BY

LIVING ORGANISMS TO GAIN ENERGY FOR GROWTH

Oxidant (electron acceptor)
Reductant (CH/)) O2 S SO* NO3 CO2 Light

(CHjO) + + + + + + +
CH4 +
CO +
Hj + + + + + + +
H.S . + - . + . +
S - + - - + - +
NIL. +
NO2" +
Fe2+ +

JLO - - - - +

2.2.2 Water

Water is essential for all active microbial cell processes. The availability of water in an
environment varies, and depends not only on the actual amount of water, but also on the
concentration of solutes in the water. Many of the original survival studies were conducted on
microorganisms that exist in a marine environment. The marine environment is mostly a low
nutrient environment where water availability is not a limiting factor. Fundamental differences
have been noted between marine and soil bacteria. For example, Bakken and Olsen (1987a,b)
suggest that dwarf cells (cells with diameters <0.4 ujn)can be found in most natural
environments. In soils they are the most numerous but represent only 10-20% of the bacterial
biovolume. Unlike marine bacteria, which seem to shrink during starvation episodes, the soil
dwarf bacteria seem to be a distinct organism, with very different apparent nutrient needs. Only
0.2-0.8% can grow on nutrient agar. Given this basic difference, and the known microbial
strategies for surviving episodes of desiccation, it is possible that survival strategies observed in
a water saturated environment may not be directly applicable to a non-saturated environment.

The influence of water activity (aw) and water potential on microbial survival, activity and growth
and the relationship to the environment at the Yucca Mountain is discussed in detail in Chapter 4.
Water is also fundamental to the migration of bacteria through soil or fractures. Bacteria can
sorb and, therefore, transport radionuclides. Spores can be airborne, but vegetative cells require
water for movement. The relationship between water and bacterial movement is discussed in
Chapter 5.
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2.2.3 Carbon

Carbon is required by living organisms as the basic building block of cellular structures and
metabolic compounds. Heterotrophs use organic carbon as their source, autotrophs use inorganic
carbon (CO2) as carbon source for organic material (CO2 fixation). Autotrophic bacteria include
photoautotrophs (energy from light) and chemoautotrophs (energy from oxidation of reduced
chemical compounds). Most microorganisms are unable to use CO2 as principal carbon source
and require instead preformed organic compounds for carbon, in so-called heterotrophic
processes. Chemoheterotrophs oxidize chemical compounds for energy and require organic
forms of carbon for cell material.

The types and substrates a microbe uses for its energy and/or carbon sources depends on many
factors, e.g., availability of the substances, environmental conditions, and the presence of
functional biochemical pathways in the organism for the metabolism of the compounds.
Metabolic pathways can be catabolic (generating energy for cell processes), anabolic (providing
building blocks for the synthesis of cell material) or amphibolic. The latter is a metabolic
pathway that functions in the dual roles of catabolism and anabolism. Many important metabolic
pathways in bacterial cells are in fact amphibolic, including the Embden-Meyerhof pathway and
the tricarboxylic acid (TCA) or Krebs cycle. As an example, glyceraldehyde-3-phosphate in the
Embden-Meyerhof pathway can be catabolized to form pyruvate. This same compound can also
be used as a precursor for amino acids such as serine and glycine. In the TCA cycle, the
intermediates a-ketoglutarate and oxaloacetate are also used as precursors for the biosynthesis of
amino acids. Coenzymes nicotineamide-adenine-dinucleotide (NAD) and NAD-phosphate
(NADP), involved in oxidation-reduction reactions, are involved in "steering" metabolic
intermediates into catabolic or anabolic reactions, respectively. This type of control is one way
in which the cell regulates rates of catabolism and anabolism.

2.2.4 Nitrogen

In living organisms, N is a component of proteins, nucleic acids, coenzymes, cell walls and other
cellular constituents and, as such, indispensable. Bacteria obtain N from either inorganic sources
such as NOy NH,, and N2, or from organic sources such as amino acids, purines and pyrimidines.
The assimilation of N from NO* into proteins and other cellular molecules is called assimilatory
nitrate reduction, a multi-step process involving a series of reactions which add electrons to
nitrate, eventually producing ammonia with the help of a number of specific enzymes. The
electrons are donated by reduced nicotinamide-adenine dinucleotide (NADH + H*). Assimilatory
nitrate reduction is widespread and the major process by which N is incorporated into cellular
material. Ammonia is assimilated by bacteria into a number of different organic compounds. A
principal pathway is reversible incorporation into the amino acid glutamic acid which requires
NADPH + tC and a specific enzyme (the low-efficiency but no energy requiring pathway) or
ATP and another specific enzyme (the high efficiency energy expensive pathway). Nitrogen
fixation, a process unique to certain bacteria, is an energy-requiring highly reductive process in
which N2 is reduced to two molecules of NH3 (by the enzyme nitrogenase) which can then be
converted to other fixed chemical forms of nitrogen for metabolic use. It occurs either in non-
symbiotic free-living bacteria or in symbiotic associations between bacteria and certain plants
such as legumes.
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2.2.5 Phosphorus

Phosphorus is an element found in nucleic acids, membrane phospholipids, coenzymes and many
intermediate compounds associated with metabolism and energy storage (e.g., ATP). It is
obtained from both inorganic and organic sources. Inorganic phosphate is utilized directly by
bacteria, but organic phosphate compounds need to be hydrolyzed to release the phosphate
before it can be incorporated into other substances.

2.2.6 Sulphur

Sulphur is required for certain amino acids (cysteine and methionine), transfer ribonucleic acid
(tRNA) and some coenzymes. Most microbes are able to use inorganic sulphate as S source.
Sulphate is reduced to HjS by assimilatory sulphate reduction, and the HjS formed is
incorporated into the amino acid cysteine, from where it can be transferred to other compounds
in the cell. Sulphur can also be supplied directly to the cell in organic form by addition of the
amino acids cysteine and methionine to growth media.

2.2.7 Other Required Elements

Other elements are required in smaller to much smaller amounts than C, N, P and S. These
include K, Mg, Ca, Fe and for some organisms, Si and Na. K is a principal inorganic cation and a
cofactor for some enzymes. Mg influences the stability of ribosomes, membranes and nucleic
acids, is a component of chlorophyll, and a cofactor for many enzymes. Ca is associated with
heat resistance of endospores, and a cofactor for some enzymes. Fe is a constituent of
cytochromes (electron carriers), and a cofactor for some enzymes.

2.2.8 Organic Growth Factors

Growth factors such as amino acids, purines, pyrimidines and vitamins are organic nutrients
required for growth but not necessarily synthesized by the microorganism that needs it. Amino
acids (constituents of proteins and sometimes precursors of intermediates in metabolic pathways)
must either be synthesized by the organisms or provided as exogenous nutrients in the form of
free amino acids or small peptides that can be degraded by bacterial proteases. Bacteria unable
to synthesize certain amino acids generally lack one or more enzymes in the specific biosynthetic
pathways for those amino acids. Purines and pyrimidines are needed in the synthesis of nucleic
acids, and of many coenzymes and certain antibiotics. If they are not formed by the bacterial cell
they must be provided exogenously. Vitamins and similar compounds are needed as constituents
of enzymes and coenzymes. Some bacteria have extensive requirements for vitamins whereas
others are self-sufficient.
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2.2.9 Gaseous Requirements

Bacteria are divided into four groups on the basis of their oxygen sensitivity and requirement.
Aerobic bacteria grow in the presence of oxygen. Microaerophilic bacteria grow best at oxygen
concentrations lower than those in air. Facultative anaerobic bacteria grow in the presence
(respiration) or absence (fermentation) of oxygen. Anaerobic bacteria require the absence of
oxygen for growth. Within each of these categories, there are ranges of sensitivity to, and of
requirement for oxygen, e.g., anaerobic microorganisms vary from obligate anaerobic to
aerotolerant.

Bacteria possess enzymes that convert oxygen to different chemical compounds including the
toxic substances superoxide free radical (Oj), peroxide (O2

2') which usually appears in the form of
hydrogen peroxide ( H P J ) and hydroxyl free radical (Olf). These compounds cause oxidation of
the cell and are therefore lethal. Most aerobic, microaerophilic and facultative anaerobic bacteria
possess enzymes that convert these harmful compounds to harmless ones. For instance the
enzymes superoxide dismutase and catalase are involved in converting O2 and H p 2 to O2 and

Aerotolerant anaerobes possess superoxide dismutase but lack enzymes to degrade HjO2.

2.3 OTHER STATES

2.3.1 Longevity. Cell Death and the Definitions of 'Sterile' and 'Viable'

Microorganisms are known to survive for long periods of time. Sneath (1962) pursued various
methods of determining the longevity of microorganisms. He obtained samples from collections
that had been either sealed or preserved in environments that were not conducive to the growth of
bacteria. The samples ranged from soils attached to the roots of botanical specimens to fecal
samples. He was unable to culture organisms more than a hundred years old, but suggested that
the older samples (to 500 years old) were not preserved in a conducive manner. He postulated
that, theoretically, under the right conditions, spore survival would be limited by the decay of
ubiquitous potassium-40, which he estimated at 109 years. Viable bacteria were indeed recovered
from a Roman archeological site (Seward et al. 1976).

More modern approaches are not limited to culturing of microbes, and culturing techniques also
have improved to include a broad range of conditions. Presently there is ample evidence that
microorganisms can exist in the sub-surface for very long periods of time. This survival is known
to continue under extremely adverse conditions. For example, Nedwell et al. (1994) isolated
microorganisms from organic remains at Shackelton's (1907) and Scotts (1910-1911) camps in
the Antarctic. Others were found at elevated temperature and pressure near hydrothermal vents
on the ocean floor. However, some of these survival states are not part of the growth cycle
described in Section 2.1. In the discussions in this report, which encompass long periods of time,
distinction must be made between inactive bacteria that have the capacity to be resuscitated, and
cell death. Also, experimental definition of terms and tests may succeed for the short term but do
not necessarily over the long term. For example "sterilization" does not necessarily imply that all
of the bacteria are dead. Medical sterilization is defined as 2 positive results in 100. Over the
relatively short period of time that is important for medical purposes, it is clear that this
definition is roughly equivalent to the total destruction of bacteria. However, it is also clear that
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the same definition does not lead to a sterile environment over long periods of time in a
repository environment where small populations can multiply over time because of their adaptive
capabilities.

Moreira et al. (1994) emphasized the distinction between mortality and culturability in their
studies of survival of bacteria inoculated in sterile tap and mineral waters. The mortality was
low but culturability decreased markedly. In fact, Morita (1988) illustrated that very slow
growth rates and no growth rates are common, if not the standard, in natural conditions, and that
"no growth" should be considered a biological state, rather than as cell death. However, death is
often determined by the failure to multiply in a laboratory medium that has been chosen as
representing a favorable environment. Therefore, many bacteria which do not grow on normal
laboratory media would be considered dead by this definition, but are more appropriately termed
"nonviable". Even assessment of viability is fraught with difficulty. Button et al. (1993)
discussed techniques used in assessing the viability of organisms, pointing out that some
approaches favor the most nutrient tolerant rather than the most abundant organisms. They
favoured enumerations of multiple cultures in a range of media dilutions in order to achieve a
more representative assessment of the viable population in a sample.

Postgate and Hunter (1962) used the culturability of cells as a determinant of cell death and
viable population. They recorded the progression and speed of events on a molecular level during
cell death and noted that intracellular RNA broke down rapidly during death, and that phosphate
and base fragments were released back into the medium. Most of the ribose was metabolized.
After a lag, protein degraded, but intracellular polysaccharide DNA showed little evidence of
degradation. Reeve et al. (1984) pointed out that without the ability for protein degradation, the
capability of carbon starved Salmonella and Escherichia sp. to survive is reduced. Kurath and
Morita (1983) suggested that when live cell counts are needed as a basis denominator for
interpretation of observed activities it is rather the number of actively respiring cells that should
be used. It is possible to detect the active respiration of bacteria using a fluorescent redox probe
(Rodriguez et al. 1992). Another colorimetric indicator (tertrazolium salt) has been used by
Roslev and King (1993).

2.3.2 Starvation. Metabolic Arrest. Dormancy and Resuscitation

Environmental conditions are fundamental in determining the survival of bacteria under
starvation conditions. According to Morita (1993), long-term starvation-survival is a
mechanism by which a species creates a situation analogous to the bacterial spore (Section
2.3.3), i.e., all metabolic systems cease to function. This state is called metabolic arrest
(Morita 1993) or shutdown.

The majority of starvation and resuscitation studies have been conducted with marine organisms.
Nystrom et al. (1990) studied multiple nutrient starvation (glucose, amino acids, ammonium and
phosphate) in marine Vibrio sp. and recognized three phases of starvation in the rate of RNA
synthesis, which took place over a matter of hours. They noted that the earlier a protein was
formed in the starvation sequence, the more important it was for survival.
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Nystrom et al. (1992) demonstrated that carbon and nutrient starvation conditions promoted
long-term starvation resistance in marine Vibrio sp. Such starvation conditions also increased the
bacteria's resistance to heat, ultra-violet (UV) radiation and CdCl2 stress. However, nitrogen or
phosphorus deficiencies alone did not induce such long-term survival capability or resistance to
those stresses.

Moyer and Morita (1989a) demonstrated a link between starvation patterns and cell sizes when
they varied growth rates using marine psychrophillic vibrio bacteria that were previously grown
in dilute and rich media. They considered cell size reduction to be an adaptive strategy in that it
reduced predation and increased surface area per unit volume for maximum nutrient uptake.
Three phases of starvation were identified based on trends in nucleic acid and protein
concentration.

Moyer and Morita (1989b) examined the impact of growth rate on DNA, RNA and protein
concentrations during starvation using bacteria that were previously grown in rich media. The
three phases of starvation observed in these studies differed somewhat depending on the growth
rate. They attributed the fluctuations that are characteristic of the first phase (about 14 days) to
redistribution of cellular constituents in preparation for long term starvation. During the second
stage (about 75 days), the impact of drastic environmental changes was buffered by the lower
metabolic activity that had been induced. During this stage, the authors also noted that the viable
count was reduced to 0.3% of the total cell numbers and remained that low for the duration of the
experiment because metabolism had slowed to a point that it was difficult to catabolize large
molecules and usable carbon had been exhausted. In the final stage (day 90 and beyond), the
cells underwent final changes into a state of metabolic arrest. In such a state, microbes can
maintain essential parts of their system for extremely long periods of time.

Amy and Morita (1983a) as well as Stevenson (1978), suggested that microbes can remain in the
dormant state for many years. Amy and Morita (1983a) demonstrated in marine Vibrio sp. that
recovery time increases with starvation time. The demonstrated recovery times, however, are in
the range of days for several weeks of starvation. Cells starved for supposedly very long periods
of (geologic) time have been cultured in the laboratory (Amy et al. 1993).

Amy and Morita (1983b) have shown that changes occur in the patterns of protein occurrence
during the starvation of marine psychrophilic Vibrio sp. The pattern is complex since proteins
not only disappear but new proteins also appear. Amy and Morita (1983b) discriminated
between a short-term starvation state and a long-term starvation state based on the protein
pattern. Both patterns are different from the growth phase pattern. Both studies by Amy and
Morita (1983a,b) suggested that during starvation microorganisms go through a succession of
stages on the way to total dormancy in which the lag time before revival is correlated to the
commitment to dormancy.

Amy et al. (1983) noted progressive changes in the levels of DNA, RNA, protein, ATP
glutathione and radioactivity associated with XS methionine-labeled cellular protein during the
starvation of psychrophilic heterotrophic Vibrio sp. The process occurred over a 6-week period
and ultimately resulted in a stable long-term pattern of dormancy.
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Even during metabolic arrest certain changes can occur that can increase the cell's chances of
ultimate resuscitation when the environment becomes conducive to growth. Caldwell et al.
(1989) investigated the impact of starvation survival on plasmid expression and maintenance in
P. aeruginosa, P. putida, E. coli and P. cepacia, during 250 days of immersion in sterile well
water. (Some resistances to antibiotics and heavy metals are plasmid expressions and the loss of
expression, therefore, indicates the degradation of the plasmid.) They observed all possible
patterns of plasmid usage during starvation: no loss of expression; loss on initial recovery with
subsequent expression; and complete loss of plasmid expression.

Carbon starvation has been studied primarily in marine and experimental chemostat settings. Not
all carbon is bioavailable and in fact, not even all organic carbon is bioavailable. Morita (1990)
pointed out that most organic matter is recalcitrant and that, therefore, most microorganisms do
not have sufficient energy to carry on their metabolism for growth and reproduction. Roslev and
King (1994) demonstrated that under anoxic conditions, carbon starved methanotrophs could
maintain a condition that allowed the rapid recovery when beneficial conditions returned. Carbon
starvation under oxic conditions, however, caused significant changes in morphology and loss
(28-35%) of cell protein.

Schultz and Matin (1991) identified more than 30 proteins associated with the onset of carbon
(glucose or succinate) starvation. Their work suggested that the production of these proteins
prepares the cell to survive a period of starvation. Tunner et al. (1992) manipulated the protein
production in E. coli by using glucose starvation. Davis and Robb (1985) studied uptake of
mannitol in strains of Vibrio and Pseudomonas during starvation. They showed that Vibrio
species maintained its original rapid uptake system for a long period (5 weeks) of starvation,
after which a system with a higher affinity for mannitol was observed. The Pseudomonas
species, on the other hand, suppressed the mannitol uptake system shortly (30hours) after the
onset of starvation. The suppressed system, however, could be induced by supplying mannitol,
even after 6 weeks of starvation.

Blum et al. (1990) described the regulation of some genes induced by carbon starvation in E.
coli. Kim et al. (1995) have studied genes that are related to carbon starvation sensitivity and
have suggested that it is the s54 promoter sequence part of the gene that regulates that
sensitivity.

2.3.3 Sporulation

The endospore is the intracellular product of sporulation or sporogenesis, occurring in certain
bacteria. An endospore is a tough, dormant form of a bacterial cell that can exist for long periods
of time. For example regenerative spores have been found in Egyptian mummies. At least part
of the toughness associated with a spore is found in its very tough outer layers, called a coat.
Although many organisms other than bacteria form spores, the bacterial endospore is unique in
its degree of resistance to adverse conditions. The structure of bacterial spores is much more
complex than that of the vegetative cell in that it has many layers. Bacterial spores resist
desiccation, heat, and a variety of chemical and radiation treatments that would be lethal to the
vegetative bacteria (Brock and Madigan 1991).
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Sporulation is a normal part of the growth cycle of some bacteria. Because spores are more
resistant to unfavourable environmental conditions, spores are a major coping mechanism for the
organisms that possess that capability, i.e., some bacteria and most fungi. Endospores are
capable of germinating despite harsh treatment, and thus can potentially produce actively
replicating cells where none were previously present. However, it is difficult to assess the
metabolic contributions of sporeformers to habitats because of the problem of determining
whether they are present as dormant spores or active, vegetative cells. In many cases, spores are
constitutively dormant and require a 'trigger' (chemical, heat or cold shock) to initiate
germination. Endospores of thermophilic bacteria can be recovered from sediments in cold lakes
and ocean cores where they have accumulated and may persist for very long periods because they
are protected from sunlight and other forms of environmental damage.

There are three signals a bacterial cell uses to trigger the initiation of sporulation: a nutritional
signal, a population density signal and a cell cycle signal. Nutritional signals act in either
direction. Starvation of any of the major nutrients (carbon, nitrogen, or phosphorus) can induce
sporulation. On the other hand good carbon sources repress sporulation. Population density is
seen as a trigger for sporulation because it could not be induced efficiently in cells maintained at
low population density. This was not the case when cells were suspended at low density in
medium previously conditioned by growth of cells at high density. This observation suggested
that the effect was not due to depletion of an essential growth factor, but rather, the production
of a substance such as an oligopeptide, that would trigger, or be essential for, sporulation.

There are many biochemical changes that accompany the morphological changes during
sporulation but these are not considered here. Initiation of sporulation can occur only at a specific
point in the cell division cycle and the process of cellular differentiation leading to spore
formation is described in three phases. During the first, or differentiation, stage there is a single
cell type, which eventually contains two completed chromosomes. The phase is completed with
the division of this cell into two cells that are similar in most respects other than size. In the
second phase the differentiation becomes fixed; the two cells have their own genomes, and by the
end of this phase the two cell types differ. The mature spore, however, and the development of its
properties only takes place in the third stage of development.

Resistant structures are further discussed in Chapter 3 (Section 3.6).

2.3.4 Cryptic Growth

Cryptic growth describes the re-utilization of lysis and leakage products, by intact cells of the
same population, as carbon energy substrates and nutrient sources (Mason and Hamer 1987).
Cryptic growth can account for the survival pattern in cultures under starvation (non-growth)
conditions. In survival studies in which cryptic growth is possible, it should be expected to be
the rule rather than the exception (Mason and Hamer 1987).

Banks and Bryers (1990) also showed that cryptic growth and turnover of cellular biomass can
be significant under situations of low substrate flux or starvation conditions. The following
scenario was postulated for the net accumulation of cells. Primary soluble carbon energy
substrate is metabolized by microbial cells forming more cells, soluble metabolic byproducts and
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respired CO2. Processes such as maintenance energy requirements detract from cell and
byproduct formation by intercellular carbon recycling. Energy dissipation can also occur by an
external cycle involving the lysis of intact cells followed by either scavenging of the released
soluble organic carbon by intact cells (i.e., cryptic growth) or solubilization of particular cellular
debris followed by growth of intact cells on the solubilized material (Banks and Bryers 1990).
Both processes are considered cryptic growth.

Cryptic growth probably occurs in rock-inhabiting (lithobiontic) microorganisms, which are
widespread in nature (Friedman and Ocampo-Friedman 1984) and can be found in a wide variety
of extreme climates and environments, ranging from hot deserts to Antarctica, from alpine to
submerged marine and freshwater rocks and from caves to the surfaces of monuments and
buildings. Cryptoendolithic communities are 'closed ecosystems' (on the biological timescale)
where the flow of matter is significantly restricted. CO2 exchange through the rock crust is very
low, indicating that an internal CO2 pool exists in the endolithic airspace. This may well serve as
the control mechanism in regulating photosynthesis, a necessity in the physically limited space of
the cryptoendolithic microenvironment. Generally, therefore, these communities occur at or near
the surface (on a mm scale) and the depth of the occupied zone depends on the physical
properties of the rock and the complexity of the microbial community. These cryptoendolithic
ecosystems are very simple and insulated habitats which may form a last foothold in a gradually
deteriorating environment. They can serve as models for certain exobiological scenarios.
Changes in microbial colonization patterns in desert rocks can be used as paleoclimate indicators.
Biogenous rock weathering, due to the activity of cryptoendoliths, is geomicrobiologically
significant (Friedman and Ocampo-Friedman 1984).

2.4 INTERACTIONS BETWEEN MICRO-ORGANISMS

2.4.1 Diversity and Heterogeneity

Heterogeneity of microbes in spatial distribution is related to their diversity (Rutter and Nedwell
1994). Heterogeneity is to be expected in natural habitats due to competition between microbes
as well as the presence of physical and chemical gradients of many types. Spatial heterogeneity
and its impacts are often lost in laboratory cultures, which are conducted on small scales or
deliberately agitated to achieve homogeneity.

Wolfaardt et al. (1993) pointed out that laboratory tests which use a single concentration of a test
compound favour the proliferation of a small group of closely related organisms. Natural
systems, however, have spatial heterogeneity. They also pointed out that under conditions of a
gradient, certain steady-state conditions are developed within a microbial community because
diffusional pathways are developed along those gradients such that complex consortia can
develop that include slow growers, which are capable of complete mineralization of a compound.

2.4.2 Consortia and Cooperative Activity

Studies of consortia for bioremediation are also useful in another general way for the purpose of
the present work. That is, the experimental consortia are often pre-selected from the natural
environment by subjecting them to the desired conditions for significant periods of time (years).
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Thus these consortia represent adaptive capabilities of microbial populations to a changing
environment, and the development of strategies, not on the part of single species, but whole
communities to take advantage of a potential nutrient source or changing environmental
conditions.

For example, Bright et al. (1994) demonstrated that iron-, manganese- and sulfate-reducing
microbial consortia, as well as broad spectrum anaerobic heterotrophic mixed cultures all
produced methylarsenicals in an a subarctic aerobic environment. They contrasted this behavior
with methylation of mercury, which is primarily associated with sulfate reducers. Bright et al.
(1994) suggested that this general methylation behavior was a detoxifying response to the
increased bioavailability of arsenic in anaerobic environments that may be necessary for the
range of organisms that are found in that environment. Detoxification of the environment was
also invoked by Frischmuth et al. (1993) who were able to associate the resistance of certain
microbial strains to HgCl2 to the transformation of Hg2+to Hg° thus making it less bioavailable.
Sorption of metals by bacteria is also sometimes a product of consortial activity. For instance,
Guan et al. (1993a,b) demonstrated the sorption of Cr6* by a consortium of denitrifying bacteria.
Their results indicated that the removal of the chromate ion from solution may be associated with
microbial metabolic processes.

2.4.3 Competition

In nature, exponential growth is not the rule. Stanier et al. (1976) calculated that a single
bacterium with a doubling time of 20 minutes would produce progeny roughly 4,000 times the
weight of the earth (2.2 x 1031 grams) in approximately 1 and a half days.

The ability to successfully capture the available nutrients is of major importance and competitive
abilities are an important determinant of the survival of the species. Other important factors are
the ability to survive during periods of starvation (by maintaining the ability to move chemicals
across the cell membrane) and motility to move to nutrient sources.

Experiments intended to understand competition in a more controlled environment than a natural
setting have shown the importance of the form in which the nutrient is provided in competition
(e.g., the competitive success of a microbe can vary depending on the form of nitrogen available,
NH4, NO3 or N2 gas) (Keith and Herbert 1985). Part of the success or competitive advantage of a
species is its ability to survive the products of its own and other's activity. Physical factors such
as temperature can affect success in a competition (Thomas and Wimpennyl993).

2.4.4 Succession

Clements (1916), quoted by McCormick et al. (1991) stressed the importance of individual
population dynamics in succession. The progression is defined in a linear manner in which the
status of the new population is dependent on and facilitated by the preceding population. This is
contrasted to Gleason (1926), who put forward the idea that the community response and
development consists of the sum of the responses of more than one population to changes that
occur in time and in space. Gleason's (1926) idea is more accepted at present. He suggests the
following stages of succession: pioneer colonization, early successional species, and increased
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abundance of mid to late successional species. In experiments it was determined that loss of the
mid to late successional species does not significantly affect the distribution of the other species.
However, the early successional species and pioneer species did appear to be attenuated by the
existence of mid and late successional species in the environment. This led to the conclusion that
while species specific characteristics may dominate the process of succession in an isolated
system, the relative importance of species interactions increases in a pre-populated or non-
isolated system.

Microbes can determine succession not only within the microbial realm, but also in those of
other species. Chapin et al. (1994) have traced the primary succession of higher organisms (tree
species) to the characteristics of colonizing bacteria. They point out that the "black-crust
algal/microbial community" enhanced the survivorship of some species of alder. In the studies by
Zak et al. (1990) of three types of late successional forests, carbon and nitrogen cycles were
found to be strongly correlated to the accrual of plant and microbial biomass.

Guiral et al. (1994) discuss natural succession of microbial species after a perturbation (emptying
and liming) of a tropical pond. It was observed that opportunistic species were favored originally
by the availability of nutrients. However, as the nutrient supply dwindled these species were
eliminated. The presence of a large amount of organic compounds allowed bacterial communities
to develop and finally phytoplankton. A general observation in this perturbation situation was
that succession was based at first on proliferation and species collapse. In the second phase more
complexity was developed, which reduced the propensity of the population in general to be
susceptible to small perturbations. Once a mature population was established, diluted areas were
observed to recolonize with bacteria in a matter of a few hours and evolution of the mature
community was observed in 24 days.

2.4.5 Summary

This chapter reviews general microbial states, such as the normal phases of growth, the
requirements of growth (nutrients), conditions for normal growth and other types of growth,
growth kinetics, general survival forms (dormancy, sporulation), and, briefly, some interactions
between organisms, such as heterogeneity, consortia, competition and succession.

The potential Yucca Mountain repository would be a quite unusual environment from a
microbial perspective, with a number of environmentally extreme characteristics. The following
chapter, therefore, discusses microbial capabilities and adaptive strategies in response to a
number of physical factors such as heat, desiccation, pH extremes, and radiation, all expected to
influence the environment of a repository at Yucca Mountain.

3. MICROBIAL CAPABILITIES AND ADAPTIVE STRATEGIES

This chapter discusses, as outlined in the introduction, general microbial capabilities and
adaptive strategies, at a mechanistic level, to survive in a perturbed and changing environment.
Case studies, specifically those relevant to the Yucca Mountain environment, are given in
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Chapter 5 following a definition and discussion (in Chapter 4), from a microbial perspective, of
the natural conditions and the evolution of the Yucca Mountain environment that is expected to
result from the construction and operation of a repository at that site. The topics reviewed in this
chapter are adaptations to changes in water content (including desiccation and osmoregulation
responses), adaptations to pH shifts and extremes, adaptation to nutrient levels and adaptation
(survival) following radiation damage.

3.1 WATER

3.1.1 Water Inside Microbial Cells

It is widely accepted that about 70% of a bacterial cell is water, distributed amongst several
structurally distinct compartments: the cytoplasm, the periplasm and the capsule (if present). It
is unknown whether the properties of water may cause discrete subpartitioning of physiological
zones within the cell compartment. Living cells undergo continuous shifts in the net
concentrations of intracellular water, salts, lipids, macromolecules, trace metals and cofactors.
Cells can be considered membrane-bound bags of water that contain on average some
2000 different proteins (some of which may be present in up to 100 000 copies), one or more
chromosomes of several mm in length when uncoiled, about 6000 different mRNAs and
>10 000 ribosomes. Whether these components are distributed in the cell according to an
inherent organization or chaotically has thus far not been resolved (Potts 1994).

When bacterial cells are exposed to a gas phase with a water activity (aw) lower than in the cell
compartment, the cells will lose water. Depending on the magnitude in aw differences, this loss
may lead to rapid shrinkage of the cytoplasm or, if aw is sufficient to allow some growth, the
cells may synthesize a compatible solute and achieve a water balance. This drying stress is
termed 'matric water stress' and the removal of substantial amounts of the bulk water from cells
through matric stress is called desiccation. The difference, therefore, between osmotic and
matric stress is that the former occurs in a liquid environment and allows the cell access to water
if it can form compatible solutes. Matric stress removes water from the system and the cell does
not have access to this water until it is re-added to the system by rainfall, irrigation, tidal water
etc. Matric stress, therefore, would play a large role in the activity of bacteria in the Yucca
Mountain subsurface.

Because of the difficulty of measuring it, there are few data for the turgor pressures generated in
bacterial cells. Measurements available were made with liquid culture cells, and values ranging
from about 2 to 4.5 bars have been measured. The turgor pressure varied considerably from cell
to cell but was independent of cell size. It is very difficult to measure intracellular water because
bacterial cells may contain substantial amounts of extracellular water, in attached fibrils and
polymers. Measurements have indicated that some cells hold in excess of 95% of their own
weight in water, most of which can be removed upon air drying (Potts 1994).
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3.1.2 Water Retention with Respect to Cell Membrane and Cell Wall Structure

3.1.2.1 Cell Membrane

The cell membrane is a thin structure that completely surrounds the cell. It is only about 8 nm
thick and forms the critical barrier that separates the cytoplasm from the external environment.
The cell membrane is a highly selective barrier which enables the cell to concentrate specific
metabolites and excrete unwanted material (Brock and Madigan 1991). The cell membrane
consists of a phospholipid bilayer. In aqueous solution the phospholipids arrange themselves
such that their hydrophilic portions (i.e., the glycerol parts) face outward and remain exposed to
the aqueous environment, while the hydrophobic portions (i.e., the fatty acid parts) point inward
towards each other in a hydrophobic environment. The bilayer character of the cell membrane
probably represents the most stable arrangement of lipid molecules in an aqueous environment
(Brock and Madigan 1991). The lipids of eubacteria (and eucaryotes) have ester bonds linking
the fatty acids to the glycerol molecules. Archaebacteria have ether linkages between glycerol
and hydrophobic side chains. In addition, the hydrophobic side chains are not fatty acids but
consist of isoprene in archaebacteria, which makes these membranes considerably different from
membranes composed of glycerol and fatty acids. Interestingly, all extreme halophilic bacteria
(Appendix B) appear to be archaebacteria (Larsen 1981).

The cell (plasma) membrane is permeable only to water molecules which are sufficiently small
and uncharged to pass between the phospholipid molecules. Some other small non-polar and fat-
soluble substances such as fatty acids, alcohols and benzene may penetrate cell membranes by
dissolving in the lipid phase. But passive movement of polar molecules (such as organic acids,
amino acids, and inorganic salts, which are hydrophilic) does not really occur. These molecules
must be specifically transported by a number of transport proteins embedded in, and unique to,
the cell membrane. There are three classes of transport proteins: uniporters transport a substance
from one side to the other side of the membrane; co-transport of two substances occurs in the so-
called symporters (both substances are transported in the same direction); and antiporters in
which substances are transported in opposite directions (e.g., the NaVlTantiport system
important in pH homeostasis (Section 3.3.2). This highly specific carrier-mediated transport
allows a cell to accumulate or excrete specific substances against a concentration gradient (Brock
and Madigan 1991).

The cell or plasma membranes are readily permeable to water but present a more effective barrier
to most other solutes (Csonka and Hanson 1991). The intracellular environment of any organism
must remain relatively constant with respect to cell volume, ionic composition, pH and
metabolite levels for active metabolism to occur, and these limits are very similar amongst most
species. In order to maintain this internal environment, cells actively adapt to a stress by
changing the concentration of a few solutes that are not greatly inhibitory to cellular processes,
either through de novo synthesis or through transport from outside the cell. These substances are
called compatible solutes (or osmoprotectants) and include K+, amino acids (e.g., glutamate,
proline), disaccharides (e.g., trehalose), N-methyl substituted amino acids (e.g., glycine betaine,
proline betaine), peptides (e.g., glutathione) and a number of other substances. They do, as a rule,
not cross cell membranes rapidly without the aid of transport systems. For the most part they do
not carry a net electrical charge near pH 7, which aids in their non-reactive character. However,
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K+ ions and glutamate are noteworthy exceptions (Csonka 1989). Compatible solutes and
osmoprotectants are further discussed in Section 3.1.3.

3.1.2.2 Cell Wall

Because of the concentration of dissolved solutes inside a bacterial cell, a considerable turgor
pressure develops. To withstand these pressures, bacteria have cell walls, which also give shape
and rigidity to the cell. The existence of a cell wall distinguishes procaryotes from eucaryotes.
Bacteria can be divided in two major groups, Gram-positive and Gram-negative bacteria, on the
basis of differences in cell wall structure and composition. The Gram-negative cell wall is a
multilayered structure and quite complex, while the Gram-positive cell wall consists of primarily
a single type of molecule and is often much thicker. There is also a significant textural
difference between the two types. Although various archaebacteria stain Gram-positive or Gram-
negative, the chemistry of archaebacterial cell walls differs in major ways from the cell walls of
eubacteria (Brock and Madigan 1991).

In the cell walls of eubacteria, there is one rigid layer which is primarily responsible for the
strength of the wall. In most bacteria, other layers are present outside this rigid layer. The rigid
layer consists of peptidoglycan, cross-linked to different extents in different bacteria. The shape
of a cell is determined by the lengths of the petidoglycan chains and by the manner and extent of
cross-linking of the chains. Almost 100 different peptidoglycan types are known. In Gram-
positive bacteria, as much as 90% of the wall consists of peptidoglycan, although a small amount
of teichoic acid is also present. In Gram-negative bacteria, only 5 to 20% of the wall is
peptidoglycan and the other 80% or more of the wall is an outer layer (outside the peptidoglycan
layer) made of Hpopolysaccharide. This layer (called the LPS layer) is effectively a second lipid
bilayer but is not constructed solely of phospholipids as is the plasma membrane, but also
contains polysaccharide and protein. This outer layer is frequently toxic to animals and hence the
pathogenic character of some bacteria.

Unlike the plasma membrane, the outer membrane of Gram-negative eubacteria is relatively
permeable to small molecules (even though it is basically a lipid bilayer) because of the presence
of porins, which are proteins that serve as membrane channels for the entrance and exit of low
molecular weight substances. However, although the outer layer is thus relatively permeable to
small hydrophilic molecules, it is not permeable to enzymes or other large molecules and one of
the main functions of the outer layer may be its ability to keep certain enzymes, which are
present outside the cytoplasm, from diffusing away from the cell. This region between the outer
layer and the plasma membrane is called the periplasmic space in Gram-negative bacteria and
houses a number of hydrolases for macromolecular nutrients, binding proteins for metabolites,
and receptors for chemotactic signals. This space occupies 20-40% of the total volume (E. coli)
and is maintained as a separate compartment during steady-state growth at all conditions of
osmolarity. Gram-positive bacteria do not have an LPS outer layer or periplasmic space, but they
do have teichoic acids attached to their cell wall which are partially responsible for the negative
charge of the cell surface as a whole (Brock and Madigan 1991).
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3.1.3 Cell Wall Response to Physical Signals

The regulation of most biological responses depends on the recognition of signal molecules by
specific receptors. However, for some responses the information from the environment is not a
specific molecule, but a physicochemical parameter, that is, by physical rather than chemical
signals (e.g., the regulation of expression of genes by pressure, viscosity and temperature,
dessication and increase in salinity), and the exact mechanism of signal transduction is not
known. Osmoregulation is inseparable from general ionic and metabolic regulation and
cytoplasmic osmolarity is controlled by a diverse set of homeostatic feedback mechanisms that
respond to various intracellular signals. However, the exact nature or functioning of these signals
is not fully known. Possible signals include isotropic pressure changes, pressure differentials
across the inner membrane peptidoglycan complex, changes in the internal or external solute
levels or water activities and changes in the inner membrane area.

3.1.4 Compatible Solutes and Osmoprotectants

There are several ways in which a population of bacterial cells (with no sheaths or outer
investments) may be subjected to a water deficit. The most usually considered deficit is an
"osmotic stress" in which the cells are suspended in an aqueous solution containing a solute that
cannot enter the cells. There is a net efflux of water until there is a balance between the water
activities in solution and in the cells. The opposite happens when cells accumulate compatible
solutes or osmoprotectants, either by transport from the surrounding environment (e.g., the
culture medium) or through de novo synthesis or both. Compatible solutes include K+ ions,
glutamate, glutamine, proline, quaternary amines (glycine, betaine) and sugars such as trehalose,
sucrose and glucosylglycerol. The role of the solute is most likely that of stabilizing proteins
and membranes. Under conditions of moderate water deficit, many compatible solutes appear to
be important components of mechanisms that contribute to the maintenance of viability. Under
the most extreme water deficit, however, only the disaccharides trehalose and sucrose seem to
afford protection. For any compound to be an acceptable compatible solute, it must not have any
excessive inhibitory effects on any metabolic processes.

3.1.4.1 Potassium

Potassium ions are the most prevalent cations in the cytoplasm of bacteria and, consequently,
serve as one of the major intracellular osmolytes that maintain turgor. The intracellular
concentration of K+ in a wide assortment of bacterial species has been found to be nearly
proportional to the osmolarity of the growth medium and there is a positive correlation between
the intracellular content of this cation and the ability of bacteria to tolerate conditions of high
osmolarity. Increased concentrations of K+ is elicited only by high concentrations of solutes that
can not diffuse across the cell membrane (e.g., glucose, sucrose, NaCl) and K+ concentrations are
only dependent on the osmolarity of the medium, not on kind of solute. Glycerol diffuses freely
across cell membrane and K+ accumulation is not observed when the solute is glycerol. K+ influx
and efflux stimulation, in response to exposure to media of hyper- or hypo-osmolarity,
respectively, occurs very rapidly and does not require an energy source. The mechanism for this
is not known, but it is possibly a direct effect of turgor on the proteins that mediate K+ entry and
exit.
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3.1.4.2 Glutamate andGlutamine

The cytoplasmic level of glutamate increases in most procaryotes after exposure to high
osmolarity media. In Gram-negative bacteria, osmotic stress can elicit greater than 10-fold
increases in the level of glutamate such that in some organisms grown in high osmotic strength
media more than 90% of the free amino acid content is glutamate. Glutamine levels also
increase but the overall concentration is much lower such that a glutamine increase likely does
not play a role in maintaining cytoplasmic osmolarity. Basal glutamate levels are up to 10-fold
higher in Gram-positive bacteria but the relative increase in concentration during growth in high
osmotic strength media is much less and much slower. It is possible that the accumulation of K+

under conditions of osmotic stress is the regulatory signal for the synthesis of glutamate.
However, the uptake of K+ must be balanced by uptake of anions, or expulsion of other cations.
Glutamate is the most abundant anion, but still accounts only for 50% of K+ in media of high
osmolarity and therefore other anions are needed to maintain the proper membrane potential
upon accumulation of K+ under osmotic stress. Expulsion of protons and the accumulation of
some uncharacterized anion has been proposed as well as excretion of the divalent cation
putrescine. It appears that the accumulation of glutamate and the efflux of protons (or perhaps
the accumulation of an unknown anion) are sufficient to provide the charge balance for the K+

accumulation that occurs upon osmotic stress.

3.1.4.3 Trehalose and Sucrose

Trehalose has been found to be synthesized in a number of bacteria in response to osmotic stress,
but the production of trehalose may also respond to other signals (e.g., water or desiccation
stress). Synthesis of trehalose entails the condensation of glucose 6-phosphate and uridine
diphosphate glucose, yielding trehalose 6-phosphate which subsequently dephosphorylates to
trehalose. Mutations which result in an impairment of the accumulation of trehalose result in
increased sensitivity to osmotic stress.

Many desiccation-tolerant cells accumulate large amounts (sometimes in excess of 20% of their
dry weight) of either or both of the disaccharides trehalose and sucrose in response to water
stress. Trehalose is the only non-reducing oligosaccharide of glucose, a second representative is
sucrose (a glucose-fructose oligosaccharide). It is generally believed that trehalose is
physiologically more relevant than sucrose in terms of its efficiency and the stoichiometric
amounts required for protection. The exact mechanism by which these sugars protect the cells
from desiccation effects are under discussion (Potts 1994). Trehalose and succrose may not act
as compatible solutes, but rather may replace the shell of water around macro-molecules,
circumventing damaging effects during drying. This is the "water replacement hypothesis"
proposed by Clegg (1986).

The lethal effects of desiccation have been attributed to amino-carbonyl reactions between cell
membrane proteins and reducing sugars. Removal of water enhances such reactions while
addition of non-reducing sugars can protect membranes by competing for binding with reducing
sugars. Disaccharides served as the best protecting agents (Hensel 1994) and this is probably
explained by the presence of OH groups in the protecting molecules (Louis et al. 1994). There is
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also evidence for a direct interaction between trehalose and lipids. The sugar is thought to
replace water molecules around the polar head of the phospholipid in the dry state (Clegg 1986).
The work by Clegg provided some possible mechanisms as to how dried cell components might
remain viable. What this study and others cannot explain fully is how these components can be
redirected instantaneously, and in perhaps an ordered and stringent fashion, to resume integrated
metabolism upon rehydration of the dried cell (Potts 1994). For instance, it has been observed
that trehalose in desiccated yeast cells turned over rapidly upon cell rehydration. Stressed E. coli
cells appear to regulate the cytoplasmic level of trehalose by a futile cycle involving
overproduction, excretion and degradation to glucose, which is reutilized.

There are also reports in the literature that show no protection against desiccation in the presence
of trehalose, or that trehalose is not always the preferred solute accumulated and the amount
present does no always correlate with the magnitude of the water stress (Potts 1994).

3.1.4.4 Betaine

The amino derivative betaine is an important osmoprotectant present in several groups of
bacteria. For instance, Kets and de Bont (1994) found that cells of Lactobacillus plantarutn
cultivated under osmotic stress of 0.6 M NaCl and in the presence of betaine showed an
increased survival after air drying and subsequent vacuum desiccation to an aw of 0.12.

3.1.4.5 Proline, Glycine Betaine and Choline

Proline can alleviate growth inhibition imposed by osmotic stress but it has not been fully
resolved whether it is increased synthesis or increased uptake of proline that makes it work. In
some bacteria, it seems to be increased synthesis (many species of Gram-positive bacteria) and in
others it seems to be increased transport. In general, Gram-negative bacteria achieve high
intracellular concentrations of proline during osmotic stress only by enhanced transport and
accumulated concentrations are proportional to the osmotic strength of the medium. Some
bacteria (enterics) have three independent proline transport systems, but it has not been resolved
yet whether some higher-order mechanism is coordinating the activities of these three systems.

Another important osmoprotectant compound accumulated by bacteria under conditions of
hyperosmolarity is glycine betaine (N,N,N-trimethylglycine). Cyanobacteria and some other
CO2 fixing procaryotes are able to carry out de novo synthesis of glycine betaine, but most other
bacteria are unable to do so and are dependent on transport for accumulation. Although the
ability to respond to exogenous glycine betaine or proline as an osmoprotectant is wide spread
among bacteria, not all species are able to do so. (Table 1 in Csonka (1989) gives many
examples of the effectiveness of proline and glycine betaine as osmoprotectants in various
bacteria.)

Proline and glycine betaine also accumulate in plants during osmotic stress. Two hypotheses
have been proposed to explain what makes these compounds so special. According to the first
hypothesis, proline and glycine betaine have special interactions with proteins which protect
proteins from denaturation in the presence of high concentrations of electrolytes, by coating the
proteins with a hydrophilic shell that would enhance solubility. The second hypothesis proposes
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that these two compounds are merely inert compatible solutes that are used to maintain cell
turgor in media of high osmolarity and that their special properties are derived from the fact that
they do not interact with proteins, because solutes that are excluded from protein surfaces tend to
favour the native configuration of the proteins. Much of the current evidence supports the second
hypothesis. The observation that proline and glycine betaine suppress the osmotic accumulation
of K+ in enteric bacteria is consistent with the notion that these compounds are less toxic to
cellular processes than K+ and are accumulated preferentially over K+ by the cells as a means of
maintaining turgor (Csonka 1989). There are a number of structural analogs of proline and
glycine betaine that also have osmoprotecting effects.

E. coli can convert choline to glycine betaine under conditions of osmotic stress, such that
choline is also an osmoprotectant. The formation of glycine betaine from choline entails two
oxidation steps for which an electron acceptor (such as O2) is needed. Therefore, choline cannot
be used as an osmoprotectant anaerobically.

3.1.4.6 a, P-type Small Acid-Soluble Proteins (SASP)

Many factors are involved in spore resistance to UV radiation, heat and hydrogen peroxide, but
one common factor is the saturation of spore DNA with a group of a, P-type small acid soluble
proteins (SASP). These proteins are made in the forespore late in sporulation in amounts
sufficient to cover the spore chromosome completely but are degraded in the first minutes of
spore germination. Fairhead et al. (1994) found that binding of these a, P-type SASP to spore
DNA was also a significant factor in spore resistance to freeze drying. Clearly, the presence of
high levels of these unique DNA-binding proteins in spores of Bacillus subtilis as well as
Clostridium species may play a major role in the extreme resistance of such spores to a variety of
harsh conditions and thus to their long-term survival both in the laboratory and in natural
environments.

3.1.5 Summary

In summary, microorganisms can protect themselves against the effects of desiccation and/or
osmotic stress by taking up or synthesizing a number of compatible solutes and osmoprotectants
that maintain balanced water activities inside and outside the cell, or protect macromolecules
(proteins, lipids, DNA etc.) inside the cell against these effects.

3.2 TEMPERATURE

One of the most important environmental factors for microbial growth is temperature. Each
organism has a defined temperature range over which it is capable of growing and if a
temperature too high or too low is used, satisfactory growth will not occur. The optimum
temperature is the temperature at which the organism grows the fastest. Some microorganisms
have optimum temperatures as low as 5°C, and others are known with optima as high as 105°C.
However, no one organism spans more than a small part of this temperature range. As a general
rule, it can be stated that the most appropriate temperature for culture of a microorganism is near
the temperature of the habitat in which that microorganism is growing (Brock and Madigan
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1991). It is important to distinguish between the temperature bounds to microbial activity in
general and temperature bounds for the activity of certain types of microbes that result in a
population shift or utilization of resources by new strategies in order to cope with the stress of
both increasing and decreasing temperature.

3.2.1 Growth Rate and Temperature

Growth is an integration of most of the metabolic activities of a microorganism and is chosen
most conveniently to test the effect of temperature on the organism as a whole. Growth rates
vary with temperature, and cardinal temperatures, as a rule constant for a given strain, are:
minimum temperature (under which no growth occurs); optimal temperature (at which the
growth rate is maximal); and maximum temperature (above which no growth occurs).

The optimum growth temperature is a compromise between effects that activate and effects that
inhibit, and is much closer to the maximum than to the minimum temperature (Aragno 1981).
Cells grown at optimal temperature are, therefore, already partially inhibited through
temperature. A physiological optimum would be the highest temperature where the Arrhenius
plot is still linear, a few degrees below the growth optimum. But even at the optimum
temperature, growth will eventually be limited by other factors such as toxicity or starvation
(Chapter 2), as is represented, for example by Michaelis-Menton or Monod equations (Paul and
Clark 1989).

In a defined interval, bacterial growth follows approximately the Arrhenius Law (Aragno 1981):

In v = -E/RT + C,

where
v = the reaction velocity
E = activation energy of the reaction
R = gas constant
T = absolute temperature (K)
C = constant

In the interval of bacterial growth where a linear relationship with temperature exists, it is
possible to define an apparent activation energy of bacterial growth. Near the upper and lower
limits of growth the curve abruptly drops to zero.

3.2.2 Upper Temperature Limits of Growth

It is difficult to categorize microorganisms according to their temperature relationships because
of the absence of very precisely defined boundaries. Also, different publications define slightly
different temperature ranges or boundaries. According to Aragno (1981) it is understood that
psychrobiotic or psychrophilic means growth below 20°C, mesobiotic or mesophilic between 20
and 45°C and thermobiotic or thermophilic over 45°C. Brock and Madigan (1991) give as
temperature ranges <0-20°C for psychrophiles, with an optimum temperature around 15°C,
14-45°C for mesophiles with an optimum near 38°C, 42-68°C for thermophiles with an optimum
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temperature near 62°C and 66-96°C for extreme thermophiles with an optimum around 85°C.
According to Kristjannson and Hreggvidsson (1995), a "normal" microbial environment is
between 4 and 40°C and the thermophile boundary is put at 55 to 60°C for several reasons.
Temperatures below this boundary are common in nature and microorganisms that grow
optimally at or below this temperature are also very common. They can be isolated from normal
soils and even from permanently cold places such as Antarctica. Temperatures above this
boundary are rare in nature and occur only under special conditions, such as in composts, self-
heated hay or in geothermal areas. Organisms that grow optimally above 55 to 60°C are all
prokaryotes, so, using this boundary only prokaryotes can be thermophiles. Two other
boundaries defined by Kristjannson and Hreggvidsson (1995) are extreme thermophile or
hyperthermophile with a growth temperature above 85°C and pyrophile with a growth
temperature above 100°C.

The lack of growth in microbes above a determined temperature is evidently due to changes in at
least one structure or function indispensable to the growth process. Heat-sensitive structures in
the cell may be membranes (particularly the physical state of their lipids), enzymes and other
proteins and the protein-synthesizing apparatus (nucleic acids and ribosomes). The melting
temperature of membrane lipids might determine the upper temperature limit for growth.
Alternatively, the fatty acid composition of membrane lipids may be altered by changes in
growth temperature, thus enabling the occurrence of adaptation. For example, in E. coli, an
increase in growth temperature increased the ratio of (higher melting) saturated fatty acids over
unsaturated fatty acids, which allowed preservation of the physical state of the lipids in the
membrane (Aragno 1981).

Life at higher temperature requires thermostability of all essential proteins in the cell and genetic
adaptation to thermophily would seem to require simultaneous mutations to enhance
thermostability of essential proteins, a highly unlikely scenario (Aragno 1981). However, in
mesophiles, many enzymes are active at temperatures higher than the maximum growth rate
temperature so it is likely that adaptation to higher growth temperatures requires adaptation of
only a small amount of enzymes and/or other proteins. Also, enzymes isolated from
thermophiles denatured in vitro at growth temperatures, implying that their stability in vivo is
enhanced. Moreover, there appear to be no unique or large differences in structure between
thermophilic and mesophilic enzymes which implies that enhanced thermostability depends on
only a few key subtituents in the primary structure. Therefore, the number of differences implied
in the alteration of temperature maximum might be much smaller than would be expected
(Aragno 1981).

3.2.3 Lower Temperature Limits of Growth

According to Arrhenius Law, growth should continue (at reduced rates) at lower temperatures
until the medium freezes (Aragno 1981). This is the case for phsychrophiles but in other bacteria
growth will stop at temperatures considerably above the freezing point of the medium, possibly
because the cells biosynthetic capabilities cannot make the required changes to the cell
membrane (i.e., higher proportion of low-melting unsaturated fatty acids). For instance, isolation
of mutants of mesophilic enteric bacteria with a decreased minimum temperature has not been
successful, likely because a number of mutations are required to decrease minimum temperature.
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Isolation of mutants of mesophilic pseudomonads with a decreased minimum temperature has
had some success because most pseudomonads are facultative phsychrophiles such that the
number of mutations necessary to gain phsychrophily might be expected to be small in
mesophilic strains of pseudomonads. On the other hand, mutants with increased minimum
temperature are easily isolated and occur with approximately the same frequency as isolates with
decreased maximum temperatures. Such cold-sensitive conditional mutants show an increase in
both the minimal temperature and the apparent activation energy in the mid-range of temperature
while their optimum and maximum temperatures are unaffected (Aragno 1981).

3.2.4 Adaptation To Changing Temperature Conditions

Increasing the maximum growth temperature (or lowering the minimum temperature) by
mutations is as a rule a highly improbable event, which would imply the simultaneous
modifications of a number of genes. On the contrary, mutations lowering the maximum growth
temperature or increasing the minimum temperature are much more likely to occur because they
may require only one mutation (Aragno 1981). Another type of adaptation occurs when strains
are cultivated at an intermediate temperature with subsequent culturing at the desired higher
temperature. For instance, Bacillus stearothermophilus did not grow when transferred directly
from 37 to 55°C but after cultivation at 46°C in a rich medium they could be adapted to 55°C
(Aragno 1981).

In some cases the cardinal temperatures of a given organism may vary according to the nutrients
provided (Aragno 1981). Distinction should be made between fundamental processes (DNA
replication and transcription, RNA translation, ribosome formation and function, ATP synthesis
etc.) and "facultative" processes, such as transport and catabolism of a given nutrient source,
because microorganisms are versatile in their use of nutrient resources. It is possible that the
temperature limits of facultative processes are narrower than those of the fundamental processes,
e.g., Kelbsiella pneumoniae can grow at 37°C with ammonium salts or organic nitrogen, but
growth is prevented with N2 or NO3 as N sources. The nitrogen fixation enzymes are not
inhibited at 37°C but the expression of the 'nif genes (i.e., genes encoding the components of the
nitrogen fixation system) is affected.

Leroi et al. (1994) studied the evolutionary adaptation of E. coli to a temporally varying
environment. Results from that study do not support the hypothesis that evolution in a temporally
varying environment will favour increased acclimation ability or phenotypic flexibility. Instead,
it appears that bacterial adaptation to the constant component temperatures was more important
than, and may even have traded off with, adaptation to sudden transitions in temperatures.
Nonetheless, the results indicate that phenotypic acclimation ability itself has an underlying
genetic basis and so may respond evolutionary. However, the direction of evolution in
acclimation ability may be more complex than simple models would suggest, so that predicting
the evolution of acclimation ability may depend on detailed knowledge of genetic and
environmental correlations.

Probably a more important factor in microbial adaptation is the diversity of responses to
environmental conditions, rather than the adaptive capabilities of a given species. This is
particularly true for temperature. A good example is the succession of populations during the
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processes of aerobic composting of hay or manure accompanied by self-heating phenomena.
Even though in vitro pure cultures often show a broad temperature range for growth, in natural
sites the temperature limits may possibly be much narrower (Aragno 1981).

3.2.5 Thermophiles and Hyperthermophiles

Thermophiles have been known from sources such as hot springs for over a century but
hyperthermophiles are a recent discovery in microbiology. Hyperthermophiles have optimal
temperatures between 80 and 110°C and are unable to grow at temperatures below 60°C, while
some are unable to grow at temperatures below 80°C. Hyperthermophiles belong to
phylogenetically distant groups and may represent rather ancient adaptations to heat (Blochl et al.
1995, Stetter 1992, Woese et al. 1990).

Most of the currently known hyperthermophilic species are strictly anaerobic, reduce elemental
sulfur (So) with Hj to HjS and are obligate heterotrophs, utilizing mostly peptides instead of
carbohydrates. Growth in vitro is generally only obtained on complex proteinaceous substrates
and media typically containing one or more of yeast-, bacterial- or meat extracts, peptone or
tryptone. The actual growth substrates are somewhat unclear. Metabolic products (typically
including acetate, isovalerate and isobutyrate) indicate a fermentative-type metabolism. Few
hyperthermophiles are saccharolytic and they have a limited substrate range (Kelly and
Adams 1994).

3.2.6 Mechanism of Heat Resistance in Thermophiles and Hyperthermophiles

The principles of heat stabilization of cell components such as DNA, RNA, proteins, ATP and
NAD in hyperthermophiles are still unknown and a challenging topic for basic research. Peak et
al. (1997) studied the extreme resistance to thermally induced DNA backbone breaks in the
hyperthermophilic Archaeon Pyrococcus furiosus. They measured the effect of elevated
temperatures (up to 110°C) on the molecular weight of DNA in intact cells of Pyrococcus
furiosus, compared with the effect on DNA in the mesothermophilic bacterium E. coli. At
100°C, DNA in Pyrococcus furiosus cells was about 20 times more resistant to thermal breakage
than that in E. coli cells and 6 times fewer breaks were measured in Pyrococcus furiosus DNA
after exposure to 100°C for 30 minutes than in E. coli DNA at 95°C. The hypothesis for this
remarkable stability of DNA in a hyperthermophile is that it posesses endogenous protective
mechanisms such as highly effective DNA ligation and repair enzyme systems, as well as
protective proteins that protect against hydrolytic damage.

Although resting forms such as spores have never been observed in hyperthermophiles, cultures
of Pyrodictium sp. grown at 110°C exhibit an extraordinary heat resistance and survive even
autoclaving for 1 hour at 121°C. Under these conditions, about 70% of the soluble protein of the
cells consists of a heat shock protein (Stetter 1995). Some hyperthermophiles contain
glycoproteins which may help make them temperature resistant. (Glycoproteins are also found in
the blood of Antarctic fish and protects them from freezing, so they may play a role in protecting
primitive organisms from the extremes of hot and cold) (Kelly and Adams 1994).
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Narberhaus et al. (1994) examined the response to heat stress in the thermophile
Thermoanaerobacterium thermosulfurigenes. Upon a temperature shift from 50 to 62°C, four
heat shock proteins were synthesized at an elevated level. The heat shock response in this
thermophile was transient, with a maximum synthesis of heat shock proteins between 10 and
15 minutes after the shock. In mesophiles, heat shock produces larger numbers of heat shock
proteins than in thermophiles and in hyperthermophilic Archaea, only a few heat shock proteins
are involved. The relative abundance of these proteins increases because of a significant
decrease of all other proteins under heat stress conditions. When reagents that disrupt normal
protein synthesis were present during heat shock, enhanced thermotolerance was prevented
(Trent et al. 1994).

Reeve (1994) speculates that modern mesophilic enzymes might differ systematically from
primitive, thermostable enzymes. However, if only one or two amino acid substitutions were
sufficient to reduce the operating temperature of an enzyme, then most of the original
'thermostabilizing' residues might well remain but would not be recognized when comparing
contemporary mesophilic and thermophilic enzymes. Many features of the very early
hyperthermophile enzymes may be retained in today's enzymes in mesophiles. This could imply
that in man-induced hot environments, these enzymes may mutate back and become heat-
resistant again.

It is unknown what molecule(s) limit(s) the maximum growth temperature of hyperthermophiles.
Reeve (1994) suggests that their Achilles' heel could be a small universal metabolite such as
ATP, NADH, glyceraldehyde-3-phosphate, or carbamyl phosphate because these molecules have
half lives at 100°C in vitro that are measured in seconds. Many hyperthermophiles contain an
unusually thermostable form of ferredoxin and a real novelty in some of their metabolic
pathways is the use of tungsten-containing enzymes. Tungsten is found in unusually high
concentrations in the sulphides that precipitate from thermal vent fluids (Reeve 1994).

3.2.7 Summary

One of the most important environmental factors for microbial growth is temperature. Each
organism has a defined temperature range over which it is capable of growing and if the
temperature is too high or too low, satisfactory growth will not occur. The melting temperature
of membrane lipids might determine the upper temperature limit for growth. Alternatively, the
fatty acid composition of membrane lipids may be altered by changes in growth temperature,
thus enabling an adaptation to occur. Temperature changes in the mesophile range often cause
ecological shifts in the populations present. Life at higher temperature requires thermostability
of all essential proteins in the cell. Hyperthermophiles appear to protect themselves by
producing heat shock proteins and perhaps by a very efficient DNA repair system.

3.3 pH

Each microorganism has a pH range within which growth is possible, and each usually has a
well-defined pH optimum. Most natural environments have pH values between 5 and 9 and
organisms with pH optima in this range are most common and are called neutralophiles. Only a
few microorganisms can grow at pH values below 2 or above 10 (Brock and Madigan 1991).
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Organisms that thrive at low pH's (as low as pH 1) are called acidophiles. Fungi as a group tend
to be more acid tolerant than bacteria and many fungi grow optimally at pH 5 or below. A few
fungi grow quite well at pH values as low as 2. Organisms that thrive at high pH's (as high as
pH 11) are called alkalophiles. For most acidophiles and alkalophiles, the key to surviving the
extreme pH regime is the ability to maintain a near-neutral interior cell pH. Neutralophiles can
grow over a wide range from pH 5 to 9 because of a physiologically triggered pH homeostasis
mechanism that maintains a relatively constant pH inside the cell (pH,) over the broad range of
external pH values (pHo). In addition, pH gradients are not uncommon in the natural
environment and are sometimes utilized by bacteria.

3.3.1 pH Homeostasis

The basis for pH homeostasis is the apparent modulation of primary cellular H+ pumps as well
as K7H* and NaTlT antiport systems (Foster and Hall 1991). This process appears subject
primarily to allosteric control (such as the pH set point for pump activation) since pH
homeostasis functions normally in the presence of protein synthesis inhibitors. As far as genetic
control, the system can be referred to as constitutive (this means that it does not have to be
induced first by the environment and is not dependent on the synthesis of certain proteins)
(Foster and Hall 1991).

There are a variety of mechanisms that can protect a cell from extreme acid stress. These include
an increase in the internal buffering capacity or in the proton extrusion rate, as well as a
decreased membrane proton conductance. Also, cells can prevent or repair acid damage as a
result of lower pH,. Microorganisms have a wide range of molecular defense mechanisms to
repair or prevent injuries as a result of external stresses. Many of these defense strategies have
been studied at the biochemical, genetic and molecular level. However, the system that protects
cells from external acidification is still not fully understood (Foster 1992).

In acidic environments, the pH homeostasis mechanism enables a cell to maintain a differential
pH (ApH = pH; - pHJ of about 2 pH units with the interior of the cell being more alkaline relative
to the external environment. Controlling this system of proton pumps is of integral importance
to growth and survival in moderately acid environments. However, with increasing acidity, the
system of pH homeostasis eventually fails. The system works very successfully down to pH
values where ApH is close to 2.0, but below those pH values, ApH collapses and the cells begin
to die. Classical pH homeostasis has failed as a result of pHj being lowered too much. Values of
pHj below 5.5 are lethal and will damage internal proteins. The loss of viability is not due to
external damage of the cell.

In alkaline environments, pH homeostasis is based on NaTH* antiporter activity and fails in the
absence of sufficient Na+.

3.3.2 The Role of Na* in pH Homeostasis and Solute Uptake in Alkalophiles

Several properties are shared by all extreme alkalophiles (Krulwich and Guffanti 1989). These
include a specific composition of cell membrane lipids and of the membrane lipid/protein ratio,
very high levels of respiratory chain components in the cell membrane, a generally more acidic
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amino acid composition of proteins that are exposed to, or excreted into, the external milieu, and
a Na+ cycle that facilitates solute uptake and pH homeostasis. Any or all of these properties
could be prerequisites of alkalophily. Studies with some non-alkalophilic mutants have
established that at least the NaTFT antiporter that is involved in pH homeostasis is a necessary
function for life at high pH.

Extreme alkalophiles that grow optimally at pH 10.0 -11.0 maintain a cytoplasmic pH typically
at least two pH units below the external pH. The aerobic alkalophilic Bacilli all exhibit primary
proton pumping out of the cell during respiration (ATP production) but the net accumulation of
protons by the cells requires Na\ Suspension of cells of extreme alkalophiles in the absence of
added Na+ results in immediate alkalinization of the cytoplasm pH, to equal pHo. A pH gradient
(ApH) with the cell interior more acidic is maintained by an electrogenic NaTH* antiporter that
exchanges intracellular Na+ (or Li+) for external H\ The antiporter is probably an abundant
membrane protein that catalyzes rapid cation exchange. The stoichiometry of the exchange is not
precisely known, but is such that the number of protons translocated into the cell is greater than
the number of sodium ions translocated out. The potential difference (AT) set up by proton
pumping during respiration (ATP production) energizes the electrogenic NaTH* antiport. A pH
gradient and an inwardly directed chemical gradient of Na+ are formed and a trans-membrane
electrical potential is maintained. The crucial involvement of the NaTH* antiporter is supported
by the isolation of nonalkalophilic mutant strains that can no longer grow well above pH 9 and
have lost NaTtT antiporter activity (Krulwich and Guffanti 1989).

Many of the properties of the alkalophile NaVET antiporter have been elucidated. The general
properties include the use of Na+ or Li\ linear dependence upon the AT, and inhibition by a high
internal proton concentration. It is probable that in many organisms the antiporter is required for
growth under moderately alkaline conditions, such as pH 8.5 - 9.0. Less clear is whether there
are other ion fluxes (such as K+) or other mechanisms that play a role in pH homeostasis in the
alkaline range.

Extreme alkalophiles have a bioenergetic dilemma with respect to oxidative phosphorylation,
because of the proton pumping by the respiratory chain on the one hand, necessary for ATP
synthesis and the electrogenic NaVlT antiport trying to keep protons in the cell on the other hand.
There are various models proposed to explain this apparent conundrum with regard to oxidative
phosphorylation and antiporter activity for pH homeostasis. These models, and the state of
evidence supporting them have recently been reviewed by Krulwich (1995). Extreme
alkalophiles probably solve this dilemma by their very high concentration of respiratory-chain
components in their cell membranes, that may be instrumental in a very rapid recycling of
extruded protons and by maximizing productive, proton-transferring collisions between
respiratory chain components and the ATPase. Membrane lipids may also play a variety of
roles in these processes. Alkalophiles possess somewhat high membrane lipid/membrane protein
ratios and their membranes have a fatty acid composition consistent with a very fluid membrane.
Obligate alkalophiles fail to grow at neutral pH because their membranes become leaky.

If the extrusion of Na+ is a prerequisite for pH homeostasis, then the operation of a multitude of
Na+-coupled solute porters (symporters) may provide the means for Na+ reentry. In other words,
symporters are part of the pH homeostasis mechanism and presumably act by recycling the Na\
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Most solutes are actively transported by alkalophilic bacteria in symport with Na+ and at least
some of the solute porters cannot substitute Li+ for Na+ as can the Na7H* antiporter of the same
organism. However, although some insight has been gained into the characteristics of coupled
transport in alkalophiles, still relatively little is known about the cation and anion transport
systems in alkalophiles, and, likewise, little is known about the few carbohydrate transport
systems that are Na+ independent and seem to depend on ATP (Krulwich and Guffanti 1989,
Ikeda et al. 1994).

The motility of the extreme alkalophiles (as well as that of at least some moderately alkaline-
tolerant marine bacteria) depends upon the presence of Na+ and appears to be energized by an
electrochemical gradient of Na\ Thus far, the motility of the alkalophilic bacilli has appeared to
be dependent exclusively upon Na+ with neither substitution by Li+ at high pH nor any
energization by a ApH at near-neutral pH. Even facultative alkalophilic strains that grow over a
broad pH range have shown this Na+ specificity for both motility and Na+-coupled solute
symporters.

3.3.3 Acid Adaptation and Tolerance

Foster and Hall (1991) and Foster (1992) studied the so-called acid tolerance response (ATR) in
enteric bacteria (such as Salmonellae) that face particularly severe pH stresses in the human
intestinal tract. The ATR is an ability of acid-adapted cells to keep pH; 0.5 to 0.9 units more
alkaline than in unadapted cells. Although the exact mechanism of ATR has not been elucidated,
evidence that the ATR system provides the mechanism(s) for augmenting pH( homeostasis was
found in that adaptive enhancement of pH( requires synthesis of new proteins during adaptation
to slightly stressed pH levels (the preshock ATR system). These new proteins then protect or
minimize acid denaturation of internal proteins during severe pH values (at which the normal pH
homeostasis mechanism would have collapsed), by maintaining the internal protective pHr

Normal constitutive pH homeostasis does not depend on the synthesis of new proteins and
functions even when protein synthesis is absent or blocked.

Therefore, a two-phase model was envisioned by Foster and Hall (1991), to explain how cells
cope with low pH stress. The first phase of protection, preshock, occurs as the environmental pH
approaches 5.8, when the cell will induce the ATR associated pH homeostasis system. The
primary function of the preshock ATR system, then, is to maintain pH; and, in so doing, to retain
viability. During severe acid stress, this system will keep pH; near 5.5 and minimize acid
denaturation of internal proteins. The second phase of this protective model involves the acid
shock proteins induced once the pH drops to between pH 5 and pH 3. Acid shock is a response
distinct from ATR. A completely different set of proteins are induced during acid shock. This
shift also induces several heat shock proteins, which are possibly important both in preventing
acid denaturation and in refolding denatured proteins (Foster and Hall 1991).

Foster and Hall (1991) conclude that there are several lines of evidence that implicate the proton-
translocating ATPase as an important component of acid tolerance. The proton-translocating
ATPase is required in the cell for oxidative synthesis of ATP and for generating proton motive
force under anaerobic conditions. The ATPase might serve as a proton pump to extrude protons
during the ATR. They have also implicated the ferric uptake regulator in the regulation of the
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ATR. Mutations in the ferric uptake regulator locus produce an acid-sensitive phenotype,
deregulate the production of several ATR proteins, eliminate the expression of several acid-
regulated genes and prevent the development of the inducible pl^ homeostasis mechanism.

By inhibiting protein synthesis after preshock adaptation but prior to acid shock, acid tolerance
can effectively be abolished. However, once the post-acid-shock proteins have been synthesized,
inhibiting protein synthesis has no effect on acid tolerance. Acid shock alone is not sufficient for
acid tolerance. Both preshock and postshock systems must be induced for the cells to survive
severe acid stress.

This stepwise process makes sense considering that in nature gradual transitions in pH are more
likely than sharp severe changes. The first step keeps pHj around 5.5 and in the second step
proteins may minimize DNA damage and internal protein denaturation, both of which occur
when the internal pH falls below pH 5.5 (Foster 1992). Although ATR specific homeostasis has
been studied mostly in enteric bacteria, it is conceivable that other organisms, including those
occurring naturally, possess this system.

3.3.3.1 Acid Tolerant Mutants

Some organisms are spontaneous acid tolerant mutants. Often, these organisms are auxotrophs,
requiring one or more specific growth substances (e.g., various amino acids). Some mutants
appear to increase their internal buffering capacity, in some cases probably by accumulating
large quantities of intercellular citrate or isocitrate. Since the pK; for these acids is 6.4, they
could conceivably buffer the pH, towards this value, preventing it from dropping below the
critical pH 5.5 point vital for survival during external pH stress. The isolation of acid-tolerant
mutants that possess an elevated internal buffering capacity also provides proof that acid-induced
cell death is directly related to a lowered pH( and not to external acid damage to cell surface
components essential for cell viability.

Other mutants have a dramatically improved pH homeostasis capability below pH 4 where
normal pH homeostasis breaks down. These mutants have, therefore, an enhanced ability to
handle severe acid stress in the same range affected by the ATR (discussed above). The exact
mechanism of this enhanced ability is not clear.

3.3.4 Summary

In summary, all bacteria use NaVH* antiporter systems to support pH homeostasis at moderately
alkaline pH values. Neutralophilic organisms can substitute K+ for Na\ unlike the extreme
alkalophiles who need Na+ (or Li+). Na+ reentry occurs via solute uptake systems that are coupled
to Na+ uptake and via motility that is coupled to Na+ and, in high sodium environments, some
leaking may cause reentering of sodium into the cells.

Acid tolerance is more complex than initially perceived, with induction of acid tolerance being a
two-stage process. The first stage (pre-acid shock), triggered at pH0 below 6.0, induces synthesis
of the ATR specific pH homeostasis mechanism that augments pR, when the internal pH falls
below pH 4.0. The second stage (post-acid shock) triggered below pH 4.5, induces a different set
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of proteins that by themselves will not afford protection against severe acid. However, the acid
shock proteins are important for survival when coupled with the inducible homeostasis system.
This stepwise process seems logical considering that in nature gradual transitions in pH are more
likely than sharp and severe changes. The first step keeps pHj around 5.5 and the second step
proteins may minimize DNA damage and internal protein denaturation, both of which would
occur if the internal pH falls below 5.5 (Foster 1992).

3.4 NUTRIENTS

Kjelleberg (1984) noted the diversity in the microbial responses during periods of nutrient
limitation. Bacteria have many mechanisms that allow them to survive. Some species sporulate,
while others form multicellular aggregates or fruiting bodies. Others undergo an evolution that
results in a more starvation resistant and less metabolically active state. It is, however, essential
that the cell sustain some level of endogenous metabolism in order to allow the cells to preserve
some ATP (or other high energy compounds) as well as the proton motive force across the
membrane (Siegele and Kolter 1992). As a result of low nutrient conditions, changes in the cell
wall composition and its surface properties, in the shape and size of the cell as well as in the
topology of the chromosome may occur, that, according to Siegele and Kolter (1992) give the
cell some of the properties of spores.

3.4.1 Nutrient Transport Across Cell Walls

Many of the nutrients required by microbes cannot pass freely through the cell membrane
because they move against a concentration gradient, are too large or too highly charged.
Microbes have a number of transport systems to transport nutrients into their cells. This enables
them to take up a wide variety of substrates for growth and metabolism. Different organisms
may transport the same substrate by different mechanisms.

Passive diffusion involves the movement of small molecules across the cell membrane down a
concentration gradient. Water and small molecules generally enter or leave the cell by passive
diffusion but it is a slow process and the rate of diffusion of large molecules is too slow to be of
use to the cell.

Facilitated diffusion involves membrane-bound carriers (permeases or transport proteins) that
attach to substrates for which they have an affinity. These substrates are then carried down a
concentration gradient to the other side of the membrane. The process does not require energy
and is more rapid than passive diffusion, but limited by the number of available carriers,
competition for sites by substances resembling substrates and subject to mutation effects in the
carriers.

Active transport is the energy-requiring, carrier-mediated movement of molecules across the
membrane against a concentration gradient. Sugars, amino acids and other organic molecules are
transported by this mechanism. This process can move substances against large gradients, but is
subject to availability of energy and carriers and is affected by mutation of the carriers.
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Group translocation is the process during which a molecule undergoes chemical modification
during its movement across the membrane to ensure that it cannot pass out of the cell. This
process requires energy, but is more energy efficient than the active transport process. Group
translocation is a common transport mechanism for many types of sugars as well as purines,
pyrimidines and fatty acids. It is widespread amongst anaerobic and facultative anaerobic
organisms in which energy yields are lower than in aerobic organisms (fermentation versus
respiration).

3.4.2 Nutrient Limitation and Starvation Survival

The physiology of the starvation response was reviewed by Matin (1992), who examined the
generation of energy for survival, the increased scavenging capabilities, the increased resistance
and the regulation of starvation responses. Starvation-survival was described by Morita (1982,
1993) as the physiological state resulting from an insufficient amount of nutrients, especially
energy, for increase in size and multiplication (growth) of microorganisms. Two reviews of the
cellular aspects of starvation response such as the endogenous metabolism rate and storage of
polymers in starvation survival were published by Kjelleberg et al. (1987) and Dawes (1976).

It has long been recognized that populations harvested from the stationary phase of growth are
less fragile than those from the exponential phase (Postgate and Hunter 1962). Kolter (1992)
showed that E. coli, which survived in the stationary phase for extended periods of time,
demonstrated enhanced survival compared to those that had only been exposed to the onset of the
stationary phase. A study by Kramer and Singleton (1992) indicated that starvation survival and
recovery mechanisms in Vibrio sp. were linked to the physiological state at the onset of
starvation. Bacteria subjected to a gradual downshift in nutrients recovered more rapidly than
those that had reached a starvation condition suddenly.

A study by Stevenson (1978) indicated that bacteria may become dormant in aquatic systems,
stressing that groundwater and seawater are far less nutritious than laboratory cultures. However,
Novitsky and Morita (1977,1978) observed an initial 200-fold increase in cell number of a type
of marine organism (psychrophilic marine vibrio (Ant-300)), when suspended at low cell density
in natural or synthetic seawater. This phenomenon occurs in the presence or absence of organic
compounds. The authors attribute the phenomenon to a survival strategy, because after long
periods (70 weeks) more cells (15x) were still viable.

MacDonell and Hood (1982) investigated <0.2 fim bacteria recovered from estuarine waters. The
bacteria, subjected to increasingly nutritious preparations, increased in size and growth rate.
Their work suggested that smaller size and low growth rate represents a successful adjustment to
poor nutrient conditions.

James et al. (1995) suggested that the observed changes in cell morphology during starvation of a
surface colonizing Acinetobacter sp. were physiological adaptations that increased the likelihood
of attachment and colonization during low nutrient conditions, and dispersion under high nutrient
conditions.
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Amy and Morita (1983a) investigated starvation-survival patterns of 16 open ocean bacteria. In
addition to observing significant changes in shape and size of the bacteria, they also observed
three different patterns of survival, all of which resulted in a rapid and linear response to
glutamic acid after 8 months of starvation. All three patterns were similar in that a constant
number of viable cells was achieved after an initial phase. The initial phase varied in how that
final constant number was achieved, i.e., after an initial increase; after an initial decrease; or after
an increase followed by a decrease.

For bacteria that do not undergo differentiation into different structures, there are several
mechanisms available to survive starvation. New proteins can be synthesized which support the
economical usage of a limited nutrient, or provide bacteria with a better ability to resist stress.
Matin et al. (1989) reviewed starvation and survival in non-differentiating bacteria within the
genetic framework. RNA and protein degradation are expected when cells are heat stressed or
starved of a nutrient. In addition, nitrogen deficiency induces bacteria to increase the production
of enzymes that capture nitrogen, the proteins that favour it and/or the ability to utilize more
nitrogen-containing resources. Phosphorous-deprived bacteria create diversity in transport
systems. If iron concentrations fall below 1 mM, bacteria synthesize high affinity iron chelators
(siderophores). The primary response of carbon-starved organisms is to enhance the number of
carbon-bearing substrates that can be utilized by increasing the concentrations of enzymes that
perform that function and creating intermediary metabolic functions.

Nutrient deprivation studies by Hood et al. (1986) demonstrated that the total number of lipids
and carbohydrates declined rapidly within the first seven days of starvation, as did poly-f}-
hydroxybutyrate. DNA and proteins declined at a more constant rate over thirty days. RNA
declined little. Phospholipids declined more rapidly than neutral lipids, and five-carbon sugars
decreased relative to six-carbon sugars, especially glucose. Although ribosomes showed no
apparent structural change, the integrity of the cell wall and membrane diminished substantially.
Guckert et al. (1986) noted statistically significant trends in the fatty acid profiles during
starvation experiments. Cw-monoenoic fatty acids declined in comparisons to the saturated fatty
acids cyclopropyl derivatives of cw-monoenoic fatty acids and frans-monoenoic fatty acids,
which increased. Hood et al. (1986) suggested that the molecules that were maintained
(i.e., certain lipids and carbohydrates) likely provided the resources needed to prepare for
dormancy to preserve the cell under nutrient starvation. Nelson and Parkinson (1978) observed
similar results in a Pseudomonas sp., a Bacillus sp. and an Arthrobacter sp. The levels of
endogenous substrates, such as carbohydrate and protein showed a rapid decrease within the
initial 20 hours of starvation. This was followed by a more gradual decline over the remainder of
the test period (10 days). A positive correlation was observed between the rate of endogenous
metabolism and the survival rates during starvation (i.e., the lower the rate of metabolism, the
greater the survival rate).

Exoprotease activity, which is associated with nutrient starvation was examined in two Vibrio
species by Albertson et al. (1990). They found that starved cells showed more exoprotease
activity than that of cells at the onset of starvation. Although the activity tapered off during the
period of starvation, the level of activity was still considered significant at the end of the study
(120 hours). The authors conclude that in order for exoproteases to be produced and/or released
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extracellularly, protein synthesis was necessary during starvation. It was further determined that
the exoprotease activity was conducted by different mechanisms in the two species studied.

Yet another survival technique was described by Wrangstadh et al. (1990). Exopolysaccharide
(EPS) production, which is closely associated with the cell surface during growth of marine
Pseudomonas sp. was induced, by starvation, to be more peripheral. Changes in viscosity of the
EPS were also noted. Wrangstadh et al. (1990) proposed that during starvation, short-chain EPS
is modified into longer-chain units by de novo protein synthesis.

Blom et al. (1992) subjected E. coli to low concentrations of nine chemicals considered to be
"model micropollutants". Their results indicated that even at concentrations below that which
inhibited microbial growth, stress proteins were induced. Some of the proteins had been
previously identified in relation to heat shock or carbon starvation. However, others were specific
to the particular micropollutant.

3.4.3 Summary

Amy (1997) summarizes starvation-survival characteristics to include nearly total metabolic
arrest in some cell types, miniaturization of cells, changes in cellular densities, changes in
macromolecular quantities, and a general increase in resistance to a number of stressors. Cell
membrane transport mechanisms may be enhanced, and plasmid and chromosomal DNA may
change in quantity and the ability to be expressed. Specific starvation-related proteins may be
synthesized under conditions of nutrient deprivation, either as unregulated constitutive proteins
or de novo synthetic products. It is, however, essential that the cells sustain some level of
endogenous metabolism in order to allow the cells to preserve some ATP (or other high energy
compounds) as well as the proton motive force across the membrane.

3.5 RADIATION

Ionizing radiation such as gamma rays cause water and other substances to ionize, and mutagenic
effects are brought about indirectly through this ionization. The various forms of radiation that
can do damage are discussed in Appendix B. The most potent chemical species formed by
ionizing radiation are chemical free radicals, of which the most important is the hydroxyl radical
OH". Free radicals react with, damage and may inactivate DNA molecules microbial (and other)
cells.

3.5.1 Radiation Protection and Repair Mechanisms

Microbes use a number of structures or strategies as protection against radiation damage. These
structures and mechanisms include spores, the cell wall structure, pigments, heat shock proteins
and protection by other molecules. If these strategies fail and radiation damage of DNA occurs,
a complex cellular mechanism, called the SOS regulatory system, is activated which initiates a
number of DNA repair processes in microbes. In the SOS system, DNA damage serves as a
distress signal to the cell, resulting in the coordinate de-repression (= activation) of a number of
cellular functions involved in DNA repair. The SOS system is normally repressed by a protein
called the LexA protein, but LexA is inactivated by RecA, a protease that is activated as a result
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of DNA damage. In the SOS system, DNA repair occurs in the absence of template instruction,
and many kinds of mutations can arise as a result of faulty repair of damage induced in DNA.
But once the DNA has been repaired, the SOS system is switched off and further mutagenesis
ceases. Not all DNA repair occurs in the absence of template instruction. Cells generally have a
DNA repair system which requires template instruction and leads to proper DNA repair. This
system works apparently most of the time but is not sufficient to repair the large amounts of
damage done at high radiation doses (Brock and Madigan 1991). Then the SOS repair system is
activated.

The studies by Arrage et al. (1993a,b) showed that the majority of UV-resistant bacterial
subsurface isolates were Gram-positive. It has been proposed that cell wall components may
help deflect near-UV photons, resulting in a lower dose actually absorbed by target molecules in
the cell. Therefore, it is possible that the thicker cell walls present in Gram-positive bacteria
screen a larger portion of UV light and that the amount of UV light reaching cellular DNA is
decreased.

This section discusses first the unique repair mechanisms of the highly radiation-resistant
organism Deinococcus radiodurans, a non-sporulating organism. These methods may include
making efficient use of redundant genetic information in a manner that other organisms do not,
the possession of chromosomes existing in pairs that are aligned relative to one another that can
serve as a template for DNA repair, and synthesis of an induced protein that stops DNA
degradation during repair. This is followed by a discussion of the various strategies (such as
pigmentation) for protection against radiation damage that have been observed in a variety of
microbes other than Deinococcus radiodurans.

3.5.2 Deinococcus radiodurans

Radiation resistance has probably been most widely studied with the microorganism
Deinococcus radiodurans because this bacterium (formerly Micrococcus radiodurans) is unique
in that it is extremely resistant to the lethal and mutagenic effects of ionizing radiation and
numerous other agents that damage DNA. Full survival of D. radiodurans has been reported at
ionizing radiation exposures ranging from 5-15 kGy, depending on the bacterial culture
conditions. It has now been established that this bacterium does indeed sustain the extreme level
of DNA damage expected at such high radiation exposures, but that it has an extremely efficient
DNA repair mechanism (Minton 1994,1996; Daly and Minton 1995).

Deinococcus radiodurans contains four chromosomes per cell during the stationary phase and up
to ten chromosomes per cell during the exponential phase. However, high chromosome
multiplicity is not uncommon in prokaryotes and is not necessarily associated with extreme
tolerance to ionizing radiation or other forms of DNA damage. Following ionizing radiation,
D. radiodurans can repair more than 100 double strand breaks per chromosome without lethality
or mutagenesis in as little as 12 to 24 hours, while other organisms are unable to repair more than
a few ionizing radiation-induced double strand breaks per chromosome. Deinococcus
radiodurans' powerful repair system can assemble intact chromosomes from the hundreds of
fragments remaining after a 10 kGy dose. Clearly, D. radiodurans must use its redundant
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genetic information in a manner that other organisms do not. In D. radiodurans chromosomes
may exist in pairs that are aligned relative to one another by socalled Holliday junctions and,
therefore, a chromosomal fragment in D. radiodurans can always find an intact homologous
neighbour to serve as repair template. DNA degradation occurs at DNA breaks during normal
non-severe DNA damage repair in cells. It is possible that following DNA damage, during the
repair phase, synthesis of an induced protein occurs in D. radiodurans that is required to stop
DNA degradation at the appropriate time during repair. (Minton 1994,1996; Daly and
Minton 1995).

This extreme radiation resistance of D. radiodurans and the other members of the
Deinococcaceae cannot have occurred as an adaptation to ionizing radiation because there is no
apparent selective advantage to being ionizing radiation resistant on earth because such high
natural radiation fluxes simply do not occur naturally, not even in the early days of the earths
formation (Daly and Minton 1995). The highest reported absorbed dose rate in a natural
environment is only about 175 mGy/y (measured in Th rich monazite sands in Brazil
(Minton 1996)). Desiccation of microorganisms is known to induce DNA strand break damage.
Desiccation experiments have shown that the number of double strand breaks in D. radiodurans
was dependent on the duration of desiccation, and that the number of breaks increased by
periodic partial rehydration. About 60 double strand breaks could be induced through
desiccation in D. radiodurans. Therefore, the radiation resistance of D. radiodurans may be a
serendipitous result of its ability to repair its DNA after severe dehydration (Minton 1996,
Mattimore and Battista 1996). This adaptation to dehydration is quite different from spore-
forming organisms such as Bacillus subtilis in which a multiplicity of strategies are employed to
minimize DNA damage. Thus, the efficient repair system in D. radiodurans might be best
thought of as a mechanism to heal DNA fragmentation, whatever its cause.

3.5.3 Other Protective Strategies Against Radiation

Sensitivity to radiation varies depending on culture conditions. The nature of protection could be
some metabolic byproduct present in the cell that acts as an internal protective agent. Post-
irradiation culture conditions also have a large influence on the radiation sensitivity and post-
irradiation treatment can have quite different effects on survival and mutation. For instance, the
addition of certain factors (such as glutamic acid, guanine and uracil) to the medium seems to
promote increased survival and a decrease in the rates of mutation (De Serres 1961). A study by
Krabbenhoft et al. (1967) provided evidence that the growth medium caused cellular biochemical
alterations that afforded protection against radiation damage, whereas the study by Peak et al.
(1995) confirmed the protection against neutron damage by ethanol in phage plasmid DNA.
Dewey (1963) studied the effect of adding ascorbic acid during irradiation. Results showed that
it is a powerful chemical protector of Serratia marcescens under anaerobic conditions.

Reeve et al. (1990) studied natural lipids from Deinococcus radiodurans to determine their
potential function as UV screening agents. Isolated lipids from Deinococcus radiodurans were
reconstituted into dioleoyl phosphatidyl choline (DOPC) liposomes (vesicles) and assayed for
their ability to protect cells of E. coli against killing by UV light. To rule out the possibility that
UV protection might be due to liposome-dependent light scattering, they showed that DOPC
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liposomes without lipids had little effect on the sensitivity of E. coli. In contrast, the
incorporation of various lipids from Deinococcus radiodurans into DOPC liposomes was found
in many cases to provide protection against UV killing of E. coli. By far the most protection was
afforded by the lipid Vitamin MK8. While it is possible that combinations of lipids might act
synergistically to provide greater UV protection, this is unlikely because total D. radiodurans
lipids in DOPC liposomes gave considerably less UV protection than Vitamin MK8. Although
they conclude that Vitamin K is not likely to account for the extraordinarily high degree of UV
resistance of D. radiodurans, Vitamin K does show characteristics worthy of its consideration as
a UV screening agent.

3.5.4 Pigments

The literature reviewed suggests that pigments play a role in radiation damage resistance.
However, the exact nature of that role has not yet been resolved. Mathews and Krinsky (1965)
studied the relationship between carotenoid pigments and resistance to radiation in non-
photosynthetic bacteria because extremely radiation-resistant microorganisms are highly
pigmented which could indicate that carotenoid pigments play a role in protection against
radiation damage. However, their experimental results suggested that the protective action of
carotenoid pigments is effective only when the bacteria are exposed to visible light and a
photosensitizer, whether exogenous or endogenous, and that this protective mechanism is
ineffective at shorter wavelengths They concluded that the effects of carotenoid pigments in
radiation damage is limited to protecting cells against the lethal effects of visible light and is
without effect against ionizing radiation. Krabbenhoft at al. (1967) unsuccessfully attempted to
correlate the presence of carotenoid type pigments in Micrococcus (now Deinococcus)
radiodurans with radiation resistance. Gasc6n et al. (1995) concluded that the possession of
pigments did not seem to have an important effect on the sensitivity of Rhodobacter sphaeroides
to UV radiation.

In contrast, in their studies with bacterial isolates from the USDOE Subsurface Microbial Culture
Collection, subjected to UV and gamma irradiation, Arrage et al. (1993a,b) found that aerobic
Gram-positive pigmented organisms were significantly more resistant than microaerophilic
Gram-negative organisms to both radiation treatments. They conclude that pigments have been
implicated in near-UV radiation and free radical protection, and that the presence of cartenoids
may protect against free-radical-induced cell membrane damage.

Moseley (1963) studied the variation in X-ray resistance of Micrococcus (now Deinococcus)
radiodurans and some of its less pigmented mutants. Several spontaneous mutants which had
less pigment than the wild type were isolated from M. radiodurans. One which had no pigment
was obtained by X-irradiation. The resistance to X-rays of these strains was quite different from
that of the wild type. The shoulder of the survival curve became smaller with the decrease of
pigment content of the cells, and disappeared completely for the mutant with no pigment. This
study concluded that it appears that carotenoid pigment or metabolic reactions leading to its
formation contribute considerably to the resistance of M. radiodurans to X-rays although even
the non-pigmented mutant was very resistant to X-irradiation compared with other vegetative
bacteria.
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Often bacteria isolated from extreme environments do contain pigments. An example are the
halophiles. Evaporation pools for the commercial production of salt from the sea (marine
salterns) are often red in colour due to the carotenoid pigment of extreme halophilic organisms
(Larsen 1981). However, the above review of literature showed a non-consensus about the role
of pigments in radiation resistance in general.

3.5.6 Spores and Radiation

Farkas (1994) studied the tolerance of spores to ionizing radiation and the mechanisms of
inactivation, injury and repair. Notwithstanding the occurrence of highly radiation-resistant
specific non-sporing bacteria (such as D. radiodurans), spores are in general considerably more
resistant to radiation (by a factor of about 5 to 15) than are vegetative cells of the same strain.
This difference is, however, much smaller than the difference in heat resistance between
vegetative cells and spores. For instance, for the genus Bacillus there is a difference of a factor
1000 between the heat resistance of spores of the most sensitive and the most resistant species,
whereas such spores do not differ more than about a factor 4 in radiation resistance. There is also
considerable difference between different strains of some species.

Radiation inactivation of both spores and vegetative cells appears to be related primarily to
radiation damage to DNA, particularly the formation of single- and double-strand breaks. There
is no direct correlation between the radiation resistance and heat resistance of bacterial spores,
contrary to what is observed for vegetative cells. It would appear that spore DNA is not
intrinsically radiation resistant, but has resistance imposed on it by compositional and structural
factors within the spore, i.e., the relatively dehydrated state of the spore core and the specific
conformation of the spore DNA may be responsible for its resistance.

In spores, damage to DNA may be a major cause of radiation inactivation but other components
may also be involved in radiation damage. Because of the cryptobiotic nature of dormant spores,
it is generally considered that metabolic DNA repair does not occur to any significant extent in
them. Repair enzymes, however, may be present in an inactive state in dormant spores and may
be activated during germination. It was observed in the spores of a radiation-resistant strain of
Clostridium botulinum that rejoining of DNA single-strand breaks occurred under anaerobic
conditions during or immediately after irradiation. These observations were attributed to the
effect of the polynucleotide ligase enzyme, which does not require a substrate other than the
damaged DNA. This type of spore repair can be inhibited by various chelators and is almost
completely eliminated by the presence of oxygen. Recovery of spores of Cl. botulinum in the
exponential portion of the survival curve seemed to require excision-resynthesis DNA repair
after germination, and may depend on the synthesis of new enzymes (Farkas 1994).

The environmental factors, such as temperature or sporulation medium, prevailing during spore
formation, may have an effect on radiation resistance. During irradiation, the radiation resistance
of bacterial spores is much less sensitive to environmental factors than is the case for vegetative
cells. Nevertheless, the effects of temperature and freezing may be considerable. For instance,
the maximum kill of irradiated spores has often been observed to occur at 0°C and below
freezing, survival increases because ice traps radiation-induced harmful free radicals. At high,
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but sublethal temperatures (50-70°C), radiation resistance may be higher than at or below room
temperature, probably due to enhanced annealing of free radicals at higher temperatures. The
effect of pH on radiation-sensitive spores seems to increase when temperature is reduced to the
freezing point or below. Radiation resistance of spores increases with decreasing water activity
(aw), but the effect of aw on radiation resistance is less than the effect of aw on heat resistance.
Addition of radio-protective substances to the culture environment affects survival in a variety of
ways (Farkas 1994).

In addition to inactivation of spores by damaging DNA, radiation can have other effects, such as
the stimulation of spore germination at sublethal doses of ionizing radiation. As in heat-induced
injury, radiation injury is expressed as an increase in the sensitivity of some spores to some
secondary stress. For instance, bacterial spores that survived irradiation showed a decrease in
heat resistance. Pre-irradiation before heat treatment induces more drastic changes in spores than
the reverse order of the same treatments, and this radiation-induced heat sensitivity of spores
persists for a holding period of at least several weeks at room temperature in aqueous
suspensions (Shamsuzzaman et al. 1990). Simultaneous application of heat and radiation may
cause synergistic destruction of microorganisms. Radiation-induced breaks in, or
decarboxylation of, cortex peptidoglycan may be responsible for the heat-sensitization of
bacterial spores by ionizing radiation, including the weakening of osmoregulatory or core-
dehydrating mechanisms. When gamma-irradiated spores of Cl. Perfringens were heated in the
presence of increasing concentrations of glycerol and sucrose, the heat sensitivity induced by
irradiation decreased progressively (Farkas 1994).

3.5.7 Summary

Microbes have a number of defense mechanisms against radiation damage, including cell wall
structure (gram positive cell walls offer more protection), pigments (exact role not resolved),
spores (not as effective as for heat damage), heat-shock proteins and protection by other
molecules. Cells generally have a DNA repair system that requires template instruction. This
repair system, however, is not effective for severe radiation damage, when the SOS repair system
is activated. The SOS system involves DNA repair in the absence of template instruction, which
increases the possibility of mutations.

Deinococcus radiodurans is extremely resistant to the lethal and mutagenic effects of ionizing
radiation (and other agents that cause damage to DNA). This organism has a highly effective
DNA repair system and uses its genetic information in a unique manner. Its resistance to
radiation damage may be a serendipitous result of its ability to repair DNA after severe
dehydration.

3.6 RESISTANT STRUCTURES

The vegetative cells of many bacteria can undergo some degree of differentiation into structurally
and physiologically distinct forms, classified variously as endospores, exospores, myxospores,
cysts, akinetes and resting stages. Although very diverse, common features of these cell forms
are that they possess thickened, structurally characteristic extracellular cell wall layers and are
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desiccation resistant. These forms develop, however, during the time the parent vegetative cell is
growing in an aqueous environment. Therefore, desiccation and drying are not cues for the
development of spores and other structures that happen to be resistant.

3.6.1 Spores

A spore is very different from a vegetative cell and has a much more complex structure in that it
has many layers. The outermost layer is the exosporium, a thin, delicate covering made of
protein. Within this is the spore coat, composed of layers of spore-specific proteins. Below the
spore coat is the cortex, which consists of loosely cross-linked peptidoglycan, and inside the
cortex is the core or spore protoplast, which contains the usual cell wall, cytoplasmic membrane,
cytoplasm, nucleoid etc. Thus the spore differs structurally from the vegetative cell primarily in
the structures outside the cell wall. Dipicolinic acid is found in the core of all endospores, but
not in vegetative cells. Spores are also high in calcium ions, most of which are complexed with
dipicolinic acid. This complex represents about 10% of the dry weight of the spore. The core of
a mature endospore contains only 10-30% of the water content of the vegetative cell, and has the
consistency of a gel. The pH of the core cytoplasm is about one unit lower than that of the
vegetative cell and contains high levels of core-specific proteins, i.e., small acid-soluble spore
proteins (SASPs) (Madigan et al. 2000). These proteins are made in the forespore late in
sporulation in amounts sufficient to cover the spore chromosome completely but are degraded in
the first minutes of spore germination (i.e., the SASPs function as carbon and energy source
during germination). Fairhead et al. (1994) found that binding of a, P-type SASP to spore DNA
was a significant factor in spore resistance to freeze drying and concluded that the presence of
high levels of these unique DNA-binding proteins in spores of Bacillus subtilis as well as
Clostridium species likely plays a major role in the extreme resistance of such spores to a variety
of harsh conditions and thus to their long-term survival both in the laboratory and in natural
environments. In contrast, Farkas (1994) concluded that neither a, P-type nor y-type SASP
appear to be involved in gamma-radiation resistance in spores, although they are involved in
protection against drying and heat.

3.6.2 Cell Shapes and Other Strategies

The shapes and forms of bacterial colonies may play an important role in determining the extent
to which cells evade damage from drying, oxygen and other perturbants. For a given volume, a
sphere presents the minimum surface area to the vapour phase, thus retarding the net rate of
evaporation. Also, the water present in the colony, usually the interstitial component present in
the extracellular wall layers, reduces the net diffusion of gases (oxygen) by 4 orders of
magnitude. In view of the destructive effects of oxygen during desiccation, the genes involved in
oxygen-scavenging mechanisms are likely to be important in the tolerance of bacterial cells to air
drying.

Bacteria of the genus Arthrobacter are extremely common in soils and often constitute more than
one half of the total bacterial populations. The low minimum growth rate, the accumulation of a
large amount of reserve material, the rapid and drastic decrease in endogenous metabolism and
the long survival times during starvation, the high resistance to desiccation in soil and the small
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spheroidal shape of cells under conditions of nutrient depletion might be the basis for the
ecological prominence of Arthrobacter in arid soils (Cacciari and Lippi 1986). Chen and
Alexander (1973) studied survival of Arthrobacter as a function of aw and found that the
minimum aw for growth was 0.940. Mugnier and Jung (1985) studied the survival of
Arthrobacter trapped in biopolymer gels as a function of aw. The number of viable cells
remained constant for storage periods of > 3 years at 28 C at aw of 0.069. Most bacteria cannot
grow below water potential < 15 bar (aw <0.99) but according to Biederbeck et al. (1977), growth
of Arthrobacter oxidans could take place at water potentials as low as -1300 bar (aw <0.4).
Desiccation tolerance seems to be an important factor in the numerical predominance of
Arthrobacter species in soils. In addition to its ability to synthesize large amounts of indigenous
glycogen-like substances, Arthrobacter has the ability to produce extracellular polysaccharides
(EPS).

3.6.3 Glasses

Bacterial vegetative cells may accumulate significant amounts of a diverse collection of solutes.
Some of these solutes (succrose, trehalose) can behave as aqueous glasses, some of which are
stable at 90°C. The thermal transition characteristic of glasses is such that they could provide
protection between 0°K and 90°C. EPS may also have these properties, but whether glasses
could form in complex biological systems is unclear. In the glassy state, reactions are slowed to
periods that are more than sufficient for the times some bacteria may remain viable in the
desiccated state. All water in a bacterial glass would be immobilized and the properties of this
extremely crowded cytoplasmic glass would appear to be consistent with the requirements for
long-term stability. However, the existence of bacterial glasses has not been confirmed yet.

It has also been suggested that spores consist primarily of glasses. Sapru and Labuza (1993) used
polymer glass-transition theory to gain information about a possible general mechanism to
explain the high heat resistance of bacterial spores. In a glassy state the configuration of vital
macromolecules and supramolecular assemblies in the spore protoplast would change extremely
slowly when heated. The temperature dependence for heat inactivation rates above the glass-
transition temperature was shown to be free-volume dependent and described by the kinetics
commonly observed for glassy polymers. Glass-transition temperatures for various spores,
predicted by nonlinear regression analysis of their heat inactivation rates at different
temperatures, increased with increasing heat resistance as expected.

3.6.4 Summary

The vegetative cells of many bacteria can undergo some degree of differentiation into structurally
and physiologically distinct forms which provide increased tolerance to adverse conditions. A
common feature of these growth forms is that they possess thickened, structurally characteristic
extracellular cell wall layers. The shapes and forms of bacterial colonies may also play an
important role in determining the extent to which cells evade damage from perturbants.
Compatible solute production and EPS may possible induce glassy states in bacteria, which may
afford protection against high temperature.
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3.7 MUTATION

Genetic recombination is the process by which genetic elements contained in two separate
genomes are brought together in one unit; through this mechanism new genotypes can arise even
in the absence of mutation. Mutation is the inherited change in the base sequence of nucleic acid
(DNA) comprising the genome of an organism. A strain carrying such a change is called a
mutant. A mutant will by definition differ from its parental strain in genotype, the precise
sequence of nucleotides in DNA. But in addition, the visible properties of the mutant, its
phenotype, may also be altered relative to the parent strain, usually the wild type strain. Mutant
derivatives can be obtained from either wild type strains or from a strain derived from the wild
type, for example, another mutant (Brock and Madigan 1991). In most cases the changes in the
base sequence of the DNA lead to changes in the organism that are harmful but occasionally
beneficial changes occur.

Mutations can either be spontaneous or induced. Spontaneous mutations in any gene occur about
once in every 106 to 1010 replications. There are wide variations in the natural rates at which
various types of mutations occur. Point mutations are changes of single bases that may or may
not lead to changes in protein because of the fact that the genetic code is degenerate, meaning
that there is no one-to-one correspondence between word and code (there are several codes for
one amino acid). Point mutations are usually reversible through further mutations. A silent
mutation is a point mutation that does not lead to a change in the protein. A missence mutation
results in a change in the protein, which may or may not result in loss of activity of the protein.
In a nonsense mutation, the point mutation causes the formation of a stop codon, which causes
premature termination of the translation, leading to an incomplete protein, that is almost certainly
not functional.

Deletions are due to elimination of portions of the DNA of a gene, either small or large. If the
deleted segment is large, restoration can only occur through genetic recombination. Insertions
occur when a new base or several bases are added to the DNA of the gene. Generally, insertions
do not occur by simple copy errors as do deletions, but arise from mistakes that occur during
genetic recombination. The genetic code is read from one end in consecutive blocks of three
bases and any deletion or insertion of a base results in a reading-frame shift, which causes the
translation of the gene to be completely upset. Partial restoration resulting in active proteins is
possible through insertion of another base near the one deleted. Nonsense mutations near the
beginning of translation (the 5' end) will have much more severe effects than nonsense mutations
farther down the chain. This is called polarity. Because of polarity, nonsense mutations at the 3'
end will generally have no effect on genes translated at the 5' end. Many but not all mutations
are reversible. Suppressor mutations are new mutations that suppress the effect of the original
mutation and restore the original phenotype. Genetic transformation is a process by which free
DNA is incorporated into a recipient (competent) cell and brings about genetic change (Brock
and Madigan 1991).

Rates of mutations vary widely, but may be significantly increased by the use of mutagenic
treatments, such as chemicals, UV radiation and ionizing radiation. Many kinds of mutations
arise as a result of faulty repair of damage induced in DNA by mutagens. A complex cellular
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mechanism, the SOS regulatory system, is activated as a result of DNA damage. This initiates a
number of DNA repair processes, but since they occur in the absence of template instruction,
many errors and hence mutations may occur (Brock and Madigan 1991).

Traditional assumptions are that spontaneous mutations arise randomly, and multiple mutations
are the result of completely independent events. Hall (1988) questioned this, because it was
found that spontaneous double mutants occurred orders of magnitude more frequently than
expected on the basis of independent mutations. Therefore, mutation rates may be highly
variable and subject, like other cellular processes, to modulation by normally encountered
environmental factors. There seems to be an entire class of mutations that occur only when they
are advantageous to the cell. Cairns et al. (1988) also discussed the question of random versus
directed mutation and described some experiments suggesting that cells may have mechanisms
for choosing which mutations will occur (i.e., directed mutation under the control of genes).
They suggested that both may be occurring in the same strain. For instance, the work by Hall
(1977) showed that E. coli (lacking lactose fermentation) had to mutate to acquire lactose
fermentation. Many mutations occurred during growth in yeast extract or M9 glycerol prior to
plating on minimal lactose plates, but some happened on the plates in the presence of lactose,
which put pressure on the cells to become lactose fermentation positive (lac+). Hall (1977)
proved that the accumulation of late lac+ mutants occurred only in the presence of lactose.

This E. coli experiment suggested that populations of bacteria, in stationary phase, have some
way of producing (or selectively retaining) only the most appropriate mutations in response to
selection. It may be due to the activation of cryptic genes in E. coli. Cryptic genes are genes
that are present but not readily expressed. Bacteria apparently have an extensive armoury of
such cryptic genes that can be called upon for the metabolism of unusual substrates. The
mechanism of activation varies. In some cases it occurs simply by the movement of an insertion
sequence into a position upstream of the cryptic gene, but in others it may require several
changes in base sequence (each with perhaps a frequency of less than 10"8). It is difficult to
imagine how bacteria are able to solve complex problems like these - and do so without at the
same time accumulating a large number of neutral or deleterious mutations, unless they have
access to some reversible process of trial and error.

3.7.1 Summary

Mutation is the inherited change in the base sequence of DNA, and may be spontaneous or
induced, often as a result of faulty DNA repair. A mutant differs by definition from its parent in
genotype but may or may not differ in phenotype. In most cases mutations lead to changes in the
organism that are harmful but occasionally beneficial changes occur. It has been suggested that
bacteria in stationary phase may be able to retain only the advantageous mutations, as a result of
the activation of cryptic genes.

3.8 EXOPOLYSACCHARIDES (EPS) AND BIOFILMS

In environments with very dilute nutrient concentrations (such as most deep subsurface
environments), the local enrichment of nutrients on adsorptive surfaces increases their microbial
utilization. Microbes preferentially grow on these surfaces in biofilms which provides them with
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a better chance of surviving the nutrient-poor conditions in that environment. Bacteria growing
in a wide variety of environments have been shown to be surrounded by a fibrous, anionic,
exopolysaccharide (EPS) matrix which acts as an ion-exchange resin, attracting and
concentrating charged nutrients and organics. This sessile biofilm mode of growth may protect
adherent cells from environmental toxins.

Many bacteria respond to desiccation by channeling energy and nutrients into the production and
secretion of copious amounts of EPS that have a high viscosity and tend to be hygroscopic, often
contain more water than the bulk environment and may decrease the degree of water loss from
the cells. It seems that the cryoprotective effect of saccharides is a general characteristic and not
limited to mono- or disaccharides and that carbohydrates in general and EPS in particular may
function as very efficient, protective agents if they are appropriately attached to the cell walls or
membranes. Functions of EPS in addition to protection against desiccation may include
anchorage to the substrate, protection against phagocytic predation, masking of antibody
recognition, prevention of lysis by other bacteria and viruses and protection against oxygen
damage during desiccation.

The synthesis of EPS in bacteria is not only complex but requires the coordinated expression of
sets of genes that respond to changes in the water potential of the cell and its environment. It
seems likely that EPS synthesis represents a focal point of the ability of some bacteria to express
desiccation tolerance. Potts (1994) provides a set of essential features of a protective
extracellular biopolymer, which include properties such as high water retention, complex
structure resulting in a poor substrate for utilization by competitors, toxic to prevent grazing by
eukaryotes, and no interference with cell functions and other activities.

3.8.1 Summary

In dilute environment, bacteria may attach to surfaces where they survive better in biofilms.
Bacteria growing in a wide variety of environments are often surrounded by a fibrous EPS
matrix. Functions of EPS include concentrating nutrients and organics, protection against
desiccation, anchorage to the substrate, protection against phagocytic predation, masking of
antibody recognition, prevention of lysis by other bacteria and viruses and protection against
oxygen damage during desiccation.

3.9 CROSS-PROTECTION RESULTING FROM ADAPTIVE STRATEGIES

This chapter has discussed the microbial capabilities and adaptive strategies employed by
microorganisms as a response to a variety of (extreme) individual environmental stresses.
However, it is often the case that several stresses occur simultaneously (or consecutively). It is
apparent from the literature that some of the adaptation and survival strategies employed by
microorganisms may have synergetic protection against multiple stress factors. An important
example is the observation that production of heat shock proteins as a result of heat shock
appears to provide protection against radiation stresses (Mitchel and Morrison 1982a,b, Fujikawa
and Ohta 1994, Lage and Menezes 1994). Details of cross-protection occurrences relevant to this
review and the Yucca Mountain environment are discussed in Chapter 5 (Section 5.7).
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The Yucca Mountain (YM) environment and the potential perturbations that may take place as a
result of the construction and operation of a high level radioactive waste repository are the
subject of a large number of reports (e.g., Hardin 1998, Wilder 1996, Wilder 1993). This chapter
is limited to a discussion of the particulars of the YM environment and how it is expected to
change over time, as they pertain to the potential for microbial occurrence, activity and survival
in a YM repository.

The Topopah Spring Tuff geological unit of YM has been selected for appraisal as a potential
nuclear waste repository site. This horizon is in the unsaturated or vadose zone, about 300 m
below the surface and at least 200 m above the water table. This horizon, consisting of a welded
devitrified ash flow tuff, is porous and fractured and the pores are partially filled with water. It is
estimated that the region is >90% saturated. The remaining pore space is filled with gas that has
essentially an atmospheric composition, but is perhaps somewhat richer in CO2. The water is
believed to be a NaHCO3 groundwater of near drinking water quality with a near-neutral pH.
Since this horizon is above the water table and porous, even under natural conditions intermittent
periods of wetting and drying as a result of surface water infiltration (precipitation) are expected.
In addition, the waste packages to be emplaced within such a repository will produce heat from
the decay of radionuclides in the waste and this heat is expected to drive away a substantial
amount of water in parts of the YM horizon, which may then condense in locations further away
from the heat source. The evaporating water is expected to leave evaporite deposits closer to
the near field and condense in locations further away from the heat source. Above the repository
horizon such water may be able to re-circulate, increasing the evaporite deposit. On rewetting,
the evaporites may dissolve to form aqueous solutions of substantially higher ionic strength.
These intermittent wetting and drying periods and the redistribution of moisture as a result of
heat will probably result in considerable variations in the salt content of the pore water at the YM
site, and this could, therefore, possibly exert a fluctuating osmotic stress on microorganisms at
these locations.

Although the geological horizon selected as a potential site for a high level radioactive waste
repository is described as a single unit, it is by no means physically or chemically homogeneous.
The rock itself is a welded tuff, which might at the resolution of models be considered
homogeneous, but vugs (openings caused by expanding gases during the original formation of
the rock), fractures, and fracture fillings give it a heterogeneous character. In addition, the
physical openings of the repository and the chemical and physical properties of the materials that
would be selected add an additional degree of heterogeneity. The construction and operation of a
nuclear waste repository in this horizon will result in a number of physical changes to the
environment that will have considerable consequences for the occurrence, survival and growth of
microorganisms in this region.

Projections of temperature changes as a result of the emplaced waste packages are very uncertain
at present because the precise thermal loading conditions in a future repository have not been
defined. However, temperatures in the near field are expected to initially increase, over a period
of decades, to as much as 200°C, with subsequent cooling after about a 200 year period as
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radioactive decay progresses. For all loading conditions that appear physically possible at
present, the temperature in the vicinity of the waste packages significantly exceeds 100°C for
more than 100 years.

Temperature changes are expected to modify the chemistry of water in a repository environment
over time, due to the dissolution and precipitation of solid phases in both the rock and introduced
materials, and computer modelling codes are available to evaluate many long-term abiotic
geochemical reactions. Temperature changes and high temperatures will also affect the
microbial population naturally present in the rock and/or introduced with repository construction
and materials emplacement. The present understanding of microbial effects in a repository is not
complete and a better understanding of expected biological changes and reactions as a result of
temperature is crucial in order to develop a more complete and satisfactory scenario of the
biological processes that may affect the performance of the repository.

The most extreme gradients in pH and chemical composition are expected to be due to repository
components, both the mechanical stabilization and transportation components as well as the
waste packages themselves. As discussed above the chemical properties will vary with time. In
addition, construction materials will vary in physical properties such as porosity, permeability
and aw through time.

Depending on the design of the waste package, i.e. thin-walled or thicker-walled, and depending
on the age of the waste, it is possible that a certain amount of radiation will emanate from the
waste packages emplaced in a YM repository. If the waste packages are designed such that they
are not self-shielding, radiation effects will occur but they will be felt only close to the packages
because of the efficient shielding of radiation by potential surrounding materials such as backfill,
concrete and rock. Therefore, any radiation effects should occur only in the near field
environment of a YM repository containing non-self-shielding containers.

Microbes have been found in freshly excavated tunnel rock from YM (Amy et al. 1992,
Haldeman and Amy 1993). These microbes must have been present in the rock before excavation
because they were found throughout the rock samples and not in the surface layers only.
Communities that have not expressed themselves locally have the potential of expressing
themselves if conditions change to support their growth. For example, although cryptoendolithic
communities would not be found in the YM subsurface (they rely on photosynthesis), they could
possibly form in the YM tunnel walls over time during the operational phase of the repository
(artificial light, drying conditions as a result of tunnel ventilation) because generally, porous rock
with a certain minimum density can be inhabited by cryptoendoliths.

The factors of most importance to microbial activity at YM are water, temperature, pH, nutrition
and radiation, and these will be discussed in relation to prevailing and expected conditions at YM
in this chapter.

4.1 WATER AVAILABILITY

Water is essential to microbial activity and it is generally agreed that if water is not available,
microbial activity will not occur. Water will be available at YM intermittently and it is available
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to some extent in the rock. Although rock saturation is routinely measured in rocks, other factors
such as water potential and water activity more appropriately describe the availability of water to
microorganisms. However, the present YM environment is not characterized in this manner and
the degree to which it will change over time is not presently known. Therefore, the following
sections describe the relationship between relative humidity, water potential and water activity,
water retention by porous materials and methods for in situ measurement of water potential.

4.1.1 Relationship Between Relative Humidity, Water Potential and Water Activity

Water in an unsaturated environment and in living cells is normally subject to certain forces that
lower its potential energy relative to free water in the reference state. Since pure, free water is
usually assigned a water potential of zero, the potential energy of water in unsaturated systems is
always negative. Water flows spontaneously from high to low potentials and the availability of
water for physiological processes decreases as the potential is lowered. The following is a
summary of the theory and measurement of water potential as explained in the articles by
Papendick and Campbell (1980), Brown (1976,1990) and Potts (1994).

The total water potential (\|/) can be expressed as a sum of components identifiable with the
forces that retain, or act on, the water and affect its energy state:

V = Wn + V|/m + \|/g - \|/p + \|/Q [4.1]

Where:
\\fn = the osmotic potential due to solutes in the water (always

negative)
\\fm = the matric potential which includes both adsorption and

capillary effects of the solid phase (always negative)
\|/g = the gravitational potential, proportional to elevation

differences from the reference (negative or positive,
depending on the reference level)

\|/p = the pressure potential resulting from external gas or hydraulic
pressure applied to the water (negative or positive, depending
on the reference pressure)

\|/Q = the overburden potential caused by weight from overlying
matter on water present in a nonrigid porous body (always
positive)

In most soil systems, matric and osmotic components contribute more significantly to the water
potential than the others and exert a greater effect on water flow and availability for
physiological processes. The matric potential is the largest component in most unsaturated soils
and the osmotic potential is significant in saline soils. Differences in water potential across small
distances such as the thickness of a cell wall can exist only if resistance to flow is very high. The
water potential of a microbial cell in soil is, therefore, likely to be in near equilibrium with that
of its immediate environment, even though components of the water potential may differ
substantially over short distances.
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Water potential can be expressed in thermodynamic terms:

V = (Mw - i C W . [4.2]

in which
Hw =the chemical potential of the water in a particular system
jn.w° = the chemical potential of pure free water (nw°) at the same

temperature
Vw = the partial molal volume of water (1.8 x 105 mVmole at 4°C)

The thermodynamic expressions relating to water potential for equilibrium conditions between
the liquid and vapour phases and for water in aqueous solutions are:

\|/ = RT/Vw x In h = RT/VW x In aw = RT/VW x In (p Nw [4.3]

in which

R = universal gas constant (8.31 x 105 m3 bar/mole.K;
lbar=105NorPa/m2)

Vw = the partial molal volume of water (1.8 x 105 mVmole at 4°C)
R/Vw = 0.461 MPa K' when expressing \|/ in MPa or 4.61 when

expressing \j/ in bar
T = Kelvin or absolute temperature
h = equilibrium relative humidity (a fraction)
aw = water activity (a fraction)
(p = activity coefficient
Nw = mole fraction of water

An approximate relationship between water potential (in bars) and relative humidity at 20°C is:

\|/ = 1350 x (h-1) [4.4]

A change in relative humidity of 0.01 is, therefore, equivalent to a change in water potential of
about 14 bars. Growth of microorganisms often responds to changes in water potentials of
several bars or less, sometimes even to fractions of bars, corresponding to relative humidity
changes of 0.001 or less. Microbial activity has been reported at humidities below 0.7 (water
potential of about -500 bar). Where ambient humidity is above 0.7, it may be possible to
measure the activity of certain microorganisms even in air dry soil.

Microbiologists have tended to discuss microbial water relations in term of water activity, aw.
Water (or solvent) activity is numerically equal to the vapour pressure of the solution relative to
that of the pure solvent:
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where
P and Po are the vapour pressures of the solution and solvent and
nw = the number of moles of water (55.51 molar)

= the number of moles of all solutesn

For a 1 molar solution, P/Po = 0.9823 and such a solution has a water activity of 0.9823 and will
equilibrate with an atmosphere of 98.23% relative humidity.

In an ideal solution, aw is independent of temperature. The effect of temperature is small for
dilute non-ideal solutions and for concentrated, non-ideal solutions is significant to the extent
that it affects the activity coefficient of solvent or solute. Table 4.1 (after Brown (1976) and
Pedersen and Karlsson (1995)) shows a list of approximate limiting water activities for microbial
growth.

TABLE 4.1

APPROXIMATE LIMITING WATER ACTIVITIES FOR MICROBIAL GROWTH

Water Activity (aw) Material Bacteria Yeasts Fungi

1.000
0.995
0.990

0.98

0.95

0.90

0.85

0.80

0.75

0.70

0.65
0.60

pure water
human blood
groundwater
(500 m)
sea water

bread

maple syrup,
ham
salami

fruit cake, jams

salt lake, salt fish

cereals, candy
dried fruit

Caidobacter, Spirillum
Streptococcus, Escherichia
Bacillus, Pseudomonas
sulphate-reducing bacteria
Pseudomonas, Vibrio
sulphate-reducing bacteria
most gram-positive rods

most gram-positive cocci
Lactobacillus, Bacillus
Staphylococcus

Halophiles

Basidiomycetous
yeasts
Ascomycetous
yeasts

Saccharomyces
rouxii (in salt)
Debaromyces
(in salt)
Saccharomyces
bailii (in sugars)

Saccharomyces
rouxii (in sugars)

Basidiomycetes

Fusarium
Mucorales

Penicillum

Wallemia,
Aspergillus
Xerophilics
Chrysosporum
Eurotium

Xeromyces
bisporus
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4.1.2 Water Retention by Porous Materials

Water in porous media (such as YM Tuff) is retained largely by matric forces in pores and
interconnecting pore necks, as lenses at points of contact between mineral and/or organic
particles, and as films on particle surfaces. At saturation water content, all pores are filled with
liquid water and the matric potential \\fm is zero. As water is removed by processes such as
drainage, the largest pores empty first (\j/ro is lower in the smaller pores than the larger ones). The
water content of porous media at a given matric potential depends, therefore, on the total pore
volume that is interconnected and on the size distribution of the pores, which in turn are related
to the size of the constituent particles. For instance, coarse-textured soils low in organic matter
typically range in porosity from 0.3 to 0.4, whereas the porosity of clay and organic-rich soils
may exceed 0.6.

Typical water content - water potential relationships for porous materials are of the general form:

\|/ = a 0b [4.6]

in which
9 = water content
a and b = constants for a given porous material

Studies of the response of microorganisms to water require both the water content and water
potential of the system under study. At water potentials < -1 bar, the water content - water
potential relationship of soil is dominated by surface adsorption effects. When the thickness of
the water film is reduced to 6 to 8 molecular layers of water, plants are virtually unable to extract
the water and growth ceases. For a clay soil with a specific surface area of 220 m2/g, and a water
content of 0.22 mVm3, the water, if spread evenly, would cover this surface with a thickness of
only 0.8 nm.

Most soils contain a wide range of particle sizes (from sand, 2 mm to <0.002 mm for clay). The
individual grains are packed or arranged in different ways resulting in a broad distribution of
pore sizes. The capillary rise equation relates the matric potential of water in a capillary to the
radius of curvature r (^im) of the meniscus:

[4.7]

in which
a = surface tension (72.7 g.sec2 or 0.727 bar. fim at 20°C)

The capillary rise equation can be used to estimate the pore size distribution in a porous matrix
such as soil. A decrease in matric potential from yml to y^ will result in release of water from
pores of an effective diameter ranging from d, to dj (this approximation is only valid at high
matric potentials, i.e., >1 bar). When a saturated soil is allowed to drain, a certain amount of
tension or 'pull' must be applied to the water before the largest pores will begin to empty. The
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matric potential at which the pores of a saturated soil first begin to drain is called the air entry
potential.

Desiccation plays a determinative role in the ecophysiology of bacterial communities found in
aerophytic environments, on and inside rocks, on and in soils, in crusts and accretions, in soils
and sediments, in the phyllosphere, in dusts and aerosols and on the skins of animals and
humans. At high matric potentials water retention in soils and sediments is dependent on the
capilliary effects and is therefore strongly influenced by soil structure. At lower potentials the
effect of structure is much less pronounced and the soils texture and specific surface are more
important. A soil water potential of 0.1 bar is normally associated with water saturation of soil
capillaries of < 30 urn in diameter, 0.3 bars with capillaries < 4 u,m and at potentials < 5 bar the
soil water is thought to be distributed as a film only a few water molecules thick (Potts 1994).

Table 4.2 (from Papendick and Campbell 1980) shows the relationship between water potential,
relative humidity (or aw), and effective pore diameter in soil at 20°C, calculated with the capillary
rise equation.

TABLE 4. 2

RELATIONSHIP BETWEEN WATER POTENTIAL.
ACTIVITY

Water Potential
(Bar)

-0.001
-0.002
-0.005
-0.1
-0.02
-0.05
-0.1
-0.2
-0.5
-1
-2
-5
-10
-20
-50
-100
-200
-500
-1000
-2000
-5000

. RELATIVE HUMIDITY (OR WATER
a,v) AND EFFECTIVE PORE DIAMETER IN SOIL AT 20°C

Relative Humidity

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9999
0.9999
0.9996
0.9993
0.9985
0.9963
0.9926
0.9853
0.9637
0.9286
0.8624
0.6906
0.4769
0.2274
0.0247

Effective Pore Diameter
(jun)

2908
1454
582
291
145
58.2
29.1
14.5
5.82
2.91
1.45
0.582
0.291
0.145
0.058
0.029
-

-
-
-
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If the effective pore diameter distribution in Topopah Spring Tuff is known or could be
determined, it may be possible to calculate a 'composite' water potential and hence an aw value,
which could then possibly be used as an 'on-off switch' in modelling attempts of microbial
activity in the YM environment. Due to the heterogeneity of the tuff unit, it is expected that
several water potential values may be more useful than one average value.

4.1.3 Methods for Measuring Water Potential

It is important to note that although water potential is one of the most important physical
properties of soil, measurements relevant to YM are lacking, to some extent because it is
difficult and tedious to measure reliably. A number of methods are briefly reviewed by Gee et
al. (1992). One method involves equilibrating samples over salt solutions (of known water
potentials) and then weigh the samples periodically until a constant weight (or water content) has
been reached, which can take weeks to months. Another method involves measuring wetbulb
depression of water in equilibrium with the sample, using thermocouple psychrometers (Rawlins
and Campbell 1986). Depending on the type of psychrometer used, water potentials that can be
accurately obtained have limitations in certain ranges. This has made such measurements
somewhat uncertain. Measurement of water potentials of relatively dry samples has also been
difficult. Gee et al. (1992) also presented a method using a Decagon water activity meter,
(Decagon Devices, Pullman, WA), that was originally developed to measure aw values in food
and fibre samples, but performs just as well on soil samples. This meter was used successfully by
Stroes-Gascoyne et al. (1997) on samples of compacted buffer material designed for a Canadian
nuclear fuel waste disposal vault. The concept of aw was also used by Stroes-Gascoyne et al.
(1996) in evaluating the results from the buffer/container test in which the occurrence of viable
bacteria in (heated) compacted buffer material was studied as a function of temperature and
moisture content. In this study viable bacteria could no longer be cultured in buffer samples with
a moisture content below 15% which converted to a water activity of 0.96.

The water activity meter may be an excellent tool to create a similar correlation between
moisture content in YM samples and the ability to sustain viable and active bacteria in YM tuff.
In fact, some data are already available. Kieft et al. (1993) studied microbial abundance and
activities in relation to water potential in the vadose zones of arid and semiarid sites. Samples
taken from volcanic tuff from the Nevada Test Site, where YM is located, were included in this
study. Water potentials ranged from -36 to -62 MPa in samples of vitric tuff which corresponds
to approximate aw values of 0.75 and 0.65, and viable plate counts were generally below the
detection limit. Water activity (calculated as a function of moisture content, itself a function of
precipitation and subsequent water transport through tuff) could possibly be used in a model to
be the 'on-off switch' for microbial activity.

4.2 TEMPERATURE

The waste packages to be emplaced within a YM repository would produce heat from the decay
of radionuclides in the waste. Projections of temperature are very uncertain at present because
the precise thermal loading conditions in a future repository have not been defined. However,
temperatures in the near field are expected to initially increase, over a period of decades, to as
much as 200°C, with subsequent cooling after about a 200 year period as radioactive decay
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progresses. For all loading conditions that appear physically possible at present, the temperature
in the vicinity of the waste packages significantly exceeds 100° C for more than 100 years.

4.3

For the conditions in a proposed YM repository, acid pH values could potentially occur as a
result of microbial activity, which generally has a pH decreasing effect because of the metabolic
byproducts (organic and inorganic acids) that are formed, or as a result of the direct thermal
degradation of materials such as PVC (which is a standard pipe material). Under suitable
conditions (i.e., presence of O2 and availability of reduced S and Fe , such as in pyrite),
Thiobacilli may drastically lower the pH of the environment.

Depending on the final repository design, the use of concrete in the repository (e.g., concrete
inverts on which the waste packages would be placed; concrete liners with which the drifts will
be lined), could be considerable. Areas with high (concrete-induced) pH values may be quite
common and heterogeneously distributed in a repository setting (Meike 1997). The chemical
degradation is dependent on the original formulation and pre-treatment and the thermal-, gas
chemistry-, and hydrological history of the environment. That degradation history will determine
longevity of the high pH. This effect is discussed in detail elsewhere with respect to modelling
and experimental studies (Meike 1997).

4.4

The movement of nutrient and metabolic by-products in and out of an ecosystem is controlled by
factors such as the flow characteristics of the system, porosity, solubility, diffusion, viscosity,
and specific gravity. Ecosystems with extensive flow or turbulence such as rivers and oceans
have considerable movement of materials. Soil systems which are almost static with respect to
flow depend on diffusion to move materials. In terrestrial ecosystems diffusion of materials is a
function of porosity. Diffusion of materials occurs through the pores and exchange rates between
material in the interstitial spaces and external sources affect diffusion rates and the availability of
materials essential for microbial growth and activity. Movement of nutrients is further affected
by sorption onto inorganic components in the environment which can reduce availability of
nutrients in general, with a resulting overall decrease in microbial productivity. If the substance
is toxic, the sorption of the toxic compound onto inorganic components would tend to have the
opposite effect (increase productivity). Because of adsorption, even excessive levels of
microbial inhibitors fail to completely suppress microbial activity in soil.

The present environment at YM is oligotrophic with respect to the supply of nutrients available
for bacterial growth. Bacteria in oligotrophic environments often survive in a state of
"suspended animation", in biofilms, are small, and may have generation times of tens to
hundreds of years (Fredrickson and Onstott 1996). However, even in such an environment, their
influence on the geochemical conditions could still be significant on a geological time scale.
Furthermore, the establishment of a repository may change the nutrient status of the originally
oligotrophic environment through the introduction of nutrients as a result of repository
excavation, construction, operation and emplacement of the waste (e.g., Stroes-Gascoyne and
Gascoyne 1998, Meike 1994, Meike and Wittwer 1994). In the proposed repository, the
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complete assessment of nutrient availability is complicated by the degradation of construction
materials over time. The massive amounts of iron and iron alloys, concrete and polymers that are
part of the construction design or implicit necessities of construction, will degrade and the
nutritive constituents will become available to microbes over time. This degradation is difficult
to assess for two reasons. One is the period of time over which the repository is intended to
function and the other is the potential chemical reactions and phase changes that occur at the
elevated temperatures that the repository will experience.

Various construction components (e.g. polymers and concrete) are expected to degas
hydrocarbon and water vapor, the character of which in addition to the availability due to
condensation or diffusion away from the local environment will depend on the thermal
perturbation.

4.5 RADIATION

A high-level nuclear waste repository at the YM site would be designed to store many containers
of waste. Microbes inside the waste package would be subject to radiation from the encapsulated
waste. However, depending on the design of the package, i.e, thin-walled or thicker-walled, the
age of the waste, and the state of the package through time, the environment outside the waste
package may not experience radiation. If the package is designed to have a thin-walled
container, or should a container breach occur, it is possible that a certain amount of radiation will
emanate from the waste package into the immediate surroundings. In that case, microbes living
near the waste containers may receive a continuous dose of radiation but these effects will be felt
only very close to the containers due to shielding by surrounding materials such as backfill,
concrete and rock. For instance, King and Stroes-Gascoyne (1995) calculated that radiation
effects in the Canadian repository concept likely would extend only about 40 cm into the buffer
surrounding thin-walled waste containers.

Arrage et al. (1993a,b) subjected six bacterial isolates from the USDOE Subsurface Microbial
Culture Collection to UV- and y-radiation. The study included three aerobic Gram-positive
strands and three microaerophilic Gram-negative strains. All bacteria were tested for radiation
resistance during the stationary phase of growth since cells are most resistant to radiation at this
stage. They found that the aerobic Gram-positive organisms were significantly more resistant
than the microaerophilic Gram-negative organisms to both radiation treatments.

The occurrence of indigenous microorganisms has been studied at the Nevada Test Site (e.g.,
Amy et al. 1992, Haldeman and Amy 1993). Amy et al. (1992) studied almost 50 endolithic
aerobic isolates from the Nevada test site and found that 89% were Gram-negative and 65% were
pigmented, which may afford some protection against radiation damage (Section 3.5.2).

Pitonzo et al. (1999a) studied the radiation resistance of native endolithic microorganisms
present in rock obtained from YM, using y-radiation and pulverized but otherwise unamended
rock samples. Cumulative radiation doses ranged from 0 to 9.34 kGy. Radiation-resistant
microorganisms in the rock samples became viable but not culturable (VBNC) after a cumulative
dose of 2.33 kGy. VBNC microorganisms lose the ability to grow on media on which they have
been routinely cultured in response to the stress imposed (radiation) but they can still be detected
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using direct fluorescent microscopy technique and the respiring cell count procedure (Rodriguez
et al. 1992). The metabolic capability of the irradiated organisms was reduced considerably.
However, this work showed that microbes in YM samples can survive y-radiation in VBNC state.
In a subsequent study, Pitonzo et al. (1999b) stored the irradiated rock samples for 2 months at
4°C, in an attempt to resuscitate the VBNC microbes to a culturable state. Culturable bacteria
that had previously been nonculturable were found at all radiation doses in the samples after cold
storage, but in numbers that were orders of magnitude lower than the culturable organisms in the
unirradiated samples. The number of colony types also decreased from 26 to 10, and metabolic
capacity only recovered partially. These results show that microbes can survive considerable
radiation doses in a VBNC state, but will recover some of their previous culturable and metabolic
capabilities, once the radiation stress is removed. For a YM repository this could imply that
radiation will likely curtail activity and metabolic capability of microbes (indigenous or
otherwise) present, but that part of this activity can be restored once radiation fields have
decayed away to lower values.

4.6 REDQX CONDITIONS

It is likely that very large quantities of Fe alloys will be introduced into the proposed repository
as waste packaging material and/or mechanical support. However, unless the repository
environment becomes airtight, the oxidation of the iron will occur at a rate that is much slower
than the exchange of oxygen with the atmosphere and will not affect the chemical composition of
the atmosphere in the drifts (Meike and Glassley 1997).

It is expected that the proposed repository will be aerobic during most of the lifetime of interest.
Microbial populations would be expected to succeed one another in order to take advantage of
the developing environment. It is difficult to measure Eh in natural habitats and there is
considerable heterogeneity, both on larger and smaller scale. The Eh at YM is expected to be
oxidizing, but may vary from oxidizing to reducing on a microscale (i.e., so-called micro-
environments), and microbial processes will vary accordingly and locally.

Even when the repository is predominantly aerobic, anaerobic microbial activity will probably
occur locally. Should thermal conditions produce a vapor seal around the repository drifts, then
anaerobes might be expected, especially if other non-biotic processes, such as metal oxidation
serve to increase oxygen consumption inside the seal. However, locally, pockets of anaerobes
will probably exist, even in a predominantly aerobic environment.

4.7 PRESSURE

At YM, some subsurface microorganisms may be subjected to a lithostatic pressure. However,
the pressure in the drifts and fractures will be at atmospheric pressure during most of the
repository lifetime. It is possible, during the thermal pulse, that a condensation front may
temporarily seal the drift environment and during that period the drift environment may
experience pressures that exceed one atmosphere. The extant population will be adapted to this
but any introduced organisms may be partially and temporarily rendered less active during
adaptation to the higher pressures. It is likely that pressure has only a small influence on the
overall microbial activity in the repository drifts. Other factors such as nutrient availability,
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water activity and temperature are likely much more important in controlling microbial activity
in and around a repository. However, the possible significance of pressure, especially for
hyperthermophiles that survive high pressures is within sealed waste containers. In this case it is
important to determine whether radiation is sufficient to deter microbial activity within the
containers.

4.8 DESIGN OPTIONS

As discussed in detail in other reports (e.g. Meike 1996, Meike 1998a,b) construction materials
and materials brought into the proposed repository as a result of repository construction and
operation may provide moisture, nutrients and substrates to microbes. By far the largest volume
of material, outside of the waste packages themselves will be the mechanical support for the
waste emplacement drifts. At times during the recent history of the project, three means of
mechanical support have been considered either alone or in combination. They are: steel sets and
rock bolts, concrete liners and backfill.

Several backfill materials have been considered. Some backfill materials such as iron filings,
calcium carbonate, or apatite have been intended to have a chemical function, such as to modify
pH, redox state or sorb radionuclides. Others, such as crushed excavated rock are intended purely
as mechanical support or to modify the hydrological behavior near the waste packages. The
chemical, physical and hydrological implications of each of these possibilities as they degrade
over time has been discussed in detail (e.g. Meike 1996, Meike 1998a,b, Meike and
Glassley 1997).

Salient features of the construction environment may be (depending on the final design) high iron
content from waste packages and steel sets, high pH and increased carbonate from the concrete
(depending on the formulation and pre-treatment), perturbed (crushed and additional moisture)
crushed rock in direct contact with the waste packages, and in general an environment far more
chemically and hydrologically heterogeneous than the natural one.

4.9 SUMMARY

The environment of a potential repository at YM would be severely modified by the presence of
such a repository. Heat emanating from the waste packages will drastically (at least initially)
alter the moisture distribution and salt concentrations. Emplacement of potential large quantities
of concrete would affect the pH of the environment considerably. Radiation effects would occur
near waste packages if they were of a thin-walled design. Nutrients introduction would occur
from the emplacement and degradation of construction materials. Emplacement of large
quantities of iron could potentially affect the redox environment if some isolation took place and
if reduction of O2 by iron would be faster than replenishing of the aerobic atmosphere in the
repository. Pressure effects are not expected to occur to any appreciative extent.

Design features of the repository can potentially have large effects on microbial activity. Salient
features of the construction environment may be high iron content from waste packages and steel
sets, high pH and increased carbonate from the concrete, perturbed crushed rock in direct contact
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with the waste packages, and in general an environment far more chemically and hydrologically
heterogeneous than the natural one.

5. MICROBIAL RESPONSES TO SPECIFIC STRESSES RFJ .FV ANT TO THE
YUCCA MOUNTAIN ENVIRONMENT

In this chapter, those specific stresses are discussed that are important with respect to defining
and bounding the expected microbial responses to the Yucca Mountain environment, both during
the excavation and construction phases of the repository and after waste emplacement and
subsequent closure of the repository. The material in this chapter consists primarily of
mechanistic details and case studies which will provide guidelines for, and in some cases first
estimates of, limits and rates to be used in future microbial models of a perturbed environment at
Yucca Mountain. Mostly the same order as in Chapter 3 (strategies for adaptation and survival)
is followed, with water, temperature, pH, nutrients and radiation being of particular importance.
Cross-protection and negative effects as a result of adaptation strategies are also discussed.

5.1 WATER

As discussed in Chapters 2 and 3, available water is of utmost importance for microbial activity
and survival. The geological horizon at Yucca Mountain in which a potential repository for high
level nuclear waste would be located is well above the water table. The rock contains water, but
is not saturated and, therefore, a limited amount of water would be available for microbial
activity. Sporadic rainfall will occasionally replenish the amount of water available. Emplaced
waste packages, however, will be hot for hundreds of years and this will cause redistribution of
water in the rock. Therefore, both the indigenous as well as the introduced microbial population
will be subject to water stress and desiccation, both because of the inherent conditions at the site
andalso because of the nature of the disturbance of the site due to the repository. In the next
sections, desiccation and desiccation tolerance in microbes will be discussed in more detail.

5.1.1 Desiccation and Desiccation Tolerance

Laboratory studies of desiccation tolerance in bacteria have focused on aerobes because
desiccation in nature usually involves air drying and, consequently, damage by reactive oxygen.
Anaerobes are probably no more susceptible to air drying than aerobes because while oxygen
may lead to a cessation of growth of strict anaerobes, their spore-forming representatives appear
to include some of the most desiccation tolerant of bacteria (Potts 1994). The real barrier to
complete understanding of desiccation tolerance is an inability to fully understand the
complexity of the state of dried (and wet) cytoplasm. Desiccation tolerance is a manifestation of
the unique functions of water in biological systems and the basis for many of those functions
remains obscure.



- 6 2 -

Desiccation is likely to play a determinative role in the ecophysiology of bacterial communities
that grow in aerophytic environments (the deserts of hot and cold climates), on and inside of
rocks, on and in soils and sediments, in the phyllosphere, and in crusts and accretions, in dusts
and aerosols and on the skins of animals and humans.

At high matric potentials, water retention in soils and sediments is dependent on the capillary
effects and is therefore strongly influenced by soil structure. At lower potentials the effect of
structure is much less pronounced and the soils texture and specific surface are more important.
A soil water potential of 0.1 bar is normally associated with water saturation of soil capillaries of
< 30 \im in diameter, 0.3 bars with capillaries < 4 um and at potentials < 5 bar the soil water is
thought to be distributed as a film only a few water molecules thick (Potts 1994). However, just
a small amount of water is apparently enough for some types of bacteria to survive.

Results from studies with drying and salting (sugaring) of cells emphasize the critical role of
bound water. Only a small amount of free cytoplasmic water is required for cell growth and the
different growth rates can be accommodated within a wide range of free water values. The real
water stress, therefore, is the perturbation of free water such that cytoplasmatic water becomes
equal or less than bound water. For enzymatic activity, only a monolayer coverage of a protein
with water molecules is required for activity. In the air-dried cell, however, even monolayer
aggregations of water molecules on proteins have been perturbed and diminished.

Desiccation studies have been performed in a wide range of environments. Considerable work
has been done in the food and medical field on the effects of freeze-drying on cell survival.
Freeze-drying in the presence of a socalled cryoprotection agent (such as skim milk, honey,
alginate, etc.) results in different levels of cell surface stability and survival, indicating that such
agents have to be chosen properly. Ohtomo et al. (1988) found that freeze-drying inhibited
capsule and slime production in Staphylococcus aureus which consequently brought about
changes in the outermost cell surface.

When dried at relative humidities of 40 and 30% respectively, bacterial cells contain around
0.1 g of HjO and 0.03 g of HjO per g dry weight, respectively. The lower value is comparable to
those measured for other anhydrobiotic cell types such as plant seeds which have water contents
of about 0.02 g/g under extreme desiccation. The water content of bacterial spores is lower than
for their corresponding vegetative cells but they contain too much water to belong to the class of
anhydrobiotic cells and must, therefore, belong to the physiological group of cells that responds
to water deficit by osmotic adjustment, i.e., by the use of compatible solutes (Potts 1994).

5.1.1.1 Cell Wall Modifications as a Result of Desiccation

Water plays a critical role in the membrane function and protein regulation in cells and
dehydration not only influences the structure of proteins but also their function.

Removal of water profoundly alters the physical properties of membrane phospholipids, leading
to destructive events such as fusion, liquid crystalline to gel phase transitions and elevation of
permeability (leakage). In heterogeneous mixtures such as those found in biological membranes,
phase transitions lead to lateral phase separations of membrane constituents. Certain sugars are



- 6 3 -

capable of preventing damage from dehydration not only by inhibiting fusion between adjacent
vesicles during drying but also by maintaining the lipids in a fluid state in the absence of water.
As a result, the changes in permeability and lateral phase separations that would usually
accompany dehydration are absent (Crowe et al. 1987).

Bacteria are known to alter their membrane fatty acid components in response to environmental
stress, thereby generating characteristic phospholipid fatty acid (PLFA) stress signatures. Kieft
et al. (1994) subjected two subsurface isolates (a Gram-negative Pseudomonas aureofaciens
strain and a Gram-positive Arthrobacter protophormia strain) to starvation under dry and moist
conditions. Final water potentials were -7.5 MPa for Pseudomonas aureofaciens and -15 MPa
fox Arthrobacter protophormia. The numbers of culturable cells of both bacterial strains
declined to below the detection limit within both the moist and dried nutrient-deprived
conditions, while total cell counts and total PLFA levels remained relatively constant. The dried
starved Pseudomonas aureofaciens cells showed indeed changes in PLFA profiles that are
typically associated with stressed Gram-negative cells, i.e., increased ratios of saturated to
unsaturated fatty acids, increased ratios of trans- to cis-monoenoic fatty acids and increased
ratios of cyclopropyl fatty acids to their monoenoic precursors. The moist starved Pseudomonas
aureofaciens cells did not show these changes and the PLFA profiles of Arthrobacter
protophormia changed very little under either starvation or desiccation. PLFA profiles are a
powerful tool for interpreting the physiological status of subsurface microbial communities at
Yucca Mountain, and some have already been obtained by Haldeman and Amy (1993) in their
study of bacterial heterogeneity in deep subsurface samples taken from tunnels at Rainier Mesa,
Nevada Test Site.

5.1.1.2 Locations of Desiccation Damage in Bacterial Cells and Spores

Dehydration and rehydration reactions play crucial roles in the physiological processes of a cell,
i.e., in the structure and functioning of macromolecules, but the system is very complex and
many questions remain unanswered, e.g., how many water molecules are required to sustain the
translational efficiency of a ribosome, the fidelity of RNA polymerase or the secretion of a
protein as it crosses a membrane (Potts 1994). The inherent structural organization inside air-
dried cells is the most critical but the least understood feature of desiccation tolerance.

Monolayer coverage of proteins by water occurs at levels of 0.3 to 0.4 g ILO per g dry weight in
cells, and 0.05 g/g is needed to hydrate charged and polar groups of protein and to form clusters
of water. Acids, polar side chains or peptide-NH bonds are not saturated below 0.1 g/g. Thus,
the low water content of dehydrated cells causes changes in the protein distribution, ordering and
structure. Although far less is understood of the mechanism by which they do so, some of the
same sugars that appear to protect membranes are also effective at preserving structure and
function of labile proteins in the absence of water, an effect that is remarkably enhanced by the
addition of small amounts of transition metals. (The effect of certain sugars was discussed in
Chapter 3, Section 3.1.4). Potts (1994) discusses the work by Webb and coworkers (references
401-409 in Potts (1994)) with dried cells in aerosols. A two-phase death rate was found which
was explained in terms of the removal of water molecules first from the -N, =N-H or -OH groups
of protein molecules and then, upon further drying of the cells, from the =C=O or =P=O groups.



- 6 4 -

Dose et al. (1991) observed that DNA in vacuum-dried spores of Bacillus subtilis was damaged
to a very substantial degree by processes leading to DNA-strand breaks (about 50 strand breaks
per genome after 3 weeks of vacuum exposure). Similar effects occurred in Deionococcus
radiodurans and the data suggested that the steady increase in DNA-strand breaks during long-
term exposure of organisms to extreme dryness may be a general phenomenon that would finally
limit survival over geological periods of time. If this is the case, microbial life on Mars may not
be possible, and by the same token it may be severely restricted in a nuclear waste repository that
is designed to be hot and dry.

The data obtained by Dose et al. (1991) allowed them to distinguish an initial phase of general
cell and DNA damage (due to removal of liquid and hydrate water) from a continuous phase
characterized by progressive DNA damage (i.e., strand breaks). A substantial amount of DNA-
double-strand breaks occurred. Exposure to vacuum was not required to induce DNA-strand
breaks in cells and exposure of B. subtilis spores to a dry atmosphere (70% relative humidity,
20°C) yielded about the same decrease in highly polymeric DNA and viability as vacuum
exposure for 1 to 3 days. The effects also depended on strains, and the differences in resistance
to dryness may in part be related to differences in the capability to repair DNA. They suggested
that the possible mechanism of the formation of dryness-induced DNA-strand breaks is the
production of covalent DNA-protein cross-links, which may play a crucial role in the induction
of strand breaks.

Further detail on desiccation damage to proteins, nucleic acids, lipids and membranes and
mechanisms of damage can be found in the extensive discussion by Potts (1994).

5.1.1.3 Responses to Desiccation and Mechanisms of Tolerance

It is difficult to compare the sensitivities of different groups or genera of bacteria because of the
many different techniques used to grow and dry cells and the inherent ability of some cells to
form resting stages, cysts and spores. However, a few general observations can be made. The rate
at which cells are dried is critical to cell survival. Potts (1994) showed the times of survival
following air drying of representatives of the major groups of prokaryotes, which indicated that
all bacteria have a capacity to tolerate drying to greater or lesser extents and that the range of
time during which bacteria may remain viable in the air-dried stage is extreme.

Studies suggest that cells in the stationary phase are structurally, physiologically and functionally
distinct from those in the log phase (Potts 1994). Stationary-phase cells are generally more
resistant to desiccation than log-phase cells. Reasons for this are uncertain. Potts (1994)
discusses how cyclopropane fatty acids accumulate in stationary-phase cells, but it is unclear
how they may protect the cell from desiccation. Lievense and van't Riet (1994) observed an
increase in ATP levels of yeast cells in the stationary growth phase when they were dried that did
not occur in log-phase cells. The accumulated ATP may serve as an energy source during
rehydration of the cells which could result in a higher survival rate.
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Rapid changes in the environmental water potential are more lethal than are low water potentials
per se. Rapid desiccation prevents enough time for survival mechanisms to kick in, such as
adjustment of internal water potential either by passive water loss or accumulation and/or
synthesis of intracellular compatible solutes (Chapter 3, Section 3.1.4). Resistant structures such
as spores and cysts, while not induced by desiccation, also provide a mechanism of tolerance.
With respect to protein stability, extracellular proteins or cell surface-associated proteins must be
faced with more drastic perturbations upon drying than their cytoplasmatic counterparts.
However, no general strategies for stabilization of extracellular proteins have been established
for any of the stress parameters in nature. So-called water stress proteins have been proposed but
their existence not proven.

5.1.1.4 Metabolism and Recovery from Dessication

One feature of the recovery of desiccated cells upon rehydration is a very rapid onset of cellular
metabolism in conjunction with a stepwise and stringent recovery of metabolic processes. Some
investigators suggest that desiccated cells have evolved such that they make good use of enzyme
organization with a limited amount of water.

Kieft et al. (1987) found that a rapid increase in water potential of a desiccated soil released a
measurable amount of the soil microbial biomass C. Van Gestel et al. (1992) also showed that
drying and wetting of soils caused flushes of C and N mineralization due to enhanced availability
of decomposable organic compounds. This biomass is likely partially released by transport of
organic intracellular compatible solutes which were accumulated by the bacteria during the slow
desiccation prior to rapid rewetting, and partially from dead cells that did not survive the
desiccation. Rapid water potential increase may, therefore, be a potent catalyst for the turnover
of C as well as N, P and other nutrients in terrestrial ecosystems, including at Yucca Mountain.

The indirect effects of desiccation are decreased solute diffusion and decreased cell mobility,
both of which contribute to microbial starvation. Solute-synthesis imposed carbon- and energy
demands, and accumulation (transport into cell), also requires energy. Rosacker and Kieft (1990)
measured the adenylate energy charge AEC = ([ATP] + 0.5 [ADP]) / ([ATP] + [ADP] + [AMP])
in moistened and subsequently dried soil samples. AEC values of 0.8-0.9 are indicative of
actively growing cells, while AEC values of 0.5 to 0.7 represent dormant cells which are
incapable of biosynthesis and values < 0.4 are thought to occur only in dead and dying cells.
They also suggested that RNA catabolism in response to starvation upon desiccation may be a
major source of AMP in the cells, which was then used as an energy source or as a substrate for
intracellular solute synthesis. Their main conclusion was that the rate of soil drying is at least as
important as the final extent of drying in determining microbial response. Gradual drying caused
a transient AMP increase which may signal starvation-induced endogenous metabolism. The
AEC indicator could possibly be used to determine relative humidity boundary conditions for
microbial communities of interest to Yucca Mountain (indigenous and introduced) if detection
limits for ATP, ADP and AMP were sufficiently low.
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5.1.1.5 Effects of Desiccation on Decomposition Processes

The waste package in a Yucca Mountain drift may be surrounded by backfill material, which
may be composed of crushed tuff excavated from the repository or crushed tuff mixed with
other materials (such as bentonite) intended to modify the chemical and/or hydrological
environment (Chapter 4, Section 4.7). If the final design includes a backfill material to be in
direct contact with the waste package, then microbial activity could occur close to the package.
This activity would need to be considered in relation to possible microbially influenced corrosion
of the waste package material, and radionuclide transport mediated by microbes. However, the
backfill immediately adjacent to the package would experience the most serious effects of heat,
dehydration and possibly radiation, and the impact of these effects on the possibility of microbial
activity in backfill needs to be considered.

The effect of water potential on decomposition processes (in soils) has been reviewed by
Sommers et al. (1980). The basic decomposition processes involve sequential microbial
conversions of reduced organic C compounds to an oxidized end product, principally CO2, under
aerobic conditions and to a variety of incompletely oxidized C compounds in O2 limited
environments. Decomposition rate is influenced by temperature, O2 levels, water potential, pH,
inorganic nutrients and the C:N ratio of the material. With decreasing water potentials, the
activity of bacteria will become limited, because of a decrease in the proportion of water-filled
pores which results in reduced mobility of bacteria and a limited availability of substrates
(reduced diffusion of solutes).

In general, there appears to be a two-phase process affecting microbial decomposition processes
in soils. There is an initial rapid decrease in decomposition within the -0.3 to -10 bar range
followed by another region where decomposition decreases linearly with decreasing water
potential. The role of bacteria is probably minimal once soils attain water potentials of -15 bars
or lower (aw < 0.985) resulting in actinomycetes and fungi being the major decomposers in situ
soils. Actinomycetes and many of the fungi are capable of surviving at very low water potentials
(-40 to -100 bars), but may be metabolically inactive. In laboratory cultures bacteria can often
metabolize at -20 to -100 bars but in these systems supply of nutrients is often abundant whereas
in situ soils the substrate molecules have to diffuse to the cells, or alternatively the bacteria have
to move to the substrate, processes that are both affected by water potential.

Water potential also influences decomposition processes at high soil water contents. Where
saturated conditions exist and water flux is low, O2 can be depleted and anaerobic conditions can
develop (because O2 diffusion in water is much lower than in air). Immediately after the onset of
anaerobiosis, facultative anaerobes oxidize organic C to primarily CO2 whereas equivalent
amounts of CH4 and CO2 are produced at subsequently lower O2 tensions, under appropriate
substrate and pH conditions. At intermediate O2 concentrations, fermentation reactions may
result in the production of organic acids, alcohols and other partially oxidized organic C
compounds with the eventual production of CO2 and CH4 as the system becomes fully anaerobic.
The following sequence of electron acceptors is typically used with increasingly negative redox
potential following the onset of anaerobic conditions in soils containing a supply of oxidizable
organic C: l.)O2, 2.)NG>3, 3.) Mn4* (MnO2), 4.) Fe3* (in Fe2O3 and other iron oxides), 5.) SO'",
6.) H, and 7.) CO2 (Stumm and Morgan 1981).
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5.1.1.6 Exopolysaccharide (EPS) Production as a Result of Desiccation

Roberson and Firestone (1992) studied the relationship between desiccation and
exopolysaccharide production in a soil Pseudomonas sp. under starvation conditions. They
found that water availability strongly controlled the production and consumption of protein and
polysaccharides by the bacteria. Wetting caused an initial decrease in the amount of
polysaccharides in all cultures, possibly as a result of consumption of polysaccharides by bacteria
growing in response to the increase in water availability. The concurrent increase in protein
concentration suggests that some of the polysaccharide carbon may have been used for protein
production. Conversely, in the desiccated treatment group, the amount of polysaccharides
increased while the amount of protein decreased implying that protein and possibly other cellular
components as well are used for polysaccharide production in response to desiccation. Carbon
appeared to be shuttled between protein and polysaccharides as the water status of the cultures
changed. The lack of an external source of available C (starvation conditions) may be similar to
the situation in soil in which the pool of available C is often small and microbial biomass
released for 'recycling' after wetting of dry soil can be an important portion of the C available to
the microbial community. In addition EPS may, by maintaining a high water content, also
increase diffusional availability of nutrients to soil bacteria. This situation may be very
applicable to the microbial populations at Yucca Mountain which will undergo many cycles of
desiccation and rewetting with associated C recycling. This may be of importance to colloid
generation in a Yucca Mountain repository.

Ophir and Gutnick (1994) also discussed the production of EPS in protecting cells from
desiccation. They studied mucoid and nonmucoid strains of a number of bacteria and found
much higher survival rates for the mucoid strains. In mixed colonies, containing both mucoid
and non-mucoid strains, the survival of non-mucoid strains did not increase, suggesting that the
EPS must be attached correctly to the cell wall so that only the biopolymer-producing organism
is protected. An alternative explanation is that in the developing colony, the two strains were
actually physically separated as suggested by the observation of distinct pockets of mucoid and
non-mucoid cell aggregates. Trevors et al. (1993) studied the survival of encapsulated cells of
Pseudomonas fluorescens in soils. Encapsulation of cells was done with alginate enhanced with
skim milk or skim milk and bentonite clay. Both treatments significantly enhanced survival in
soils. This suggests that a protective cover for microbes may be non-specific.

5.1.1.7 Motility and Its Limits

Motility of microbes may be important with respect to radionuclide migration because of the
sorption capacity of microbes for radionuclides. The physical configuration of water in soil
which relates directly to water potential may influence the motility of microorganisms (as well as
diffusion of gases, nutrients and exudates to and away from biological activity sites), especially
those that lack a hyphal system to bridge air space. The movement of motile bacteria may also
be limited if the water-filled pores or pore necks in the soil are too small to permit their passage.
For example, for maximum movement and dispersion in soil, fungi of the genus Phytophtora
require water-filled pores of at least 40 to 60 urn in equivalent diameter, whereas the bacterium
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Pseudomonas aeruginosa requires water-filled pores of 1 to 1.5 Jim in diameter to move in soil.
The spread or dispersion of a specific organism in soil at a given water potential may vary
considerably with soil type because of differences in numbers of pore sizes over the range
favorable for its movement. In typical soils, if the matric water potential is less than -0.1 MPa,
then the solute diffusion rate is <50% of the rate under saturated conditions, and microbial
movement is negligible below approximately -0.1 MPa (aw < 0.9999, Table 4.2) (Kieft et
al. 1993, Griffin 1981). However, pore size is not the only restriction to movement of organisms.
The air-water interface itself can hold the organism down like a rubber membrane (Papendick
and Campbell 1980).

Colloidal migration may also occur, because bacteria, EPS and spores (potentially all with sorbed
radionuclides) can migrate as passive particles in water-filled fractures. Such a mechanism can
be treated as migration of organic colloid particles in modelling efforts.

5.1.2 Osmoregulation

Cells do not need to be dehydrated to experience water stress. They may be placed under water
stress through dispersal under hyper- or hypo-osmotic conditions, which results from differences
in solute concentrations on opposite sides of the semi-permeable cell membrane. High salt
concentrations in the environment affect, in addition to osmotic pressure, the denaturation of
proteins which are essential for enzymatic activity. Osmotic effects on bacterial survival and
growth can be expected at YM and bacteria strategies to cope with these effects (such as the
production of osmoprotectants) have been discussed in Chapter 3. More detail on
osmoregulation is given here, because the YM environment will be subject to water
redistributions which may also cause a redistribution of salts, and hence affects osmotic pressure
for microorganisms.

Cells have a certain osmotic pressure which has to be balanced with the osmotic pressure of the
external environment. Osmotic stress involves an increase, or decrease, in the osmotic strength of
the external environment of an organism, and osmotic regulation or osmoregulation encompasses
the active processes carried out by organisms to cope with osmotic stress (Csonka 1989). There
are two types of osmoregulatory phenomena: the long-term or steady-state responses that are
manifested during the growth of organisms at a constant molarity, and the short-term or transient
responses that occur soon after changes in the external osmolarity. Hyperosmotic shock refers to
an increase in the external osmolarity whereas hypoosmotic shock is the opposite (Csonka and
Hanson 1991).

Upon hyperosmotic stress, passive alteration of the cell volume (shrinkage of the cytoplasm
volume) occurs to equalize the water activity inside and outside the cell. This process can have
negative consequences because it increases the concentrations of all intracellular molecules
which may be inhibitory to cellular processes. If the shrinkage is considerable, plasmolysis may
occur. Sudden plasmolysis results in the inhibition of a variety of physiological processes,
ranging from nutrient uptake to DNA replication, and is accompanied by an increase in ATP
levels of the cells, possibly resulting from the inhibition of macromolecular biosynthesis
(Csonka 1989). Active adaptation by a cell to hyperosmotic stress involves increasing the
concentration of compatible solutes. They do not, as a rule, cross cell membranes rapidly without



- 6 9 -

the aid of transport systems. For the most part they do not carry a net electrical charge near
pH 7, which aids in their non-reactive character. However, K+ ions and glutamate are noteworthy
exceptions and these solutes may not offer as effective protection against hyperosmotic stress as
some of the uncharged solutes (Csonka 1989).

Osmoprotectants (Chapter 3, Section 3.1.4) are compatible solutes (occurring naturally in the
environment or added to a growth medium) that can moderate the effects of high osmolarity (and
stimulate growth) when they are present extracellularly, suggesting that they can accumulate to
high concentrations by membrane transport but not by de novo synthesis. Because some
compatible solutes would be N and C sources, their catabolism needs to be regulated to prevent
their degradation as long as they are needed as osmotic balancers. High osmolarity apparently
suppresses the enzymes that normally would be involved in the catabolism of these substances
under low osmotic conditions.

A decrease in extracellular osmolarity results in an influx of water into the cells, which leads to
an increase in turgor pressure in cells with inelastic walls. However, bacterial cell walls can
withstand pressures of 10 MPa without rupturing and an increase in turgor pressure may not be
all that damaging. Nevertheless, bacteria possess four active processes for dissipating excessive
turgor by decreasing the concentrations of compatible solutes: dilution by growth, catabolism to
osmotically inert molecules (e.g., HjO, CO2), polymerization, and excretion. Literature is scant
on these processes (Csonka and Hanson 1991). It is also possible that suspension of cells into
media of low osmolarity may cause a generalized leakiness of the membranes without causing
cell death, such that the loss of intracellular compatible solutes upon hypoosmotic shock occurs
passively.

Compatible solutes accumulated as a result of an osmotic response apparently also affect other
biochemical processes such as temperature sensitivity and may shift the high temperature limit of
growth of many bacteria. Despite higher concentrations of these compatible solutes in bacterial
cells as a result of higher external osmolarity, their concentration is often small compared to the
concentrations of K+ and Cl , the major osmolytes in certain organisms. Some cytoplasmic
compatible solutes may have other functions as well. For instance trehalose, which is used as a
compatible solute in many bacteria, is synthesized constitutively in archaebacteria and in the
spores of eubacteria, and it has also been proposed to act as a stabilizer of membranes under
desiccation.

Most bacteria can accumulate several compatible solutes but seem to prefer some over others.
Several observations suggest that in most eubacteria, glycine betaine is preferred over all
compatible solutes. This substance is a more potent alleviator of osmotic stress than most other
osmoprotectants and it also suppresses the accumulation of other compatible solutes in several
species of bacteria (Csonka and Hanson 1991). However, other environmental factors can affect
accumulation of compatible solutes, e.g., N limitation in a high osmolarity medium resulted in
the preferential synthesis of trehalose over N-containing compatible solutes such as betaine.
Often, a shift in osmolarity causes initially a rapid uptake of K+ and synthesis of glutamate,
followed by the synthesis of another solute and excretion of K+ and glutamate. The
osmoprotecting effect of solutes apparently depends not only on their ability to replace K+ and
glutamate but also on other factors such as their interaction with macromolecules.
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5.1.2.1 Osmoregulatory Signals

The response of microorganisms to changes in the external osmolarity can be divided into three
phases. First there is rapid shrinkage or swelling of the cytoplasmic volume as a result of efflux
or influx of water as a result of hyper- or hypoosmotic shock. This is followed by biochemical
readjustment of the cells to restore turgor or volumes to levels compatible with growth. The
growth of bacteria in media of high osmolarity results in the increased transport or synthesis of a
few compatible solutes and an enhanced transcription of a limited amount of genes that encode
proteins involved in osmotic stress tolerance. Finally, growth is resumed under the new
conditions. However, characterization of the primary signals and the regulation of the osmolarity
of the periplasm and the cytoplasm of bacteria remain partially unknown areas in the field of
osmoregulation (Csonka 1989 and Csonka and Hanson 1991).

Only a few studies have examined the transient responses to osmotic shifts in bacteria, because
the transient time frame is so short (seconds or minutes after exposure to the new osmolarity),
and it is much easier to study long-term responses after cells have completed osmotic adaptation.
However, even the understanding of the long-term osmoregulatory signals in cells is still
unsatisfactory (Csonka and Hanson 1991). For instance, a permease system for proline and
glycine betaine (both compatible solutes) is synthesized at a nearly constitutive level in E. coli
but its activity is stimulated in cells growing exponentially in media of high osmolarity. What
stimulates this system is not clear. Research has suggested that it is not turgor pressure of the
cell but more likely the membrane tension or some related parameter. But even after the cells
have completed osmotic adjustment through the increase in compatible solute concentrations,
this permease system remains in an active state, even though the cell membrane has returned to
its original condition. It requires invoking a persistent osmoregulatory signal to explain this.
Csonka and Hanson (1991) discuss various models for this but none are entirely satisfactory at
present. Possible signals include isotropic pressure changes, pressure differentials across the
peptidoglycan complex, changes in the internal or external solute levels or water activities, and
changes (stretch) in the inner membrane area.

The K+ level of the cells could be the primary signal for the regulation of some or perhaps all of
the cellular processes that are under osmotic control, and the role of K+ may be direct or indirect.
Unclear is what provides the signal for accumulation of the anions to balance the K+ ions. It is
possible that transient fluctuations in the turgor may be sensed by membrane-bound proteins that
monitor the structure of the membrane. The turgor pressure of bacterial cells is difficult to
measure but can be calculated from the water activities of crude cell extracts, from the threshold
osmolarities that induce plasmolysis, or from measuring the threshold external pressure that is
required to collapse the vacuoles as a function of the osmolarity of the medium (only applicable
to organisms containing gas vacuoles). Turgor pressure of Gram-positive bacteria (15 to 20 atm)
is considerably larger than that for Gram-negative bacteria (0.8-5 atm). However, the possibility
that the periplasmic space of Gram-negative bacteria is iso-osmotic with the cytoplasm
challenges the notion that turgor pressure can regulate cellular processes.

There are very rapid fluctuations in the cellular volume of bacteria during plasmolysis, and,
therefore, changes in the concentrations of some metabolites could be an alternative signal in
addition to turgor changes for the initiation of the processes of osmotic adaptation. Alterations in
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the intracellular volume may be detected by cytoplasmatic proteins that respond to the
concentrations of key signal molecules.

Ion channels or transport systems that are activated by deformation of membranes as a result of
fluctuations in pressure may be another type of regulation. A further conceivable signal for the
osmotic control of some cellular processes could be the osmolarity or water potential of the
cytoplasm. A full characterization of the signals that regulate the osmolarity of cytoplasm and
periplasm in bacteria remains elusive (Csonka 1989).

5.1.2.2 Osmolarity Effects on Expression of Genes

Changes in extracellular osmolarity generally bring about changes in the expression of only a
few genes, which mostly encode for proteins involved in the synthesis or transport of compatible
solutes (e.g., so-called channel proteins or porins). For instance, in Enterobacteriaceae only about
20 genes appear to be subject to osmotic control at the transcription level, and this effect may be
indirect (i.e., controlled by another aspect of cell physiology affected by osmolarity). Expression
of a number of genes in enteric bacteria is discussed in detail by Csonka (1989). Regulatory
proteins often occur in two components, with one protein being the sensor of some
environmental signal and the other protein being the signal transducer that regulates response.
Although for some specific genes (for details see Csonka and Hanson 1991) and references
therein) the signal transduction pathway has been well-characterized with respect to the
structures and interactions of its components, generally it has been difficult to determine what the
signal is and how it is sensed. Isotropic pressure differentials and wall or membrane stretch are
less likely signals than the levels of specific solutes, or the cytoplasmic, periplasmic or
extracellular water activity aw, but all may play a role for different organisms and genes.

There are a number of proteins whose structures are abnormally sensitive to the solute
composition of the cytoplasm, which is in part determined by the external osmolarity. Such
proteins are nonfunctional when the cells are grown in media of low osmotic strength but regain
at least partial activity when the cells are grown in media of elevated osmolarity. These
mutations result in a so-called osmoremedial phenotype which is associated with slight
alterations in the amino acid sequence of the affected proteins, as indicated by the observation
that many temperature-sensitive mutations are also osmoremedial (Csonka 1989). Mutations
which block the pathway for trehalose synthesis result in sensitivity to osmotic stress.

5.1.2.3 Halobacteriaceae

Bacteria growing best at salt concentrations between 20% (wt/vol) and saturation (about
30% wt/vol) are often referred to as extreme halophilic bacteria or extreme halophiles. A variety
of other bacteria have been described as halophilic, but their requirement for salt is more
modest. Because of the expected desiccation and redistribution of moisture and salts,
Halobacteriaceae and other salt-tolerant microorganisms are expected to play a role in the
microbiology of a Yucca Mountain repository. However, due to the length of the material
discussed in Chapter 5, the discussion on Halobacteriaceae and other salt tolerant groups of
microbes can be found in Appendix B. In addition to Halobacteriaceae and their physiology, the
specific responses to high salt environments on non-Halobacteriaceae are also discussed in
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Appendix B, including Haloanaerobes, Lipolytic bacteria, Diazotrophic bacteria,
Chemolithotrophs, Arthrobacters and Rhizobia.

5.2 TEMPERATURE

Temperature is one of the most important environmental factors for microbial survival, growth
and activity. High temperatures (possibly in excess of 200°C) are expected in the YM
environment for several hundreds of years. While the limit of biological activity lies possibly
around 110 to 130°C and 200°C would be far in excess of this, spores may survive and also, there
would be many temperature gradients at YM with a range of high but tolerable temperatures.
Upper, lower, and optimum temperatures were discussed in Chapter 3, as well as mechanisms of
heat resistance in thermophiles and hyperthermophiles (i.e., heat shock proteins). This section
gives more detail on the natural habitats and metabolism observed in thermophiles, with
applicability to the YM site.

5.2.1 Habitats of Thermophiles and Hvperthermophiles

The main natural extreme environments, characterized by high temperature that can be colonized
by microorganisms are (Kristjansson and Hreggvidsson 1995, Aragno 1981, Stetter 1995):

A. Geothermal Environments:

- freshwater alkaline hot springs and ponds
- heated soils, e.g., acidic solfatara fields
- anaerobic geothermal mud and soils
- geothermally heated deep oil reservoirs
- black smokers'
- active seamounts

B. Sunheated Substrates

- rock, soil, mud

- shallow water

C. Organic Materials Heated by the Energy Dissipated by Aerobic Decomposers

- self-heated hay
- compost, manure

- coal refuse piles

D. Environments with Increased Temperatures as a Result of Human Activity

- hot water heaters
- cooling waters
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The list of habitats illustrates that thermophiles can be found in natural and man-made
environments. Natural habitats are usually associated with active volcanism. On land, volcanic
exhalations heat up soils and surface waters, forming sulfur-containing acidic fields (pH 0.5-6)
and neutral to slightly alkaline hotsprings. Other environments are smoldering coal refuse piles
(acidic pH) and hot outflows from geothermal power plants. The salinity of terrestrial
hyperthermal environments is usually low, but much higher in submarine active volcanic areas
because of seawater (Stetter 1995).

The Yucca Mountain environment would possibly be best described as a hybrid of the first and
the last category would differ from these other environments because of its non-aqueous
characteristics and limited water availability. Its characteristics are quite unique and do not fully
resemble any of the environments included in the above categories. Its closest analogue are
possibly geothermally-heated soils in solfatara fields, but these soils are usually dense, moist and
reduced by sulfide. The Yucca Mountain environment is expected to be mainly oxidizing, fairly
permeable and unsaturated.

Temperature, pH and salinity interact very strongly and extreme environments need to be
described in terms of all three parameters. A 'normal' environment has temperatures in the range
of 4 - 40°C, a pH of 5 to 8.5, and a salinity between that of freshwater and that of seawater. The
main characteristics of the most studied natural extreme environments are shown in Table 5.1
(Kristjansson and Hreggvidsson 1995).

TABLE 5.1

THE MAIN CHARACTERISTICS OF THE MOST STUDIED

NATURAL EXTREME ENVIRONMENTS

Habitat Temperature pH Salt*
CO

Freshwater alkaline hot springs
Acidic solfatara fields
Anaerobic geothermal mud and soil
Acidic sulphur and pyrite areas
Carbonate springs and alkaline soil
Soda lakes**
Highly saline lakes

>60
>60
>60
<50
<50
<50
<50

>7
<3

5 to 7
<3
>8
>9

5 to 8

<6
<6
<6
<6
<6
>10
>10

* Salt solution can be composed to considerable extent by salts other than NaCl.
* * The soda lakes in Oman were studied as a natural analogue for the effects of

concrete in a repository and have pH values ranging to pH 12 (Section 5.3.1.2).
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An extremophilic organism is one that can live outside of the 'normal' range of at least one of the
environmental factors (live, not just survive), and whose optimal growth conditions are found
outside of 'normal' environments. Away from 'normal' environments, species diversity
decreases and environmental stress increases. Also, environmental stress factors are usually
additive when applied simultaneously, an increase in one increases an organisms susceptibility to
another. It is generally observed that species diversity declines as the temperature of the habitat
increases and that solar and self-heated environments contain a greater bacterial diversity than
geothermally-heated environments. In particular both mesophilic and thermophilic types are
often recovered from the former (Kristjansson and Hreggvidsson 1995).

One would assume that thermophiles live in warm environments, but often thermophilic
sporeformers have been isolated from rather cool environments. The question is then whether
this microorganism was active in this cold environment or merely survived in sporeform. At
Yucca Mountain, the expected rapid increase in temperature (after waste package emplacement)
may enhance spore formation which enhances survival, but spores themselves are not active in
any environment until they germinate and become vegetative. Finding thermophyllic isolates in
high-temperature environments does, therefore, by itself not shed light on the actual in situ
activity, because the organism could have been present as a dormant spore.

5.2.2 Metabolism of Thermophiles and Hyperthermophiles

Kelly and Adams (1994) and Schonheit and Schafer (1995) have reviewed the metabolism of
hyperthermophilic organisms. Hyperthermophiles are characterized by a temperature optimum
for growth between 80 and 110°C. The highest temperatures known so far are marine
hyperthermophiles. They are considered to represent the most ancient phenotype of living
organisms and thus their metabolic design might reflect the situation at an early stage of
evolution. Their modes of metabolism are diverse and include chemolithoautotrophy and
chemoorganoheterotrophy. No extant phototrophic hyperthermophiles are known. Most of the
currently known species (47 species of hyperthermophilic Archaea and Bacteria are known
(Stetter 1992)) are strict anaerobic, reduce elemental sulfur (S°) with Hj to HjS (this seems to
have replaced O2 respiration) and are obligate heterotrophs, utilizing mostly peptides instead of
carbohydrates (i.e., obligate proteolytic). Growth is generally only obtained on complex
proteinaceous substrates and media typically containing one or more of yeast, bacterial or meat
extracts, peptone or tryptone. The actual growth substrates in their natural environment are
unclear but are probably organics in sediments. Metabolic products typically include acetate,
isovalerate and isobutyrate, indicating fermentative-type metabolisms. Few are saccarolytic and
they have a very limited substrate range (i.e., they cannot use monosaccharides). Other than
proteinaceous substrates and certain sugars, pyruvate is the only other carbon source some
hyperthermophiles can use.

5.2.2.1 Autotrophic CO2 Fixation

There are only a few known autotrophic hyperthermophiles, and autotrophic CO2 fixation
proceeds via the reductive citric acid cycle, considered to be one of the first metabolic cycles,
and via the reductive acetyl-CoA/carbon monoxide dehydrogenase pathway. The Calvin cycle
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has not been found in hyperthermophiles (or any Archaea) (Schonheit and Schafer 1995, Kelly
and Adams 1994).

5.2.2.2 CatabolismofPeptides

Organotrophic metabolism mainly involves peptides as substrates, which are either oxidized to
CO2 by external electron acceptors or fermented to acetate and other products. Both intra- and
extracellular enzymes (protease activity) are needed to break proteins into peptides and amino
acids. The primary step in the utilization of amino acids as both carbon and nitrogen sources is
assumed to be an aminotransferase-type reaction. Peptide fermentation involves transaminases
and glutamate dehydrogenase, together with several unusual ferredoxin-linked oxidoreductases
not found in mesophilic organisms (Kelly and Adams 1994).

5.2.2.3 Catabolism of Carbohydrates

Sugar catabolism in hyperthermophiles involves non-phosphorylated versions of the Entner-
Doudoroff pathway and modified versions of the Embden-Meyerhof pathway. The classical
Embden-Meyerhof pathway is present in hyperthermophilic bacteria (Thermotoga) but not in
Archaea. All hyperthermophiles (and Archaea) tested so far utilize pyruvate:ferredoxin
oxidoreductase for acetyl-CoA formation from pyruvate. Acetyl-CoA oxidation in anaerobic
sulphur-reducing and aerobic hyperthermophiles proceeds via the citric acid cycle; in the
hyperthermophilic sulphate reducer Archaeoglobus an oxidative acetyl-CoA/carbon monoxide
dehydrogenase pathway is operative. Acetate formation from acetyl-CoA in Archaea, including
hyperthermophiles is catalysed by acetyl-CoA synthease (ADP-forming), a novel prokaryotic
enzyme involved in energy conservation. In bacteria, including the hyperthermophile
Thermotoga, acetyl-CoA conversion to acetate involves two enzymes, phosphate
acetyltransferase and acetate kinase. A scheme for electron flow during the oxidation of
carbohydrates and peptides and the reduction of Sc has been proposed, but the mechanisms by
which S° reduction is coupled to energy conservation in obligate (and facultative) S° reducing
hyperthermophiles is not known (Schonheit and Schafer 1995, Kelly and Adams 1994).

5.2.2.4 Energy Yielding Reactions

The lithotrophic energy metabolism in (hyper)thermophiles is mostly anaerobic or
microaerophilic, and based on the oxidation of Y^ or S coupled to the reduction of S, SO*, CO2

and NO3 but rarely to O2. The substrates are derived from volcanic activities in
hyperthermophilic habitats. The lithotrophic energy metabolism of hyperthermophiles appears to
be similar to that of mesophiles. The following are modes of lithotrophic energy metabolism of
hyperthermophiles (Schonheit and Schafer 1995):

S-reduction: Hj + S —>
SC£ reduction: 4H, + SO* + 2JT —> H,S + 4 H p
SaO

2
3 reduction: 4H, + S.O' + 2IT —> 2 H.S + 3H.O

SO' reduction: 3H, + SO' + 2H* —> H,S + 3 H p
CO2 reduction: 4H, + CO2 —> CH4 + 2 ^ 0 (methanogenesis)
O2 reduction:
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Hj as electron donor (Knallgas reaction): 2Hj+ O2 —> 21^0
Sulphur as electron donor (sulphur oxidation): 2S + 3O2 + 2HjO —> 2HjSO4

Thiosulphate as electron donor: S2Oj + 2H* + 2O2 + 3H.0 —> 2H2SO4 + 2HjO
Tetrathionate as electron donor: S4C£ + 3.5O2+ 3R.0 —> 4 SO4 + 6iT
Pyrite as electron donor: FeS2+ 3.5O2 + Kfi —> FeSO4 + HjSO,,
NO3- reduction:
H, as electron donor: 5H, + 2NO3 + 2H* —> N2 + 6H.0
Sulphur as electron donor: 5S + 6NO3 + 6H* + 2H.O —> 511^0, + 3N2

Thiosulphate as electron donor: 5 S2O3 + 18H* + 8NO3 + H.0 —> lOt^SO^ 4N
2

The metabolic ability to gain energy by methane formation is restricted to Archaea. They
include mesophilic, moderately thermophilic and hyperthermophilic species. The latter are all
obligate lithoautotrophic growing on C02 and Hj as sole carbon and energy sources. Methanol
and acetate-utilizing hyperthermophilic methanogens are not yet known (Schonheit and
Schafer 1995).

The development of an active thermophilic microbial population at Yucca Mountain could either
occur via adaptation (mutation) of mesophiles, or by activation of dormant (hyper)thermophiles.
Both processes may occur, although the former would probably be less successful because the
heating rate (in the order of decades) may be too fast for genetic adaptation (which could require
several mutations to occur simultaneously). It seems more likely that population shifts would
occur because of dormant forms of (hyper)thermophiles being present and becoming active as
temperatures increase.

5.3 pH

Each microorganism has a pH range within which growth is possible, and each usually has a
well-defined pH optimum. In Chapter 3, microbial strategies were discussed for adaptation to
pH ranges outside of the 'normal' pH range which for most natural environments lies between
pH 5 and 9. Since pH excursions would be expected in a potential Yucca Mountain repository,
especially towards higher pH regimes because of the likely presence of concrete, this section
discusses the occurrence and habitats of alkalphiles and acidophiles, as well as some further
detail on alkaline tolerance and adaptation in view of the expected pH regime at YM.

5.3.1 Occurrence and Habitats of Acidophiles and Alkalophiles

Microbial communities that were developed on glass slides suspended in acid polluted (pH 2.9)
and non-polluted (pH 6.5) but otherwise chemically similar waters, showed evidence of stress
when suspended at the opposite station (Mills and Mallory 1987). Glucose incorporation was
inhibited in both translocated communities, but the inhibition was not as severe and recovery of
activity was faster for the acid-developed community as compared to the circumneutral
community. The communities contained a substantially different set of members with little
overlap. The range of pH values at which the members of the acid-developed community could
function suggested that the members of that community were generalists, as opposed to narrowly
constrained members of the community of the circumneutral station. The organisms from the
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acid site were more general in their abilities as compared with their neutral counter parts. These
results support the concept that communities developed in extreme environments tend to be
generalists, whereas those from mesic environments, due to higher levels of competition present,
tend to be specialists, capable of fewer functions but better at those than the generalist.
Generalists would be capable of a wider range of function and perhaps have a wider tolerance
range for environmental variables as well. The Yucca Mountain repository environment may,
therefore, host mostly generalists, because of expected extremes in environmental conditions
such as temperature, desiccation and pH deviations.

Most of the alkalophiles (optimum pH > 10.0, Krulwich and Guffanti 1989) that have been
isolated and studied to date are aerobic procaryotes and most of the current knowledge
concerning alkalophiles has been derived mainly from studies performed with aerobic (or
facultative anaerobic) microorganisms. A few strictly anaerobic strains that are at least alkaline-
tolerant (e.g., certain Clostridium and Methanobacterium strains) are known (Krulwich and
Guffanti 1989) and only a few obligate anaerobic alkalophile organisms have been described,
i.e., Clostridium paradoxum and Clostridium thermoalcaliphilum, both isolated from a sewage
plant and both thermophilic organisms in addition to being obligate anaerobic alkalophiles (Li et
al. 1994).

As discussed in Chapter 3, a sodium-proton antiporter appears to be required for homeostasis in
alkaline media. According to Bingham et al. (1990) the mechanism of adjustment to a pH
change might also involve differential gene expression, as in the bacterial response systems for
heat shock, osmotic shock and nutrient starvation. So far, there are few reports of pH-regulated
gene expression and the work by Bingham et al. (1990) is the first report of a gene in E. coli
showing induction in the extreme alkaline range of growth.

Microbes play an important role in soil pH and vice versa. The pH influences the activity of soil
microbes and also determines phosphorus availability in soil because microbes use acid
production to solubilize insoluble phosphate (Gaind and Gaur 1989). Labile organic phosphorus
compounds are mineralized in soils by microbial enzymes collectively called phosphatases. The
sources of extracellular enzymes are from the many and varied organisms found in the soil and
soil pH determines extracellular phosphatase activity that catalyzes the hydrolysis of esters and
anhydrides of phosphoric acid. Phosphomono-esterases and to a lesser extent
phosphodiesterases are the most widely studied of the soil phosphatases. Both acid and alkaline
phosphomonoesterases occur in soils and some with a neutral pH optimum also occur.
Phosphodiesterase activity in soil is usually optimum at pH values ranging from 9 to 11. Acid
phosphatases are produced by bacteria, fungi, yeasts, protozoa, mycorrhizal fungi and plant roots.
Alkaline phosphatases are produced by bacteria, fungi and earth worms (Herbien and Neal 1990).

5.3.1.1 (Obligate) Acidophiles

Although most bacteria grow best at neutral pH, acidophilic bacteria exist and some are even
obligate acidophilic, unable to grow at all at neutral pH. Probably the most important factor for
obligate acidophily is the plasma membrane, which actually dissolves when the pH is raised to
neutral. The cells lyse, suggesting that high concentrations of hydrogen ions are needed for
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membrane stability (Brock and Madigan 1991). Obligate acidophilic bacteria include several
species of the eubacterial genus Thiobacillus and several genera of archaebacteria, including
Sulfolobus and Thermoplasma. Thiobacillus and Sulfolobus oxidize sulfide minerals and
produce sulphuric acid, thereby creating their own pH environment. Reactions for sulfur
oxidizing bacteria are:

+ 2O2 — > SO2 + 2IT

S° + H p + 11/2 O2 — > SO2 + 2tT

S2O
2 + H p + 2O2 — > 2SO2 + 2H*

Some sulfur bacteria may bring pH down to <1. When growing autotrophically, the sulphur
bacteria use the Calvin cycle to fix CO2. Some are able to grow using organic compounds and a
few are able to grow anaerobically on reduced sulfur compounds using NO3 as electron acceptor.

Most iron oxidizing bacteria also oxidize sulfur and are obligate acidophiles (Brock and Madigan
1991). Aerobic oxidation of Fe2+ to Fe3* is an (low) energy yielding reaction for a few bacteria.
They must oxidize large amounts of Fe2+ to get sufficient energy. Fe2+ is only stable at low pH,
which explains the acidophilic character of iron oxidizers. Thiobacillus ferrooxidans grows
autotrophically on either ferrous iron or reduced sulfur compounds. Another iron-oxidizing
bacterium is Sulfolobus which lives in hot, acid springs at temperatures up to the boiling point of
water. Sulfolobus can oxidize ferrous iron, but also sulphide, elemental S and a variety of organic
compounds. It can therefore grow either lithotrophically or organotrophically. In Thiobacillus
ferrooxidans the internal pH is about 6, yet its preferred environment is near pH 2. This pH
difference across the cytoplasmic membrane represents a membrane electrochemical gradient
that can play a role in ATP synthesis. However, to maintain a neutral pH environment, protons
entering the cell through the proton translocating ATPase (driving the phosphorylation of ADP in
the process) must be consumed and this occurs in the reaction:

2 Fe2+ + 1/2 O2 + 2IT — > 2FeJ+ +
2

Thus, although energy conservation in Thiobacillus ferrooxidans results from a classical
chemiosmotic ATPase reaction which couples the entry of protons to the synthesis of ATP, the
proton gradient in Thiobacillus ferrooxidans is not established as a result of electron transport
but instead is a simple consequence of the natural habitat of the organism.

One of the most common forms of iron and sulphur in nature is pyrite, FeS2. The bacterial
oxidation of pyrite is of great significance in the development of acidic conditions in mines and
mine drainage, by the following reactions:

FeS2 + 3 1/2 O2 + H p — > Fe2+ + 2SO2 + 2H+

The resulting acidic conditions stabilize Fe2+ ions, which are then oxidized to Fe3+ ions by
Thiobacillus ferrooxidans. The Fe3* ions can then spontaneously react with more pyrite:
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FeS2 + 14 Fe3* + 8H.O — > 15 Fe2t + 2SO2 + 16H*

This continues with the Fe2+ ions being oxidized to Fe3* ions again and so on. Acid mine
drainage occurs because of the above cycle. The rate limiting step, the oxidation of Fe2+ ions to
Fe3* ions occurs at acid pH only in the presence of bacteria that require O2. This explains how
coal deposits are stable until mined, upon which a problem develops unless the rock does not
contain pyrite. The above processes are made use of in so-called microbial leaching or
biomining of low grade Cu (and other metal) ores, using piles or dumps in which the following
reactions occur:

+ O2 — > CuS + Cu2+ + H.O

CuS + O2 —>Cu2+

CuS + Fe3* + H P — > Cu2+ + Fe2+ + SO2

Fe° + Cu2+ —- >Cu° + Fe2+

Fe2+ + O2 — > (Thiobacillus ferrooxidans) Fe3*, which oxidizes more CuS when fed back into
the leaching pile.

The dominant bacteria in acid mine drainage are acidophilic autotrophs but some heterotrophic
bacteria grow in acid mine drainage and coal spoils (Mills and Mallory 1987). Although adapted
to life in acidic conditions many of the heterotroph strains characterized in acid mine drainage
had in fact a pH optimum near neutrality. Therefore, acid mine drainage seems to lower
diversity but not the physiological potential of the microbial community (Mills and
Mallory 1987).

A study by Jerez et al. (1988) found that, when cultures of Thiobacillus ferrooxidans and
Leptospirillum ferrooxidans were shifted from 30 to 41°C, cells reduced general protein synthesis
with the concomitant increase of a specific group of heat shock proteins. A pH shift from 3.5 to
1.5 also elicited an apparent heat shock-like response in these bacteria. This work confirms again
the existence of cross protection (Section 5.7). Whether these organisms would be prevalent at
Yucca Mountain depends on the availability of pyrite, sulphur and O2 in the environment. Cross
protection, however, is an important consideration for microbial populations at Yucca Mountain.
These populations will be subjected to heat, desiccation and nutrient deprivation, and all these
factors may induce a low or high pH tolerance and adaptation.

5.3.1.2 (Obligate) Alkalophiles

Most bacteria thrive in neutral range environments and, generally, a pH greater than 10 should
inhibit many microbes, but there are alkali tolerant and alkalophilic organisms belonging to a
number of genera, some being inhabitants of normal soil and water environments. Alkaline-
tolerant organisms show optimal growth in the pH range 7.0 - 9.0 but cannot grow above pH 9.5,
and alkalophilic organisms show optimal growth between pH 10.0 and 12.0. The extreme
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alkalophiles can be subdivided further into facultative alkalophiles, which show optimal growth
at 10.0 or above but which can grow well in neutral pH range, and obligate alkalophiles which
show optimal growth above pH 10.0 but cannot grow below pH 8.5 - 9.0 (Krulwich and Guffanti
1989). Amongst obligate alkalophiles, Bacillus species appear the most common and are easily
recovered from most soils, presumably including those in the vicinity of a waste disposal site.
For instance, Tiwari (1993) reported that the soil pH in the vicinity of a cement factory increased,
with resulting shifts in the dominant microbial species in those soils, especially in the fungal
flora.

Alkalophilic bacteria form a diverse group, ranging from eubacteria to archaebacteria (see for
instance Table 1 in Krulwich and Guffanti 1989). Both Gram-negative and -positive non-spore-
formers have been described and strains of Gram-positive endosporeformers, particularly
Bacillus strains are well-represented. Most of the alkalophilic organisms are aerobic or
facultative anaerobic, but a few strictly anaerobic strains that are at least alkaline-tolerant
(e.g., certain Clostridium and Methanobacterium strains) are known.

Bath et al. (1987) have studied alkaline springs in Oman because the hydrogeochemistry and
microbiology of these springs could be considered an analogue for the cement-induced high pH
porewaters expected to develop in certain types of radioactive waste repositories. Their work is
important for the Yucca Mountain environment because concrete structures may form an
important part of the repository, and high porewater pH values may be expected. The natural
bacterial populations indigenous to the alkaline springs in Oman would provide an indication of
what microbial activity might be available in the cement-influenced (reducing) environment of a
repository.

The study by Bath et al. (1987) included many microbial enrichments from the alkaline spring
waters which had pH values ranging from 11.2 to 11.4. No nitrifying, denitrifying, sulphur
oxidizing and methanogenic bacteria were found. A wide range of colony types were isolated
from aerobic and anaerobic heterotrophic plates incubated at 30°C. Most of the isolates were
alkalotolerant, with very few, under strict definition, being alkalophilic and the two isolates
judged to be alkalophilic were strict aerobes (Caulobacter and Flavobacterium sp.). They also
found some photosynthetic microorganisms, but those species would not be relevant for the
repository environment at Yucca Mountain. An alkalophilic facultative anaerobe isolate was
identified as a Bacillus species.

Identification of isolates showed that the bacterial population of the alkaline spring waters was
similar to those of less extreme environments, with Bacillus and Clostridium species dominating.
Most isolates had a relatively wide pH range for growth, from pH 6.9 to beyond 10 and in some
cases beyond 11. Sulphate reducing bacteria (SRB) isolated were likely lactate oxidizing SRB of
the genera Desulfovibrio or Desulfotomaculum. Gradient pH agar plates were used to grow SRB
and it appeared that SRB could grow to at least pH 10.2 in mixed cultures. In single cultures
maximum growth occurred between pH 8.5 and 9.5, likely because SRB are community
organisms, gaining nutritional requirements from the products of other bacteria.
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In nutrient status, the alkaline spring waters were predominantly reducing, oligotrophic,
containing little nitrogen and negligible phosphorus. They were also low in sulphate but other
forms (more reduced) of sulphur may have been available (e.g., thiosulphate) for SRB. The
counts of bacteria present were low (101 to 103 /mL). According to Brock (1966),
106 bacteria/mL would be required for any significant environmental effect to be seen as a result
of microbial activity. However, over the geological time scales considered in repository
performance, low reaction rates due to small microbial populations may still be important. Bath
et al. (1987) concluded that the high pH (pH 11.2 -11.4) in these alkaline spring waters was not a
limiting factor for microbial growth but rather the lack of nutrients were, especially with regard
to carbon, nitrogen and phosphorus. Phosphorus limitation is serious because this element is
involved in energy transfer in microbes and its deficiency is more likely to limit productivity
than any other material except water. Restricted soluble nutrient supply could be compensated
for by rapid turnover (cryptic growth), but this was not thought to be the case in these springs.

The most interesting microbial findings in these alkaline spring waters with relevance to
cementitious repository environments were Clostridia and SRB. There is a common association
between Clostridia and SRB in less extreme environments. Some Clostridium species can
convert CO2 to acetate which may act as substrate for SRB. However, autotrophic strains of SRB
exist, which would not depend on fermenters for organic carbon substrate supply. Concrete
porewater could, depending on the formulation, have a pH of 13 -11 for thousands of years, after
which it would decrease to 10.5 and lower, due to leaching of calcium hydroxide. SRB can
participate in steel corrosion and they may also affect concrete integrity by the production of
HjS. However, despite finding SRB at relatively high pH in alkaline spring waters, this does not
prove that they could survive the higher pH of concrete pore water and derive energy from steel
canister corrosion in a repository.

Marine environments abound in alkaline-tolerant bacteria belonging to many genera, with
smaller numbers of true alkalophiles which usually belong to the major alkalophile genus
Bacillus, but although most extreme alkalophiles are Bacillus species, extensive studies of highly
alkaline saline lakes have yielded only one possible member of this group. There may be special
biological problems associated with the combined stresses of halophilicity and alkalophily
(Krulwich and Guffanti 1989). Highly saline waters could possibly occur locally at the Yucca
Mountain site, as a result of evaporation and redissolution phenomena.

Most truly alkalophilic organisms have been isolated from very specific man-made or natural
environments, or from enrichment culturing of soil. Such enrichments have yielded eubacterial
alkalophiles (usually Bacillus), facultative alkalophiles (genus Flavobacterium) and alkalophilic
actinomycetes. Notably, the alkalophilic actinomycetes and many of the alkalophilic Bacillus
species have been isolated from soils that are not particularly alkaline. Although the organisms
are more prevalent in alkaline soils, true alkalophiles have been isolated even from acidic soils.
Presumably there are microenvironments that allow the growth of even extreme, obligate
alkalophilic organisms (Krulwich and Guffanti 1989). This is important with respect to the
Yucca Mountain environment, because it is likely that alkalophilic microorganisms will be
present naturally which could then more easily adapt to, and thrive in, a cement-induced high pH
environment.
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5.3.1.3 Concrete Environments

Of particular interest for the Yucca Mountain environment is the potential attack of microbes on
concrete materials under both oxidizing and reducing conditions. Experimental evidence of
microbial degradation of concrete under anaerobic conditions is very limited and the effect of
SRB on concretes has not been studied widely. Moosavi et al. (1985) studied corrosion of
reinforced concrete exposed to various environments, including SRB cultures and found that the
biogenic sulphide permeated through the concrete, albeit slowly, and subsequently pitting
corrosion of the reinforcement occurred. Since a sulphide film on steel would be more
voluminous than the protective oxide film, spalling may also occur in reinforced concrete.

Rogers et al. (1993) discussed biological activity as the causative factor in failure of concrete in
sanitary sewers. Three groups of organisms have been identified that are destructive to concrete
in sewers and elsewhere, i.e., sulphur oxidizers, nitrifiers and heterotrophs. Of the sulfur
oxidizers, the genus Thiobacillus is generally identified in sulfuric acid attack of concrete
structures. They are rod-shaped, Gram-negative, chemoautotrophs that obtain energy by
oxidizing reduced, inorganic sulphur sources such as elemental S, thiosulphate and
polythionates. Species involved are T. neapolitanus, T. intermedius, T. novellus, and T.
thooxidans. All need S, O2, CO2 and sufficient moisture for the reaction: S + 1 1/2 O2 + HjO —
-> HjSO4. While many Thiobaccilli are acidophiles, others prefer near neutral or even alkaline
conditions as high as pH 9. Their temperature range is 20 - 50°C ,with extremes on either end.

Of the nitrifiers, the species Nitrosomonas and Nitrobacter are chemoautotrophs (carbon source
is carbon dioxide, carbonates or bicarbonate). They oxidize inorganic nitrogen compounds (e.g.,
ammonium) for energy while making nitric acid and have fairly neutral pH requirements. They
are often implicated in the deterioration of buildings made of concrete or sandstone (Diercks et
al. 1991).

Heterotrophs oxidize reduced organic carbon to CO2 and/or organic acids and include a wide
variety of organisms such as fungi and aerobic and anaerobic bacteria. Their progressive growth
could lower the pH of a cement-induced high pH environment making conditions more
favourable for acidophilic autotrophs such as Thiobaccilli. They could also cause an increase in
radionuclide solubility because of organic acid production. However, these acids may be further
used by other bacteria and may, therefore, not be available for solubilization reactions.
Heterotrophs have not been studied specifically in the context of concrete corrosion, but Rogers
et al. (1993) reported that at least 42 microbiological species have been identified in
environments associated with concrete corrosion, further suggesting that there are sources in
addition to autotrophs influencing concrete corrosion.

In sewer pipes, CO2and HjS, formed by heterotrophs and SRB, condense on the cement surface
with water vapor forming weak acidic conditions. The condensates react to form carbonates and
thionates which lower the surface pH to below 11, followed by bacterial growth of Thiobacilli
species that are weakly acidophilic. Once their acid production has lowered the pH to below 5,
T. thiooxidans begins to grow (Rogers et al. 1993). This describes an ecological process
spanning large ranges in pH, in which the high cement pH is modified by Thiobaccilli such that
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obligate acidophiles can grow in what essentially is a high pH dominated environment. This
illustrates the extent of microenvironment formation possible with microbial activity. It also
illustrates that pyrite containing aggregate should not be used for concrete or that concrete
structures should not be built on or in contact with pyrite containing rock. Both may be
considerations to keep in mind for the Yucca Mountain environment.

The above shows how acid producing bacteria may modify high pH environments. A study by
Kalin and McCready (1991) shows that alkali generating microbes can be used to treat acid mine
drainage by adding organic matter (straw and saw dust) to various types of acid drainage. Alkali
generating populations identified included iron reducers, sulphate reducers and ammonifiers. In
coal acid mine drainage amended with organic matter, the microbial alkali generation is
dominated by ammonifiers (N2 + 6HT + 6e — > 2NHj). Concentrations of heavy metals in the
acid drainage waters decreased with concurrent increases in pH (3.2 to 6.5) in localized areas of
the test cells.

5.4 NUTRIENTS

The undisturbed environment at YM is expected to be oligotrophic with respect to the supply of
nutrients available for bacterial growth. Bacteria in oligotrophic environments have a number of
strategies to survive in such a situation, as discussed in Chapter 2. These include survival in
nearly total metabolic arrest, miniaturization of cells, changes in macromolecular quantities and
cellular densities, enhancement of cell membrane transport mechanisms and changes in genetic
expression (Amy 1997). Cells in natural settings, by the nature of their surroundings, eventually
reach a state of starvation-survival under most conditions (Poindexter 1981). This is the case in
both aquatic (including marine) and soil environments and in the deep subsurface where total
counts generally exceed culturable counts by several orders of magnitude. If lack of culturability
is an indicator of dormancy, this would suggest that most subsurface environments contain
dormant (or dead?) organisms (Amy 1997).

Viable but nonculturable (VBNC) cells appear to have to undergo some sort of resuscitation to
become culturable again, which, depending on the organism, can be accomplished through
treatments such as low temperature, warming, short growth period on non-selective medium
followed by replicate plating on selective medium, ionic shock, and distilled water. Haldeman et
al. (1994) noted an increase in the viable biomass and a decrease in species diversity in
groundwater samples with increased storage time (at 4°C) and attributed this to the resuscitation
of previously non-culturable biomass.

There are probably many other as yet untested resuscitation ways (Amy 1997) and even in
subsurface environments dominated by dormant bacteria, the potential for resuscitation of
indigenous bacteria exists. This potential has great implications, especially in the field of
bioremediation. The potential introduction of large amounts of microbial nutrients and energy
sources during the excavation and construction of a YM repository will almost certainly affect
the viability of the indigenous population, as well as the populations that will be introduced with
the repository materials.
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5.4.1 Nutrient Limitation and Supply in a Repository

Much of the literature available regarding the impact of nutrient supply and regulation on multi-
species populations comes from the studies of consortia for remediation and production
purposes. Because of this, much of the literature is oriented toward the design of a particular
process and is conducted on pre-selected populations. However, some useful information can be
gleaned from this literature (e.g., Hazen 1997) but is not further discussed here.

In a high-level nuclear waste repository setting, some nutrients would be available for microbial
activity from the groundwater and rock, but considerably more would be introduced by
excavation processes, the waste packages and the engineered barrier materials emplaced in such a
repository. For instance, Stroes-Gascoyne (1989) calculated limiting nutrients and resulting
microbial population sizes for a Canadian repository based on in situ available nutrients plus
those introduced through the emplacement of waste containers, buffer and backfill materials.
This methodology (McKinley et al. 1985) results in the calculation of maximum population sizes
based on the limiting nutrient (and energy constraints). However, this is of limited use because
the calculated population sizes are likely much larger than the ones encountered in reality (not all
nutrients are readily available), and moreover, it is not easy to relate a certain population size to
chemical effects, although Brock (1966) has stated that 106 bacteria/mL would be required to see
any significant environmental effect as a result of microbial activity. McKinley and Hagenlocher
(1993) further developed such limiting nutrient and energy constraint calculations to produce a
biomass production rate which was then converted to organic complexants to assess the impact
of this biomass on radionuclide mobility in a Swiss repository.

Introduction of nutrients during construction and operation of a repository can also add to the
nutrient supply. For instance, explosives may be encountered as residue in a geological
repository, depending on the mining techniques that are used. Stroes-Gascoyne et al. (1996a)
and Stroes-Gascoyne and Gascoyne (1998) determined the potential introduction of large
amounts of easily usable nutrients into a Canadian nuclear fuel waste repository in granite as a
result of excavation with explosives (ammonium nitrate and diesel fuel). Large amounts were
mainly associated with the excavated rock, and leachates from this rubble enhanced bacterial
population by as much as two orders of magnitude.

Explosives have also become an important subject in bioremedial study. Boopathy et al. (1994)
determined that carbon source was significant to the rate of TNT bioremediation. Molasses was
the most effective carbon source of those attempted, which included succinate, citrate, acetate,
glucose, sucrose and malic acid. But all of the rates were on the order of 1-10 ppm/h. For
bioremediation purposes, such a distinction will be economically important. However, in a
repository environment, where organic carbon sources (such as diesel fuel) may be controlled
and limited (Meike 1998b), such ranges of rates might be used for a first order approximation of
time to degradation of complex compounds. It is possible that the finer distinctions of carbon
source may disappear, or may be simplified because the more general trends are all that can be
resolved on the geological time scale over which changes in a repository need to be predicted.

Meike et al. (1999) performed long term (-one year) nutrient limitation studies using a somewhat
concentrated (lOOx J-13) water in which the major nutrients were systematically limited and
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microbial species and communities found in Topopah Spring Tuff. Results from these
experiments suggested that the dominant microbe population is determined by the available
nutrients and that the resultant chemical effect is population specific. This study also documented
oscillatory chemical behaviour.

5.4.2 Rates of Metabolism

Specific consortia studies for bioremediative purposes provide first estimates of optimum rates.
Such parameters may be useful for determining whether certain microbial activities are at all
significant. For example, Lackey et al. (1994) have studied the degradation of organic waste
mixtures by consortia of native organisms. They determined that pulse feeding the bioreactors
made biodegradation most efficient. This is related to the fact that the microbial population is
maintained at a sub-optimal nutritive status, and is, therefore, ready to make efficient use of
nutrient supply when it is provided.

Dawes (1976) reviewed the literature concerning the metabolism of prokaryotes as it relates to
starvation and survival. He emphasized that survival mechanisms vary from organism to
organism, but that in general, microorganisms that are adapted to low nutrient environments are
better equipped for long-term survival than organisms accustomed to regular moderate and high
nutrient conditions or feast and famine conditions (such as those that might exist in the mouth or
gut of a higher organism). To some extent, this may suggest that those organisms that are
already existing in the repository are those that would remain over the long run. However the
question remains which organisms will be able to take advantage of the introduced nutrients, and
how increased microbial activity during those brief periods would influence the chemistry and
hydrology of a YM repository environment.

Another question remaining is how suitable laboratory-derived reaction rates would be in a
model for in situ microbial activity at YM.

5.4.3 Use of the Nutrient-Based Growth Models

McKinley and Hagenlocher (1993) calculated microbial biomass production based on a mass
balance of the four most important microbial growth elements (C, N, P and S) and energy
constraints in a Swiss repository. They showed that biomass production was limited by energy
availability. They further assumed that all biomass was converted to large complexing
molecules, in order to assess the effect of this biomass on radionuclide release and mobility.
Their calculation showed that at worst, radionuclide complexation was enhanced by a factor of
two, which falls easily within the safety margins of a Swiss repository. Stroes-Gascoyne (1989)
used this approach to calculate maximum biomass production in a Canadian repository, and the
MING (Microbial Impacts to the Near-field Geochemistry) code (TSPA 1998) is also based on
the Swiss mass and energy balance concept, for the YM site. The MING code takes into account
the availability of nutrients in a given repository/drift environment, the energy necessary to
convert those nutrients to microbes, the level of oxygen in the repository, as well as the
temperature and moisture content of the repository atmosphere. Materials identified in the
proposed repository design are decomposed into their basic elements over time and their
contributions to the nutrient cycle of microbes are included with those nutrients available in the
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groundwater passing through the repository. The MING code and its associated conceptual
model for microbial activity (Meike 1998a) attempts to quantify the overall global bulk effect of
microbes on the near field geochemical environment. Results obtained with this model indicate
that the estimates of microbe masses growing in the potential repository system suggest that
effects on the near field geochemical environment would be negligible, but that microbially
influenced corrosion (MIC) and other localized microbial attack of materials cannot be
precluded. Consideration of microbes as colloids should also be given consideration in future
work while it was also concluded that there is some potential for additional ligands generated
locally (TSPA 1998).

In Section 2.1.1, expressions were discussed that can be used to describe microbial substrate
transformation. The Monod equation best describes typical microbial kinetics. This equation
formed the basis of a model developed by Humphreys et al. (1995) for intermediate and low
level radioactive waste at the UK Drigg site that predicts in detail the extent of microbial
transformation of cellulose and the concentrations of various metabolic byproducts that can
affect radionuclide mobility. King et al. (1999) also used Monod expressions in a mathematical
model developed to predict the extent of sulphate reduction by SRB in a Canadian repository.
The model is based on a series of mass balance equations that describe the kinetics of sulphate
reduction by two types of SRB (one organotrophic, one chemoheterotrophic), the growth and
death of SRB, the supply and consumption of nutrients (acetate and hydrogen) and reactants
(sulphate), and the consumption of sulphide by precipitation with aqueous Fe(II) or by (Cu)
container corrosion. Simulations with this model showed that the amount of sulphate was
limiting the SRB activity in time and that sulphide precipitated as FeS rather than causing
corrosion. The latter was confirmed recently by results from the isothermal test at AECL's
Underground Research Laboratory. Buffer (50% bentonite/50% silica sand) was buried for six
years in a granite borehole, covered with a concrete cap. Upon excavation, viable SRB were
found and the concentration of sulphide had increased slightly over the six-year period (Stroes-
Gascoyne and Hamon 2000). However, the rate of sulphate reduction derived from this test
suggested a much lower in situ SRB activity (and sulphate conversion) than assumed in the
model by King et al. (1999).

This illustrates that assumptions necessary to develop and run microbial models need to be tested
as close as possible to realistic repository conditions. Sometimes observations from natural
analogue sites can be useful in achieving this. An example is the determination of microbial
activity in clay-based buffer and backfill environments. Considerations were that pore throats in
compacted or high clay content environments are smaller than average microbial dimensions.
Laboratory studies showed that, depending on clay content, microbes could not migrate into
compacted clay and in some instances could not even survive (Stroes-Gascoyne et al. 1997,
Motamedi et al. 1996). Observations from the natural environment supported these
considerations and findings: clay is not an optimum environment for microbes and their diversity
and numbers are low when clay content is high in sediments (Chapelle 1993). Very few viable
bacteria were found deep in the Boom clay deposit (Merceron 1994). Another example is shown
at Pocos de Caldas in Brazil where the movement of uranium across a redox front was influenced
by S cycle organisms (West et al. 1992).



- 8 7 -

5.5 RADIATION

The spectrum of electromagnetic radiation is continuous from extremely energetic short
wavelength gamma rays to long wavelength low energy radio waves. Microbes at Yucca
Mountain could potentially be affected by ionizing radiation from the radioactive waste in the
repository and, depending on waste package design, exposure could vary from negligible to
0.06 Gy/min. (Pitonzo et al. 1999a). Any influence of non-ionizing (UV) radiation may occur .
only as long as the repository is open and illuminated by electric light, which could, for instance
on wet surfaces, enhance the growth of phototrophic organisms and as such introduce organic
material into tunnels and drifts of the repository.

Studies to determine the effects of radiation on microbes have been carried out with different
types of radiation, i.e., gamma, ultraviolet (UV), electron beam, neutrons and microwaves. Often
these studies have focused on vegetative cells of specific (non-sporing) organisms such as the
highly radiation-resistant Deinococcus radiodurans or the extensively studied Escherichia coli.
Natural populations in soils have also been studied (e.g., Popenoe and Eno 1962, Stotzky and
Mortensen 1959), as well as spores (e.g., Farkas 1994).

Several forms of radiation are highly mutagenic. Mutagenic radiation falls into two categories,
ionizing and non-ionizing. Although both kinds of radiation are used in microbial genetics, non-
ionizing radiation such as UV has found the widest use, often because it is easier to work with
UV and the effects are similar to those of gamma rays. In addition, many of the molecular
mechanisms that repair UV damage are identical to, or overlap with, those involved in the repair
of ionizing radiation damage. Similarly, although microwave radiation is not of concern in the
Yucca Mountain environment and studies of the effects of microwave radiation on bacterial cells
would be of most interest to the food industry, they may nevertheless reveal effects that are
common to other types of radiation. Appendix C briefly reviews the kinds of damage each of
these radiation types can cause in the bacterial cell.

5.5.1 Positive Effects of Radiation

Hormesis is the stimulation by sub-harmful doses of any agent. The hypothesis predicts that
minute doses of ionizing radiation will benefit growth, development, nutrient utilization,
reproduction, resistance to radiation and infection, and lifespan (Luckey 1982). Concepts of
mechanisms of radiation hormesis should take into consideration that mutation is not a major
factor since effects are rarely seen in progeny of irradiated individuals; that most effects are
probably due to the indirect action of radiation upon biological fluids to produce free radicals;
and that the complex mechanisms possible in mammals do not exclude equivalent responses in
simpler organisms.

According to the review by Luckey (1982), about 70 reports pertaining to microorganisms
provide ample evidence that radiation hormesis occurs independently of complex multicellular
systems. Data from protozoan studies support the concept that ionizing radiation may be
essential for optimum physiological performance (Luckey 1982).
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Conter et al. (1984) studied the response of Synechococcus lividus to irradiation at a dose rate of
20 mGy/year and found the response to be dependent upon both the age of the inoculated cells
and lightning conditions. Incubation of cells in darkness or periodic lighting accentuated the
stimulating effect of irradiation on log-phase or transient cells but for stationary cells,
radiostimulation decreased when the cells were subjected to darkness or periodic lighting. These
results suggested that the radiostimulation could be related to regulation of RNA synthesis
through the Pentose Phosphate Pathway in this organism. If radiation dose was small,
radiostimulation could potentially occur in a YM repository.

Whether the initial exposure to radiation is large or small, acute or chronic, internal or external,
pre-exposure to radiation appears to increase an organism's resistance to subsequent lethal doses
of radiation when compared with controls. This is radioresistance and its induction has also been
noted for microorganisms which were previously irradiated (e.g., Pollard and Achey 1975,
Smith 1973, as quoted by Luckey 1982).

5.5.2 Radiation Studies with Specific Microbes

Many studies have been performed with cultures of the highly radiation-resistant Deinococcus
radiodurans. Appendix D gives important highlights from a considerable amount of mostly
recent studies. Mattimore and Battista (1996) conclude that D. radiodurans is an organism that
has adapted to dehydration and that its DNA repair ability is a manifestation of that evolutionary
process. They believe that D. radiodurans is ionizing radiation resistant because it is resistant to
desiccation and because desiccation resistance appears to require extensive DNA repair. Many
studies on radioresistance have also been carried out with Escherichia coli. These are also
reviewed in Appendix D because both sets of studies may aid in the understanding of the
potential radiation resistance of microbes at the Yucca Mountain site.

5.5.3 Radiation Resistance of Yucca Mountain Isolates

The many studies with Deinococcus radiodurans and E. coli reviewed in Chapter 3 and
Appendix D have shown that there are many mechanisms that may play a role in radiation
resistance in microbes. Because the natural population of microbes at Yucca Mountain is
expected to be adapted to desiccation, some naturally occurring microorganisms at YM may also
be radioresistant to a certain degree. The radioresistance of microbes in rock samples from the
YM site was studied by Pitonzo et al. (1999a). Radiation-resistant microorganisms in the rock
samples became viable but not culturable (VBNC) after a cumulative dose of 2.33 kGy and their
metabolic capability was reduced considerably. In a subsequent study, Pitonzo et al. (1999b)
stored the irradiated rock samples for 2 months at 4°C, in an attempt to resuscitate the VBNC
microbes to a culturable state. Results showed that microbes can survive considerable radiation
doses in a VBNC state, and recovered some of their previous culturable and metabolic
capabilities, once the radiation stress was removed. For a YM repository this could imply that
radiation will likely curtail activity and metabolic capability of microbes (indigenous or
otherwise) present, but that part of this activity can be restored once radiation fields have
declined.
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5.5.4 Environmental Influence on the Radiosensitivitv

A large range in the sensitivity of microbes to radiation has been observed and it is likely that
environmental factors determine to a certain (or even a large) extent the effects. Many types of
environmental variations appear to have an important influence on the relative radiosensitivity of
particular types of cells (De Serres 1961).

5.5.4.1 Oxygen Concentration

It has been shown that there is a marked reduction in radiosensitivity under conditions of
anaerobiosis in a variety of microorganisms. A greater resistance to lethal effects is obtained
with anaerobiosis even when the cells are frozen. Cells cultured under anaerobic conditions were
more radioresistant than cells grown aerobically. Endogenous metabolism in dense cell cultures
causes anoxia and a decreased sensitivity. The concentration of oxygen required to produce a
marked change in radiosensitivity is very small and nearly the same in a variety of different
organisms (De Serres 1961). Antioxidant defense mechanisms such as the scavenging enzymes
catalase, superoxide dismutase and peroxidase likely play an important role in the radioresistance
of Deinococcus species, by preventing the accumulation of reactive oxygen species (Wang and
Shellhorn 1995).

5.5.4.2 Culture Conditions

Sensitivity to radiation varies, depending on culture conditions. For E. coli it was observed that
the cells were most sensitive when grown under aerobic conditions without glucose, whereas
cells grown anaerobically with glucose were the least sensitive. The nature of protection could be
some metabolic byproduct present in the cell that acts as an internal protective agent. Post-
irradiation culture conditions also have a large influence on the radiation sensitivity and post-
irradiation treatment can have quite different effects on survival and mutation. The addition of
certain factors (such as glutamic acid, guanine and uracil) to the medium seems to promote
increased survival and a decrease in the rates of mutation (De Serres 1961).

Krabbenhoft at al. (1967) showed that cultures of Micrococcus radiodurans (now Deinococcus
radiodurans) grown in TGYM medium (tryptone, glucose, yeast extract, DL-methonine) are ten
times more radiation resistant than cultures grown in PCNZ medium (plate count agar,
containing tryptone, yeast extract and glucose, supplemented with Nzcase, a tryptic digest of
casein). It was shown that this was not caused by physiological age differences (cells grow faster
and enter death phase earlier in PCNZ medium), relative amounts of DNA, RNA and protein in
the cells or the pH of the medium. No change in the tetrad cellular arrangement occurred either
and cell mass was similar. Results suggested that the amount of radiation-sensitive sites (for
'hits') had been increased or the number of radioprotective units decreased in cultures grown in
PCNZ medium. This study provided evidence that the growth medium caused cellular
biochemical alterations, and that precursors of factors related to increased radiation resistance
were probably present in PCNZ medium grown cells, but that the factors themselves could not be
synthesized in PCNZ medium: Exposure of PCNZ-grown cultures to TGYM medium prior to
irradiation restored radiation resistance to that of TGYM medium grown cells.
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5.5.4.3 Temperature

Temperature also has an influence on radiation damage. The effects apparently are much less at
below freezing temperatures depending on rate of freezing, oxygen content, etc. The effects of
temperature seem to vary per species but seem small in the normal growth range temperatures.
Post-irradiation temperature is also important but highly dependent on species (De Serres 1961).
For instance, the maximum kill of irradiated spores has often been observed to occur at 0°C. At
lower temperature, survival increases because ice traps radiation-induced harmful free radicals.
At high (but sub-lethal) temperatures (50-70°C), radiation resistance may be higher than at or
below room temperature, probably due to enhanced annealing of free radicals at higher
temperatures (Farkas 1994). Thayer et al. (1990) found that the temperature of irradiation but not
the presence or absence of air significantly influenced the survival of several Salmonella species
in chicken. These species were strongly protected against irradiation by temperatures below
-20°C and sharply increased survival occurred when the samples were irradiated in the frozen
state.

The temperature in the Yucca Mountain repository will vary locally, spatially and temporally,
but is expected to be very high (>100°C) in most parts for many years. These high temperatures
would cease the activity of most if not all microbes and would, therefore, not likely afford
protection against radiation damage at that time. However, microbes preconditioned at
temperatures during the heating and cooling phases just before and just after the loss of activity
could provide some protection against radiation damage that might occur after that
preconditioning. The temperature preconditioning could occur at different times and localities
in the repository due to its chemical and physical heterogeneity.

5.5.4.4 Water Content

There is a direct relationship between the water content and the radiation sensitivity of a
microbial population. The drier the organisms, or their environment, the less sensitive they are
(De Serres 1961). In experiments in which various chemicals were used to dehydrate cells of
Saccharomyces cerevisiae a progressive decrease in radiosensitivity was found with the increase
in glycerol concentration. Additional protection was afforded by anoxic conditions in the above
cases (De Serres 1961). Ward et al. (1981) irradiated dried sewage sludge and studied the effects
on indigenous and inoculated enterics (such as Klebsiella sp., Enterobacter sp., Proteus
mirabilis, E. coli, Streptococcus faecalis, Salmonella typherium). They concluded that the rates
of bacterial inactivation by ionizing radiation in sludge could be altered by changes in water
content but that the amount and direction of alteration varied between bacterial species. In no
case was moisture loss found to result in an excessively large D10 value (i.e., the total dose of
radiation needed to reduce the microbial population an order of magnitude).

Moussa and Diehl (1979) showed that radiation resistance in three Salmonella species increased
steeply with a reduction in water activity (aw) from 1.0 to 0.8, less steeply between 0.8 and 0.5
and remained constant below aw of 0.5.
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5.5.4.5 Biological Factors

Alterations in radiosensitivity can be brought about by various environmental factors that modify
the intracellular environment indirectly. In addition, there are a number of biological factors that
modify the intracellular environment more directly and some of these also have been found to
bring about marked changes in the radiosensitivity of certain groups of cells. These factors
include correlations with the various phases of the growth (or division) cycle (De Serres 1961).
Lag phase cells had an increase in resistance to X-rays, logarithmic phase cells showed a slow
but steady decay in resistance with increasing time and the stationary phase was distinguished by
a gradual return to the initial sensitivity. Haploid and diploid strains of yeasts reacted differently
to radiation and generally there were differences in radiosensitivity amongst different strains of a
species.

There is a wide range in the sensitivity of various microorganisms to X-irradiation and also
considerable variation in the shape of the survival curves. For instance the survival curve of E.
coli strain W-1485 was found to have two exponential components, about 66% of the cells were
more sensitive than the other 34%. Subculture of either the sensitive or resistant cells always
gave cell populations with the same mixture of sensitivities (De Serres 1961).

5.6 PRESSURE

Significant pressure development is not expected at YM and, therefore, pressure effects on
microbial activity and growth are not discussed here. However, the effects of pressure on
microbial life are discussed in Appendix D, because high pressure has an influence on microbial
activity at high temperature, which could potentially be of importance if microbial activity were
to occur in the waste package itself.

5.7 SIMULTANEOUS STRESS FACTORS - CROSS-PROTECTION
AND NEGATIVE IMPACTS

Adaptation of microbes to a given stress may increase or reduce tolerance to other stresses. An
example is cross-protection against environmental stresses such as heat, low pH and oxidation,
induced by osmotic shock and nutrient (e.g., carbon) starvation (Gauthier and Clement 1994). A
possible reason for this is that starvation induces the formation of certain types of stress proteins
which are thought to renature improperly folded, denatured proteins (Foster and Hall 1991).

Cross-protection effects would be important with respect to survival and adaptation of naturally
present and introduced microbes in the changing environment induced by the repository at Yucca
Mountain. For instance, the groundwater at Yucca Mountain is oligotrophic and the naturally
present microbial population may, therefore, be in a starved state, possibly affording some
resistance to heat and desiccation which would occur as a result of the construction and operation
of a repository. In the following sections, a number of multi-stress case studies with vegetative
cells and spores, relevant to the YM environment, are discussed, to illustrate the complexity and
potential of microbial adaptation to a variety of concurrent environmental stresses.
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5.7.1 Cross-Protection in Vegetative Cells

5.7.1.1 Starvation and Heat Resistance

Starvation-mediated protection of bacteria against heat, oxidative stress, acid stress, autolysis and
light has been reported for several species (Jorgensen et al. 1994). The resistance produced by
starvation may even be more protective than preadaptation to the particular stress itself.
Starvation-associated heat resistance might, in part, be explained by the cross-induction of heat-
shock proteins. However, heat shock proteins may not always play a role. Jouper-Jaan et al.
(1992) demonstrated increased heat resistance in starved cells of a heat-shock protein-deficient E.
coli strain. Three bacterial strains were submitted to heat stress after different times of
starvation. All three developed starvation-mediated cross protection against heat. While shorter
times (2 to 24 hours) of starvation gave near maximal protection, increased protection occurred
after prolonged periods (9 d) of non-growth. An obvious de novo protein-synthesis-mediated
induction of protection against heat stress during starvation was not found. Starvation-induced
cross-protection against heat may be dependent on protein synthesis in the initial phase of
starvation while after prolonged starvation the continuous protection offered may not be
mediated by de novo protein synthesis.

Preyer and Oliver (1993) studied starvation-induced thermal tolerance as a survival mechanism
in a psychrophilic marine bacterium. Results showed that starved cells generally show more
resistance to heating than non-starved cells and because starvation is the normal physiological
state of copiotrophic, heterotrophic bacteria in oligotrophic marine waters, the data of Preyer and
Oliver (1993) suggest that starvation conditions may be a significant factor in providing heat
tolerance in psychrophiles.

5.7.1.2 Osmotic Stress and Heat Resistance

Jorgensen et al. (1994) studied the effects of starvation and osmotic stress on the viability and
heat resistance of a Pseudomonas fluorescens strain. Reduction of 5-cyano-2,4-ditolyl
tetrazolium chloride (CTC) was used as a measure of viability in situ without addition of extra
nutrients. Carbon-starved cells developed an increased heat resistance and prolonged starvation
resulted in further protection. Viable but non-culturable (VBNC) cells were found during heat
challenge, implying that culture methods underestimate the recovery potential of these cells.
Osmotically stressed Pseudomonas fluorescens maintained a high viability, whereas culturability
was rapidly lost. In contrast to starved cells, no protection against a subsequent heat challenge
was found in osmotically-stressed cells, but an increased salinity of the heating medium alone
resulted in elevated heat resistance of non-stressed cells.

5.7.1.3 Heat and Radiation Resistance

Lucht and Stroes-Gascoyne (1996) determined the effects of gamma irradiation at elevated
temperatures (up to 90°C) on naturally occurring microorganisms in clay-based engineered
barrier materials designed for use in a Canadian nuclear fuel waste disposal vault. Combination
treatments of radiation and heat applied simultaneously gave rise to biphasic survival responses
which suggested the presence of two population types in the clay-based material. One
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population showed a decrease in radiation resistance with an increase in temperature, implying a
synergy between heat and radiation effects. The second population showed an increase in
radiation resistance with increasing temperature, possibly due to desiccation effects during
irradiation.

5.7.1.4 Starvation and Acid (Low pH) Resistance

Cross-protection phenomena occur in many areas of microbiology. For instance, the ability of
water-borne enteric pathogens to colonize the very acidic human gut is likely to depend on their
structural and physiological state (Gauthier and Clement 1994). They remain infectious even in
a dormant, VBNC state. Conditions prevailing in natural aquatic environments are generally
harsh for enteric bacteria, but it may be possible that resistance to gastric pH conditions in
various enteric bacteria and in natural coliforms from waste water and human feces could be
modified by a short incubation in oligotrophic freshwater and seawater. Exposure of stationary
phase cells to seawater for 100 minutes induced a high level of acid resistance (down to pH 2.5
for 2 hours) in E. coli and Shigella strains. Induction of this resistance was extremely efficient,
as it increased acid resistant viable cells by orders of magnitude. The effect was considerably
more marked in E. coli and Shigella species than for the other species tested {Salmonella,
Klebsiella and Yersinia) which were characterised by a higher intrinsic acid sensitivity. A
similar acid resistance was induced in fecal coliforms from wastewater and feces, and acid
resistance could also be induced in phosphate buffers, and was only slightly lower than the
resistance induced in seawater. It can, therefore, be assumed that the protective effect can
develop in any kind of oligotrophic natural water, and that the acquired acid resistance is mainly
induced by nutrient starvation, with possibly a slight additional effect due to osmolarity.

5.7.1.5 Starvation and Salinity

Two types of E. coli, one adapted to seawater and one not adapted, were exposed to starvation
conditions in sterile seawater (Garcia-Lara et al. 1993). The number of viable (culturable) pre-
saline adapted microorganisms remained constant during the test. However, the number of
culturable non-adapted microorganisms decreased, but the number of cells did not. Both types of
microorganisms increased DNA content and thymidine incorporation and maintained their
metabolic potential. Scaravaglio et al. (1993) have shown that an E.coli is less resistant to low
osmotic conditions when starved. This suggests that a somewhat saline environment is
conducive to survival.

Thorsen et al. (1992) studied the long-term starvation survival of a fish pathogenic bacterium
{Yersinia ruckeri) at different salinities. It was found that Yersinia ruckeri could survive in
unsupplemented water for at least four months at 0 to 20% salinity. At 35% salinity, however,
survival of the culture decreased. It was also shown that genome replication was initiated before
the onset phase of starvation had been completed.
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5.7.2 Cross-Protection in Spores

5.7.2.1 Temperature of Sporulation and Heat Resistance

Temperature limits are often very different for vegetative and spore-bearing growth. In some
cases the temperature interval in which completion of the spore-bearing apparatus occurs is much
narrower than the interval allowing vegetative growth. Heat resistance of spores is due
predominantly to dehydration of the spore protoplast, to an increased concentration of Ca2+ and
probably also to the structure of the spore membranes and to other (unknown) factors. The heat
resistance of spores may be increased by sporulation temperature, and heat shock proteins may
be involved. The temperature at which sporulation took place can have a considerable influence
on spore heat resistance.

One of the triggers for spore activation is heat. In general, heat activation is a reversible
phenomenon and dormancy is restored after a certain delay if the spores are not placed in
conditions suitable for germination. Heat induction of spore germination in bacteria is restricted
to the endospores produced by Bacillaceae and the requirements for heat activation vary greatly
from species to species (Aragno 1981). A large number of hypotheses have been proposed for
the heat activation of both bacterial endospores and the spores of fungi. Little is certain about the
processes involved but in many cases high temperature is supposed to act primarily on
membranes but it is not clear whether proteins or lipids or both are involved. In many fungi,
spores require a treatment at low temperature before germination can occur. Contrary to heat
activation, cold activation is not reversible and once spores are thus activated they cannot restore
dormancy. The mechanisms of cold activation are also poorly understood.

Fungi may be important in the environment of Yucca Mountain because this environment will be
unsaturated and the mycelia of fungi may be able to survive such an environment better than
bacteria because of their ability to form spores and their ability to form mycelia with which they
can bridge over dry spots in a heterogeneous environment. Temperature may induce
developmental changes in many fungi (e.g., mycelial or yeast-like growth forms). The
mechanisms of such biphasic growth patterns remains largely unexplained but may involve a cell
wall composition modification in the transition from mycelial to yeast-like cells. The former
contain mostly f$-l,3-glucans, which give the hyphal walls a more rigid fibrous structure than the
walls of the yeast-like phase cells containing mainly short-chained cc-l,4-glucans (Aragno 1981).

Sedlak et al. (1993) studied the effects of heat shock applied early in sporulation on the heat
resistance of Bacillus megaterium spores. Cells of Bacillus megaterium were heat shocked at
45°C for 30 minutes during various sporulation stages and then shifted back to a temperature
permissive for sporulation. This induced the synthesis of heat shock proteins in the sporangia
and delayed inactivation of the spores at 85°C. Heat shock proteins could be detected in the
spores.

De Pieri and Ludlow (1992) studied the relationship between Bacillus sphaericus spore heat
resistance and sporulation temperature. Bacillus sphaericus 9602 was grown in batch culture at
various temperatures. At 10°C and 12°C the maximum sporulation yield was <10% while at 15,
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20 and 30°C a sporulation yield of > 95% was achieved. However, at 40°C, Bacillus sphaericus
grew only vegetatively. The heat resistance of spores grown at 15°C and 20°C was significantly
higher than for those grown at 30°C. Such effects can be misleading, because in laboratory
studies, temperatures of 30°C would be used to obtain a high spore yield, but the resulting spores
would not have realistic heat resistance compared to those grown at more moderate temperatures
as would be the case in many natural environments.

Beaman et al. (1988) concluded from their studies that heat shock affects permeability and
resistance of Bacillus stearothermophilus spores. Partially activated spores were much more
resistant to heat than the original dormant spores even though both had the same spore protoplast
density. Heat shock induced a higher level of resistance in the partly activated spores. This
might be explained if heat shock caused expansion of the cortical peptidoglycan against the intact
coat with a resulting lower water content in the protoplast (and higher water content in the
cortex). Also, elevation of temperature during sporulation causes increased heat resistance in the
resulting spores. An alternative explanation is the selection, by heat shock, of a pre-existing
super-resistant sub-population in an originally heterogeneous population of dormant spores.

These studies show that heat resistance of spores will be affected by the temperature at which
they form in their environment. At Yucca Mountain, sporulation of the natural population may
occur as conditions become less favourable for vegetative mesophilic cells, probably at slightly-
raised temperatures. These spores will be more heat resistant than their vegetative parent cells
but whether they can withstand the expected >100°C temperatures at Yucca Mountain is not
known. It is likely that only a select few spore types (i.e., those from thermophilic vegetative
cells, the super-resistant sub-population) will retain germination power after exposure to
temperatures in excess of 100°C for a considerable length of time, as will be the case in the
Yucca Mountain repository.

5.7.2.2 Relative Humidity and Heat Resistance

The Yucca Mountain environment will increase drastically in temperature after waste
emplacement. An increase in temperature will reduce the relative humidity or water activity in
this environment. A reduced water activity will have a negative effect on most vegetative cells
and may also affect the viability (germination power) of spores.

Beaman et al. (1989) found that the low heat resistance of Bacillus sphaericus spores correlated
with high protoplast water content. Pfeifer and Kessler (1994) studied the effect of relative
humidity of hot air on the heat resistance of Bacillus cereus spores. A distinct maximum of heat
resistance was found at 40% relative humidity for Bacillus cereus spores. At 122°C the
inactivation rate constants at 40% relative humidity were five orders of magnitude smaller than at
100% relative humidity and two orders of magnitude smaller than at 1% relative humidity. At
relative humidities of more than 40% the inactivation rate constants were strongly temperature
dependent, whereas at lower relative humidities they were less temperature dependent. The
occurrence of a maximum was ascribed to the existence of two inactivation mechanisms, the first
is retarded and the second is accelerated by a reduction in relative humidity. The first
mechanism is likely a protein denaturation, whereas the second may be an oxidative process, but
no consistent theory could be developed yet (Pfeifer and Kessler 1994).
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The Yucca Mountain environment is expected to be mainly oxidizing with a complex moisture
content pattern that, in and near the repository, is expected to vary with episodic periods of
moisture occurring only locally. Depending on the local and temporal relative humidity patterns,
spores may survive high temperatures at different rates in a YM repository.

5.7.2.3 Nutrient Availability and Heat Resistance

Germination of heat-damaged spores will be greatly affected by the environment in which
germination is to take place. For instance, Brown and Gaze (1988) evaluated the recovery
capacity of heat-treated Bacillus stearothermophilus spores in six different growth media. The
study was prompted by the fact that paper strips impregnated with spores of known heat
resistance have been routinely used to monitor sterilization treatments in hospitals and the bottled
fluids industry. The results of Brown and Gaze (1988) showed that the variation between the
media was lowest when spores were recovered from unheated strips and increased greatly with
the severity of heating. This showed that by choosing a medium which has a reduced recovery
capacity it is possible to achieve a misleading indication of the lethal effect of a thermal process.

At Yucca Mountain, the growth environment is naturally oligotrophic, but may be locally
varying because of the disturbances brought about by the repository construction processes
(i.e., nutrients may be introduced). Whether this will affect spore recovery is not known.

5.7.2.4 pH, Salinity and Heat Resistance

Hutton et al. (1991) found that spores of Clostridium botulinum were less heat resistant when
heated in a medium of decreased pH. Survival of the spore population decreased by 50% when
heated in pH 5.0 buffer compared to pH 7.0 buffer. Addition of NaCl to the recovery medium
reduced the number of colony forming units in a population of heated spores. The presence of
2% NaCl decreased survival by 20-40% irrespective of pH of the heating medium. Combined
effects of pH and NaCl could be illustrated in 3D histograms.

At Yucca Mountain, neither pH nor salinity of the original groundwater is extreme. However, the
addition of concrete may increase pH and the thermal pulse may evaporate water, leaving behind
an evaporite crust which could subsequently dissolve and result in high salinity pore water.
Therefore, these factors may be important, but inhomogeneous in both a spatial and temporal
sense, for spore resistance or recovery at Yucca Mountain.

5.7.2.5 Radiation and Heat Resistance

Shamsuzzaman and Lucht (1993) studied the resistance of Clostridium sporogenes spores to
radiation and heat in various nonaqueous suspension media. A comparison of the heat Dl0 (10%
survival) values of the spores with and without prior irradiation in various media showed that
irradiation at 5.0 kGy greatly increased their heat sensitivity. These results may be of importance
to the Yucca Mountain situation if the waste packages to be emplaced are not self-shielding. In
such a case, radiation would be present immediately upon emplacement of the waste packages,
and would affect the microbial population very near to these packages. The subsequent increase
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in temperature may then be more detrimental to the spores present than it would have been
without the radiation field. If the waste packages are self-shielding, this effect would not be
important at Yucca Mountain.

Kim et al. (1987) carried out preliminary studies on the radiation resistance of thermophilic
anaerobic spores and on the effect of gamma radiation on their heat resistance. The study
included spores of Desulfotomaculum (Clostridium) nigrificans and Clostridium
thermosaccharolyticum. The combination of radiation treatment with a subsequent heat
treatment had a synergistic sporicidal effect. The synergistic effect increased with the increasing
radiation dose, although the heat sensitization in the dose range used and at the heat levels
studied was relatively moderate. It appeared that the radiation resistance of thermophilic
anaerobic spores (e.g., of importance to the canning industry) is in the same order of magnitude
as that of mesophilic spores with much lower heat resistance. Radiation treatment decreases the
heat resistance of surviving cells. Kim et al. (1987) concluded that factors which determine the
radiation resistance and the heat resistance of spores are not the same. It may be that radiation
treatment decreases the ability of spores to maintain the dehydrated state of their core (expanded
cortex theory). It is possible that the higher the heat resistance, the more dehydrated the core of
the spores is and the more radiation resistant the biophysical and physiological mechanisms are
in maintaining the heat resistance, i.e., the dehydrated state of the core.

5.8. SUMMARY

The material in this chapter consists mainly of mechanistic details of microbial responses to
physical stresses relevant to the YM environment. Water stress, as a result of desiccation (high
temperatures) and osmotic stress (evaporation) were discussed by means of case studies reported
in the literature. It appears that a rapid change in water potential may be more detrimental for
microbial activity and survival than a low water potential per se. Since high temperatures will be
a fact in a YM repository, the habitats and metabolic pathways (nutritional and energy) of
(hyper)thermophiles were discussed. Adaptation of the in situ microbial to high temperatures
can occur either via adaptation (mutation) of mesophiles, or activation of dormant
(hyper)thermophiles. Both processes may occur although the former would probably be less
successful because the heating rate (in the order of decades) may be too fast for genetic
adaptation. It seems more likely that a population shift would occur as a result of dormant forms
of (hyper)thermophiles becoming active upon temperature increase.

Case studies of the environmental occurrence of acidophiles and alkalophiles were reviewed in
Section 5.3. Because of their unique adaptation strategies, microbial life can occur over the pH
range of 1 to 12, and except near concrete bulkheads or in the case of concrete inverts or drift
liners, quick changes in pH are generally not expected at YM such that the indigenous population
can adapt in time. Insufficient nutrient supply can lead to VBNC microorganisms, which are
probably not very active in situ but are nevertheless viable and awaiting their niche. Intermittent
water flux may stimulate these VBNC organisms. Modelling efforts have used nutrient
transformation as basis, but realistic in situ metabolic rates are needed for such models to
produce reasonable results. Such rates are difficult to derive from laboratory studies, and natural
analogues may be of use here. Radiation, which at low levels can have a stimulating effect on
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microbial activity, and lethal effects at high levels, may or may not play a role at YM, depending
on the eventual waste package design.

Of most importance to the YM environment are probably the documented cases where the
occurrence of simultaneous stress factors result either in enhanced (cross-protection) or reduced
resistance of microbial populations to these stresses.

6. IMPLICATIONS FOR THE YUCCA MOUNTAIN ENVIRONMENT AND SOME
PARAMETER RANGES FOR FUTURE MODI

This chapter discusses the implications that can be deduced from the material discussed in
Chapters 1 to 5 for microbial activity in a potential Yucca Mountain repository. Modeling of
microbial activity in such a manner that it can be interfaced with inorganic models is the ultimate
objective, and therefore, where possible, on/off switches for microbial activity or ranges of
parameters that control such activity will be suggested, although in some cases these are not
well-defined and/or need to be confirmed by additional laboratory or field studies.

Many of the changes in the repository are expected to occur slowly from a microbial perspective.
In addition to the chemical heterogeneity that is expected to be associated with the construction
materials and waste package in the emplacement drifts, gradients in moisture and temperature
will be created somewhat concentrically from the drifts as a result of the conditions brought
about by the waste. Microbes will likely be able to take advantage of the unique niches created
by these gradients, and complex microbial communities may, therefore, develop. However, the
on/off switches dictated by the changing environment will determine the actual activity of these
communities and, therefore, their impact on the geochemical parameters of the environment.

It has been reported repeatedly that adaptation to environmental stresses such as heat shock or
nutrient deprivation in microbes occurs through the production of stress proteins which may then
protect the organism from other stresses (such as radiation or extreme pH values) in addition to
the stress to which they were formed in response. Such cross protection is particularly important
at Yucca Mountain, where natural conditions for microbes are generally nutrient poor and locally
may be lacking in free water. The construction of a repository and subsequent placement of
radioactive waste will alter conditions such that additional stresses (e.g., high temperature,
radiation and desiccation) will be present. However, the naturally already stressed population
may be able to tolerate the lesser extremes of these added stresses and this should be taken into
account when setting on/off switches for microbial activity in the performance assessment
models developed for the Yucca Mountain repository.

6.1 WATER AND SALINITY EFFECTS

The Topopah Spring Tuff horizon where a repository would be located at Yucca Mountain is in
the unsaturated zone, about 300 m below the surface and at least 200 m above the water table.
This horizon is porous and fractured and the pores are partially filled with water. It is estimated
that the region is >90% saturated. The remaining pore space is filled with gas of essentially
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atomospheric composition, but perhaps somewhat richer in CO2. The water is believed to be a
NaHCO3 groundwater of near drinking water quality with a near-neutral pH. Since this horizon
is above the water table and porous, even under natural conditions intermittent periods of wetting
and drying as a result of surface water infiltration (precipitation) are expected. In addition, the
waste packages to be emplaced within such a repository will produce heat from the decay of
radionuclides in the waste and this heat is expected to drive away a substantial amount of water
in parts of the YM horizon, which may then condense in locations further away from the heat
source. These intermittent wetting and drying periods as a result of sporadic precipitation, and
the redistribution of moisture as a result of heat from the waste packages will influence the
activity of the microbial population, both introduced and indigenous, in a future YM repository.

Pore water may become more concentrated during periods of evaporation and drying and if this
occurs, the microbial population naturally present may be subjected to periods of higher osmotic
stress. Bacterial populations native to the Yucca Mountain site have been sampled and studied
by Haldeman and Amy (1993), but no specific studies were done to determine their halophilic
character. Because of the generally dilute groundwater composition, truly halophilic bacteria
probably do not occur in the groundwater at Yucca Mountain, but it is possible that many of the
species may have at least mild halotolerant properties because of the intermittent water fluxes at
the site. Also, bacteria may be located in the rock under very low water potentials, and,
therefore, may be quite halotolerant, because a resistance to low water potentials may also
provide resistance to osmotic stress. In addition, the groundwater is quite oligotrophic and
bacteria adapted to such environments are generally also likely more resistant to osmotic-, water-
and temperature stresses.

Rewetting after drying episodes could (temporarily and locally) increase microbial activity. For
instance, Cabrera (1993) conducted a modelling study of the flush of nitrogen mineralization in
soils caused by drying and rewetting cycles. Several factors in this study may have contributed
to the N flush that followed rewetting dry soil. A significant proportion of the soil
microorganisms probably died during drying, and dead microbial cells available for
decomposition could have caused part of the N flush. The youthful state of the microbial
population that developed after rewetting could also have been responsible for part of the
enhanced N mineralizaton. In addition, the N flush might have been partly due to an increase in
the availability of organic substrates through desorption from soil surfaces and through an
increase in organic surfaces exposed. Similar effects may be also be of importance at Yucca
Mountain with respect to the drying and rewetting cycles there. Although the halotolerant
character of the native microbial population at Yucca Mountain is not known, it is possible that
during drying episodes, many bacteria would accumulate EPS, compatible solutes and
osmolytes. A certain percentage would not be successful and die anyhow. Then, upon
rewetting, cell material from dead cells, EPS and compatible solutes accumulated in both living
and dead cells would be available for survivors and a localized more intense period of bacterial
activity may occur. In a repository situation one could speculate that this rapid activity could
potentially release radionuclides sorbed to EPS as it is metabolized or that it may change the pH
and redox conditions in the environment which could also affect radionuclide mobility.

However, it is also possible that many of the native population are in fact very sensitive to high
salt concentrations, because of the oligotrophic character of the groundwater at Yucca Mountain,
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and that, therefore, a large percentage would die upon drying as a result of the introduced heat.
The synthesis of compatible solutes and osmolytes would likely have to be accomplished largely
from organic sources inside the cells because of the oligotrophic character of the groundwater at
Yucca Mountain. This increased synthesis might cost considerable energy, which is likely also
in short supply. This would certainly be the case for autotrophs (Kieft and Spence 1988).
Without further study of the microbial population at Yucca Mountain it is not possible to
conclude whether natural drying and rewetting cycles would have very drastic effects on the
population in the rock.

Much more drastic effects on the microbial population at Yucca Mountain are expected from the
heat of the waste containers emplaced in the repository. The heat is expected to drive most of the
water away from the vicinity of the containers to more remote areas where the temperature is
such that condensation will occur. During the redistribution of water, the bacteria present will be
subject to increasing osmotic stress, compounded by temperature and desiccation effects. It is
difficult to separate these effects, but it is likely that most organisms will either die or become
VBNC, and almost inactive. Certainly, microbial activity will be greatly reduced in areas
adjacent to the waste package, until temperatures are such that liquid water can return. Microbial
activity will likely be much more intense at the locations where the evaporated groundwater
recondenses, because of an increased availability of liquid water and elevated but not prohibitive
temperatures.

Ideally, osmotic levels at which microbial activity ceases in the Yucca Mountain environment are
needed, such that they can be used as on/off switches in models that determine the level of
microbial activity in various locations in the repository. Tests on Yucca Mountain microbial
populations need to be performed to define such levels because the halophilic character of the
naturally occurring microbes both in the groundwater and in the rock has yet to be determined.

Table 4.1 showed water potentials at which certain groups of microbes will become inactive (and
may even die). At Yucca Mountain, the local water potential, which can be derived spatially as a
function of rock properties (e.g., pore size distributions, Table 4.2) and hydrology (periodic
precipitation), could be used as an on-off switch for microbiological activity in model
calculations. Some of the data required to attempt this may in fact already exist in the work of
Kieft et al. (1993), although their work on the microbial abundance and activities in relation to
water potential in the vadose zones of arid and semi-arid sites (including samples from the
Nevada Test Site) showed only weak correlations between microbial abundance and activity and
water content or water potential of the rock. Based on the overriding influence of water on
microbial activity and on the data in Table 4.1, a water activity of 0.9 is a reasonable estimate as
a cutoff for significant microbial activity. In addition, various rates would need to be estimated
for the microbial reactions considered when water activity is >0.9. Such rates have not been
investigated in this report, but could be obtained from published studies, or from well-designed
laboratory studies that approach realistic in situ conditions as closely as possible. For instance,
King et al. (1999) used published rates for sulphate reduction in their model of microbial
sulphide production and Cu container corrosion in the backfill of a Canadian waste vault. For
fungi, the water potential cutoff for activity should be set lower, at about 0.7.
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6.2 TEMPERATURE

The time frame of temperature shifts can be obtained from thermal models that have been
developed for the Yucca Mountain repository. The temperature distribution depends on the
spatial location of the waste packages, but temperatures in most areas of the repository are
expected to be well in excess of 100°C, for thousands of years.

It is not clear whether the hyperthermophiles found in certain geothermal areas of the world are
'ancient' organisms or 'new' adaptations, or, in case of the latter, how long it took to develop
these populations. The development of an active thermophilic microbial population at Yucca
Mountain could either occur via adaptation (mutation) of mesophiles, or by activation of dormant
(hyper)thermophiles. Both processes may occur, although the former would probably be less
successful because the heating rate (in the order of decades) may be too fast for genetic
adaptation (that could require several mutations to occur simultaneously, which has a low
probability of success). Another argument against adaptation through mutation is that the
nutrient environment at the Yucca Mountain repository is very oligotrophic, causing inactive or
low-activity in situ microbial populations to be present, with slow generation times. For
instance, Fredrickson and Onstott (1996) suggest that some subsurface microbial generation
times may be in excess of a hundred years. If that is the case at Yucca Mountain, microbial
adaptation to the expected temperature range through mutation may not be easily accomplished,
and any surviving microbes would probably be dormant and not active.

Mesophiles naturally present or introduced at Yucca Mountain may have an increased heat
tolerance because of their generally starved conditions in the oligotrophic Yucca Mountain
environment and would probably survive slightly raised temperatures. Some mesophiles may
survive the larger temperature increase by sporulation, but would effectively be inactive and not
be able to germinate until the temperature decreased. It is unlikely that mesophiles would adapt
to temperatures >100°C in a relatively short period of time.

Thermophiles and hyperthermophiles can survive (probably in a dormant state) at lower
temperatures in nature for a long time and have been isolated from relatively cold environments
in nature. It seems, therefore, more likely that population shifts would occur because of dormant
forms of (hyper)thermophiles being present and becoming active as temperatures increase. As
discussed, their viability would be restricted by the need for liquid water. Indigenous microbial
populations naturally present at Yucca Mountain have been investigated (Amy et al. 1992,
Haldeman and Amy 1993, Haldeman et al. 1994) but specific isolations of thermophiles have not
been carried out. The presence of dormant thermophiles in the Yucca Mountain environment
can, therefore, not be ruled out at present. In addition, non-indigenous species will be introduced
during construction, and survival and reactivation of such species, if present, at higher
temperatures is a possibility.

Environments that are subject to large temperature variations and/or that are heated at intervals
would favour facultative thermophiles or thermophiles with resting stages. Environments that
have fairly stable high temperature regimes would favor strict thermophiles without resting
stages. However, other characteristics of the hot environments will strongly influence their
microbial flora, e.g., the supply of liquid water, carbon and energy sources. In the Yucca
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Mountain environment, elevated temperatures will remain for thousands of years, in an
environment limited in water availability and nutrients. Thermophiles and hyperthermophiles
may be favoured initially but depending on water availability and carbon and energy supply, both
are expected to be limited in their activity, their only mode of survival may be in a resting stage
and not as actively metabolizing cells.

Many known hyperthermophiles are obligate anaerobes, and use the reduction of S with Hj for
energy instead of O2 reduction. The Yucca Mountain environment is expected to be largely
aerobic which would exclude the active growth of many known anaerobic hyperthermophiles.
The concentration of S in the Yucca Mountain rock is low, which would further restrict the
activity of these hyperthermophilic organisms, unless S is introduced in construction materials
such as polymers or concrete. Most hyperthermophiles are heterotrophic (only a few autotrophic
species are currently known) and many are proteolitic. The Yucca Mountain environment is
expected to be largely oligotrophic, which can further restrict activity, unless construction and
other peripheral materials provide the necessary nutrients.

From the above considerations, it is possible (and perhaps likely) that the initial thermal input to
the repository will enhance microbial activity. The dominant organisms and the accompanying
dominant activities will shift with time from mesophilically dominated and sporulation of the
mesophilic organisms to dominance and reactivation of hitherto dormant thermophiles and
hyperthermophiles (if present). It seems unlikely that a thriving and active population of
(hyper)thermophiles will exist in Yucca Mountain in those areas that are in excess of 100-130°C
because of the lack of liquid water in the absence of pressure and in light of the currently-known
limits to life. If the environment is locally pressurized, which could be the case if plugged
fractures occurred or within a waste package, activity may occur to about 130°C, but would not
likely be prolific if a shortage of required substrates and nutrients (such as S, proteins, etc.) can
be guaranteed through the appropriate choices of construction materials. Areas of Yucca
Mountain where the temperature is lower than 100°C may be able to support a population of
thermophiles and hyperthermophiles but again, this activity would be hampered by less than
optimal conditions. In any model predicting the effect of microbially-mediated chemical
reactions, these temperature limits would have to be included together with other bounding
conditions (such as moisture and nutrients) to determine the location of microbial activity and
thus the generation of biomass and microbially mediated geochemistry.

6.3

Most natural environments have pH values between 5 and 9 and microorganisms with pH optima
in this range are most common. They possess a physiologically triggered pH homeostasis
mechanism, based on proton pumps as well as K7H* and NaVH* antiport systems, that maintain a
relatively constant pH inside the cell over the broad range of exterior pH values. The pH values
expected in a Yucca Mountain repository could range from circum-neutral to extremely alkaline,
depending on the amount and locality of concrete used in the drifts.

The Yucca Mountain repository environment could potentially contain micro-environments with
acid pH values as a result of microbial activity, which generally has a pH decreasing effect
because of metabolic byproducts (organic and inorganic acids), or as a result of PVC
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degradation. Under suitable conditions (i.e., presence of O2 and availability of reduced S and Fe,
such as in pyrite), Thiobacilli may drastically lower the pH of the environment.

However, areas with high (concrete-induced) pH values may be more common than
microenvironments with low pH, because of the potentially considerable use of concrete in the
repository (e.g., concrete inverts on which the waste packages might be placed; concrete liners
with which the drifts might be lined). Very high pH values may inhibit an unadapted microbial
population, particularly if pH values in excess of pH 12 are reached. However, obligate
alkalophiles (pH optimum >10.0) have been isolated from a number of natural environments,
especially alkaline lakes and springs. Amongst obligate alkalophiles, Bacillus species appear
most common, and can in fact be isolated from most soils. Therefore, it is possible that the
indigenous population at Yucca Mountain may adapt. Also, microbial byproducts may lower the
cement-induced high pH effects such that microbial activity is possible. The endemic microbial
population in a location close and similar to Yucca Mountain has been investigated (Haldeman
and Amy 1993), but not for the occurrence of alkalophiles or acidophiles. Therefore, it cannot be
concluded that alkalophiles and acidophiles do exist naturally at Yucca Mountain, but the
reviewed literature suggests strongly that tolerance of, and adaptation to, fairly extreme pH
values may be expected in the naturally occurring microbial population at Yucca Mountain. For
modelling purposes, pH values >1 or <12 could be used as on/off switches for microbial activity
in the repository at Yucca Mountain.

6.4 NUTRIENTS AND NUTRIENT AVAILABILITY

As discussed by Kieft et al. (1993), addition of water in some of their vadose samples studied
sharply increased the rate of mineralization of added organic substrates, but had no effect in
others, suggesting that additional factors (such as N, P) may limit microbial activity. This could
also be the case in Yucca Mountain and needs further investigation.

Ecosystems are energy-driven (Morita 1993) and, therefore, the amount of energy present, the
quality of the energy, its bioavailability, the turnover rate, and the replenishment of energy must
be taken into account, when evaluating in situ activity of microbes. Some of this information
could be obtained from laboratory and field experiments, making sure they were performed
under realistic conditions. For instance, starvation experiments are sometimes conducted with
"gluttonous" bacteria that are accustomed to laboratory media. These are poor representatives of
the bacteria that would be encountered in many natural environments, including the Yucca
Mountain environment. Bacteria in oligotrophic environments often survive in a state of
suspended animation, are small and may have generation times of tens to hundreds of years.
However even in such an environment, their influence on the (local) geochemical conditions
could still be significant on a geological time scale.

Morita (1993,1982) summarizes that the normal state for most bacteria in ocean environments is
the starvation mode and that the microbes themselves make most ecosystems oligotrophic. The
condition results from the fact that there likely are representatives from all physiological types of
bacteria in any environment as well as abilities to rapidly utilize various substrates when they
become available. A similar situation is likely true of the microbes that will be present in the
proposed repository.
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Nutrient and energy constraints are expected at Yucca Mountain, in that the environment is
expected to be oligotrophic with respect to the supply of nutrients and energy available for
microbial growth. Typical organic matter concentrations in the rock and groundwater at Yucca
Mountain are low and the extant microbial population is probably in some sort of dynamic
equilibrium with these concentrations. Organic C, N, P and S are likely constantly recycled
between the planktonic and (probably orders of magnitude larger) sessile population (in biofilms
on fracture- and particle surfaces). Part of the dissolved organic matter may be biologically
stable, but data on this are missing in general for deep subsurface environments.

Furthermore, the establishment of a repository may change the nutrient status of the originally
oligotrophic environment through the introduction of nutrients as a result of repository
excavation and operation and emplacement of the waste. This may lead to an overall increase in
microbial cell numbers in locations of increased nutrients and an enhancement of microbial
effects on repository performance (e.g., corrosion, gas production, radionuclide transport).

The majority of starvation and survival studies have been conducted using marine organisms. As
yet there is no evidence that that freshwater or soil organisms will behave in a strikingly different
manner. However, as Amy et al (1993) point out, there are few studies of starvation in non-
marine microorganisms. Amy et al (1993) have isolated viable microorganisms from 450 m
depth at Rainier Mesa, Nevada Test site and found that the starvation behavior of these
subsurface isolates appeared to be typical. They demonstrated that 4 of the 5 isolates increased
in number at the onset of starvation, and decreased in cell size. This result is similar to that of
Nystrom and Kjelleberg (1989) who noted a 4-fold initial increase in cell numbers during the
first six hours of a C, N and P starvation regime. Amy et al. (1993) also demonstrated that cell
number decreases to a constant level within 60 days. This means that for purpose of the
repository model, the process of starvation can be modeled as instantaneous. It is important,
however, to quantify the generation of EPS during the transition to metabolic arrest as potential
source of colloidal material. Also, although microorganisms will probably exist predominantly
in the starved state, this does not necessarily imply that the greatest impact of microorganisms
will be when they are in the starved state. Amy and Morita (1983a) have studied recovery from
metabolic arrest. The demonstrated recovery time was in the range of days for several weeks of
starvation. Cells starved for long periods of (geologic) time have also been cultured in the
laboratory (Amy et al. 1993). Therefore, to a good approximation for the resolution of a
repository model in geologic time, revival of microbes to an active state can be modeled as
instantaneous or "switched on".

The element of time reduces some of the complexity in the repository. Within the resolution of
the repository time scale, microbes can be assumed to take "instant" advantage of available
nutrients and energy sources. It can also be assumed that stress factors (heat, desiccation etc.)
will have immediate impact, e.g., below the aw threshold there will be no activity and above that
level activity is possible. They can be expected to have the necessary time to undergo the phases
necessary to survive any stressful event (e.g., heat, nutrient starvation, salinity change).
However, in modelling terms they can be described as going "immediately" into metabolic arrest
with a first order estimate of 0.3% survival rate.
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For the purpose of modelling the following attitude could be adopted. The default condition for
microbes is in a starvation state. This is punctuated by periods of growth which are relatively
short with respect to the repository lifetime. These periods of growth are limited by the available
nutrients and cease when the nutrients are utilized or pass out of the system. It is important to
note that, although, the periods of microbial activity may be intermittent, localized and relatively
short lived, their impact may be greater than the far longer periods of starvation and survival.
Examination of the starvation survival literature suggests that the amount of time required for
cells to go into, or come out of, the starvation-survival state is neglegible on the time scale of
interest. What remains, then, to sketch out a picture of microbial activity is to identify the kinds
of mechanisms that will bring nutrients to microbes in the repository. The following are
identified:

1) nutrients that are deposited as part of the original construction;
2) nutrients that are products of the thermal breakdown of construction and natural materials;
3) nutrients that are products of the non-thermally loaded breakdown of construction materials;
4) nutrients that are carried into the repository setting by intermittent water fluxes.

6.5 RADIATION

In a Yucca Mountain repository, hormesis (stimulation by subharmful doses of an agent) effects
on microorganisms could possibly occur in those locations where the radiation dose has dropped
to extremely low values due to shielding by surrounding materials. However, since conditions in
this environment are expected to be very hot and dry for many years, hormesis effects may be
obliterated by the detrimental effects of the hot and dry environment. Of more concern is
whether microbes can somehow at all survive these harsh conditions (confounded by potentially
high radiation fields near the containers), such that they can continue to grow again when
conditions improve.

The microbial population within the waste containers will be subjected to gamma radiation.
Those in the near field will also be exposed if the waste containers are not self-shielding. Dose
may be low, depending on the type of the container and the age of the waste, but the accumulated
dose could be significant over time. The effects of a low but continuous dose on microbes are
not known, however, the potential for hormesis effects is real.

If radiation fields are present, they will be exerting their damaging effects in the presence of
considerable heat and hence desiccation. A number of studies have indicated that resistance to
heat or desiccation often affords microbes a certain degree of radiation resistance. This is
especially true for the highly radiation resistant organism Deinococcus radiodurans but also in
other vegetative bacterial cells and in spores.

The study by Amy et al. (1992) isolated approximately 50 bacterial strains from rock and
groundwater samples taken at the Nevada Test Site. Sixty-five percent of these isolates
contained pigment. The literature reviewed showed a non-consensus about the role of pigments
in radiation resistance in general. However, often bacteria isolated from extreme environments
do contain pigments. An example are the halophiles. Evaporation pools for the commercial
production of salt from the sea (marine salterns) are often red in colour due to the carotenoid
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pigment of extreme halophilic organisms (Larsen 1981). Therefore, if waste package design is
such that radiation becomes a concern in a YM repository, isolates from the Yucca Mountain site
need to be tested for radiation resistance and a correlation with pigmentation may or may not
emerge.

Results from a study by Pitonzo et al. (1999a,b) showed that YM isolated microbes could survive
considerable radiation doses in a VBNC state, but recovered some of their previous culturable
and metabolic capabilities, once the radiation stress was removed. For a YM repository this
could imply that radiation to a certain cumulative dose (2.3 kGy as reported by Pitonzo et al.
1999a) will likely curtail activity and metabolic capability of microbes (indigenous or otherwise)
present, but that part of this activity can be restored once radiation fields have decayed away to
lower values.

6.6 COLLOIDS

In a heterogeneous environment such as an emplacement drift, microbial biomass cannot be
expected to adhere to all substrates in the same manner. This means that some designs or
locations of a specific design may generate more biocolloids, or conversely, supply a better
sorptive biobarrier than other designs or locations. Biocolloids can be mobile, and therefore,
transport sorbed radionuclides. A study by Chen et al. (1999) showed mobility and survival of
injected bacteria in a heated block of Topopah Spring Tuff, although the relationship between
bacterial migration and the movement of water in this thermally perturbed environment was not
yet fully understood. Their observations suggested the possibility of rapid bacterial transport in a
thermally perturbed repository environment, and therefore, the effects of microbial transport on
radionuclide migration need to be incorporated in future models.

The second contribution, specifically to transport of radionuclides, is EPS production. Although
the controlling factors for attachment and detachment are not discussed in this report, it is clear
that the generation of EPS, and thus the estimate of its mass, is determined by the type of
organism, its state of growth and the nutrient conditions. Future modelling efforts could include
concentrations of colloids based on the amount of EPS produced.

6.7 ANAEROBIC ENVIRONMENTS

At Yucca Mountain, saturation will only occur intermittently and only locally if at all. Directly
after water ingress, microbial activity will likely increase or where inactive, initiate. Locally,
given the heterogeneity of the water distribution, the activity could even progress to anaerobisis,
depending on how fast the water drains and air is reintroduced. The local â  values are the key to
model microbial activity and all related microbial processes. Because biotic processes will be
expected to occur primarily within or beneath films, assumptions would have to be made
regarding the onset of anaerobic conditions.

6.8 PRESSURE

The Yucca Mountain environment is very different from some well-known geothermally-heated
environments in that it is not a saturated environment, but in fact would be severely restricted in
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the availability of moisture because of temperatures expected to be in excess of 100°C and maybe
as high as 200°C for as much as a few hundred years. High pressure may be possible locally,
should fractures be plugged by precipitated minerals, or inside waste packages. The currently-
accepted temperature limit to life is somewhere in the neighbourhood of 130°C and the Yucca
Mountain near-field environment may, therefore, be inactive, if temperatures near 200°C are
indeed reached. However, temperature profiles are not expected to be uniform in the proposed
repository, and it is expected that many parts of the repository environment will in fact
experience lower temperatures. If those temperatures are lower than about 130°C, the possibility
of life exists. However, liquid water is needed for life and at temperatures in excess of 100°C,
pressure is needed to keep water in its liquid form. Because the environment at Yucca Mountain
may be quite porous, the required pressure to keep water liquid at temperatures >100°C may not
develop. If this is the case, liquid water may not exist at temperatures >100°C at Yucca
Mountain. The water would move away as vapor and water temperatures would not exceed
100°C, but dry rock would have a much higher temperature. Viable organisms may, therefore,
only be expected in areas with liquid water at Yucca Mountain.

6.9 MODFTTTNO

Concurrent with the presented 1996 literature review in this report, modelling efforts of
microbial effects at YM has been ongoing. The Microbial Communities Model (MCM) was
developed together with the construction of the Microbial Impacts on the Near-field
Geochemistry (MING) code, to quantify bounding assessments of microbial growth, to use as a
basis to discuss the potential microbial impacts on the near-field environmental geochemistry
(TSPA 1998). The model uses an idealized and simplified approach, similar to that of McKinley
et al. (1997). The approach is based on a combined mass balance- and thermodynamic approach,
because not all required information for a kinetic approach (mathematically possible) was
available or could be obtained within a reasonable time frame. The mass balance approach used
instead uses abiotic processes (e.g., corrosion rates, sequential degradation of materials) to
determine the rate at which nutrients become available to microorganisms and then assumes that
the microorganisms convert those nutrients to the products (i.e., biomasss) instantaneously, using
limiting guidelines of energy availability and the availability of all the required nutrients in the
proper ratio (i.e., the average composition of microbial material).

The MING output is designed to define only the bulk system redox chemistry of the near-field
system given the variable temperature and the pH of the system, it does not reflect the actual
chemical speciation or reactions that might occur at a more localized scale. The chemical output
is designed to capture molar quantities of the production of byproducts (such as CO2, tL,S and H*
ions) over one linear meter of repository drift. Output is also designed to enable evaluation of
the quantities of microbes produced, the limits to microbial growth imposed by both nutrients
and energy, and the stipulation of which nutrient is limiting growth in the repository.

A number of simplified calculations have been performed with MING to date and results showed
a maximum biomass production of 10 to 12 g per year per meter of repository based on the
nutrients and energy in the large mass of mild steel that would be emplaced. Biomass production
based on the nutrients in the other constituents (concrete, C-22 alloy and J-13 groundwater)
varied from 1 to .01 g per year per meter.
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McKinley et al. (1997) converted biomass to complexing capacity and showed that the impact on
radionuclide complexation was negligible in a Swiss repository. The low biomasss production at
YM, calculated globally with MING may also not have a huge impact on radionuclide
complexation and hence mobility, but the model cannot discriminate between localized areas of
specific or intensified micobial activity, which could be especially important for waste package
corrosion. For such specific mechanisms, a kinetically-based model, using Monod expressions
may be more useful.

The model for low and intermediate level nuclear waste by Humphreys et al. (1995) uses Monod
expressions to calculate gas (e.g., methane) production from cellulose at the Drigg site in the UK.
The model by King et al. (1999) for the activity of SRB in compacted bentonite-based buffer
material in a Canadian repository and the effects of that activity (i.e., sulphide production) on
Cu-container corrosion also used the kinetic Monod equation as a basis, as well as published
sulphate reduction rates. These rates were carefully chosen from a number of published rates, to
simulate the repository environment as closely as possible. However, the choice of reaction rates
is crucial for realistic predictions with such models. For instance, Stroes-Gascoyne and Hamon
(2000) found a very low in situ sulphate reduction rate in compacted bentonite-based buffer
material that had been buried for 6 years in a granite borehole of realistic dimensions. Only 0.02
to 0.5% of the sulphate initially present was converted to sulphide, whereas in the model, all
sulphate was converted to sulphide in 1-2 years. This illustrates the need for realistic choices and
measurements of pertinent microbial reaction rates. The model by King et al. (1999) did include
bacterial death due to a number of factors including radiation, as well as precipitation of the
sulphide with Fe(H) present either in the groundwater or produced by the dissolution of biotite,
and the calculations showed that only 0.3% of the sulphide produced actually reached the
container. Depending on the input parameters, corrosion rates for a variety of cases could be
calculated. In case of radiation emanating from the container at an initial absorbed dose rate of
11 Gy/h (equivalent to the dose rate expected), they found virtually no SRB activity predicted
near the container and consequently, no corrosion was predicted for this case.

Such kinetic models may need to be applied for the YM assessment, to model MIC, and other
important localized processes. The MING model, although very useful for a broad picture, is not
able to give the localized variety in intensity and activity that may be needed for predicting
effects such as corrosion. In fact, recommendations from the initial MING runs suggest
continued efforts to link biomass production with development of a more sophisticated approach
to include specific microbial activity for local waste package corrosion effects. Consideration of
microbes as colloids should also be pursued in future work since microbes may act as or can
stabilize colloids, as well as produce strong complexing agents of multivalent ions. Both effects
can be very localized.

The material in this report can be used in the development of such specific kinetic models for
concerns and reactions that warrant a more sophisticated prediction of microbial activity and its
effects in certain parts of a YM repository.
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TO THE INTEGRITY OF THE YUCCA MOUNTAIN REPOSITORY ENVIRONMENT -

A COLLECTION OF LITERATURE

Collected by D. Haldeman, University of Nevada, 1996
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A.1 INTRODUCTION

This data base was created to provide background information concerning the role that
microbiota may play in determining the long-term stability of a nuclear waste repository.
Microbiota are indigenous to deep subsurface geological strata, and will be introduced during the
construction of a repository. Because of their tenacious survival capabilities and their diversity
of metabolisms, discerning impacts of man-made materials on microbiota as well as their impacts
on the materials and the repository environment, is a complex task. Many factors need to be
considered, and this data base provides articles that apply to specific areas of importance. Much
of the basis of the literature search was discussed by an interdisciplinary group at a workshop
held on April 10-12 1995, in Lafayette, California (Horn and Meike 1995). This Appendix
contains a valuable collection of papers on relevant topics and a resource for initial and advanced
reading on the subject.

A.2 LITERATURE SEARCH OUTLINE

Part 1 - Specific to the Subsurface - aquifers are mostly excluded

I Subsurface Microbiology

Reviews

Activity
Diversity
Heterogeneity - Distribution
Sampling
Vadose Zone
Mines/Rocks/Caves

Part 2 - General Microbial Ecology - with application to subsurface repository

II Microbial Growth and Responses to Environmental Parameters - Abiotic Factors
Growth Properties (General)

PH
Temperature
Radiation
Radiation (General)
Mutations and Mutants
Osmoregulation
Desiccation

HI Survival

Survival
Dormancy
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Dormancy (General)
Spores
Resuscitation
Viable But Not Culturable
Cryptic Growth
Injury
Stress Proteins
Bacterial Sizes

IV Diversity of Microbiota

Diversity (General)
SO4 Reducing Bacteria
Anaerobes
Acetogens
Aeromicro
Vapor Phase
Fe(H) Oxidizing Bacteria
Autotrophs
H2 Oxidizing Bacteria
Genetic Detection

V Nutrients and Cycling

Cycling (General)
Geo Micro
Limiting Factors

VI In Situ Considerations

Attachment
Biofilms
Polymers
Polysaccharides
Interactions
Interactions Microbe/Microbe
Competition
Consortia
Colonization/Succession

Part 3 - Impacts of Microbiota on Repository Integrity

VII Degradation
Hydrocarbons
Diesel Exhaust
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Concrete
Polysaccharides
Miscellaneous
Vin Corrosion

IX Transport of Bacteria, Metals and/or Radionuclides

Transport
Metals

X Waste Disposal



-133 -

REFERENCES

Adams, J. B., Palmer, Fred, and Staley, James T. (1992). "Rock Weathering in Deserts:
Mobilization and Concentration of Ferric Iron by Microorganisms." Geomicrobiology
Journal 10:99-114.

Adda, M., Merchuk, Jose C , and Arad, Shoshana (Malis) (1986). "Effect of Nitrate on Growth
and Production of Cell-wall Polysaccharide by the Unicellular Red Alga Prophyridium."
Biomass 10: 131-140.

Ait-Langomazino, N., Sellier, R., Jouquet, G., and Trescinski, M. (1991). "Microbial degradation
of bitumen." Experientia 47: 533-539.

Albertson, N. H., Nystrom, Thomas and Kjelleberg, Staffan (1990). "Exoprotease Activity of
Two Marine Bacteria During Starvation." Applied and Environmental Microbiology
56(1): 218-223.

Albrechtsen, H.-J. (1991). Bacteria and Surfaces in the Groundwater Environment. First
International Symposium on Microbiology of the Deep Subsurface, WSRC Information
Services.

Albrechtsen, H. J., G. Heron, T. H. Christensen (1995). "Limiting factors for microbial Fe(JH) -
reduction in a landfill leachate polluted aquifer (Vejen, Denmark)." FEMS Microbiology
Ecology 16(3): 233-247.

Albright, L. A., Huala, Eva, and Ausubel, Fredrick M. (1989). "Prokaryotic Signal Transduction
Mediated By Sensor and Regulator Protein Pairs." Annu. Rev. Genet. 23: 311-336.

Allen, M. J., and S. M. Morrison (1973). "Bacterial movement through fractured bedrock."
Ground Water 11(2): 6-10.

Amann, R. I., W. Ludwig, and K. H. Schleifer (1995). "Phylogenetic identification and in situ
detection of individual microbial cells without cultivation." Microbiol. Rev. 59(1):
143-169.

Amy, P. S., and Morita, Richard Y. (1983). "Protein Patterns of Growing and Starved Cells of a
Marine Vibrio sp." Applied and Environmental Microbiology 45(6): 1748-1752.

Amy, P. S., Pauling Crellin, and Morita, Richard Y. (1983). "Recovery from Nutrient Starvation
by a Marine Vibrio sp." Applied and Environmental Microbiology 45(5): 1685 -1690.

Amy, P. S., Pauling C , and Morita, Richard Y. (1983). "Starvation-Survival Processes of a
Marine Vibrio." Applied and Environmental Microbiology 45(3): 1041-1048.

Amy, P. S., Haldeman, D.L., Ringelberg, D., Hall, D.H., and Russell, C. (1992). "Comparison of
Identification Systems for Classification of Bacteria Isolated from Water and Endolithic
Habitats within the Deep Subsurface." Applied and Environmental Microbiology 58(10):
3367-3373.

Amy, P. S., Durham, Cheryl, Hall, Deborah, and Haldeman, Dana L. (1993). "Starvation-
Survival of Deep Subsurface Isolates." Current Microbiology 26: 345-352.

Amy, P. S. and Morita, Richard Y. (1983). "Starvation-Survival Patterns of Sixteen Freshly
Isolated Open-Ocean Bacteria." Applied and Environmental Microbiology 45(3):
1109-1115.

Anderson, A. W., Nordan, H.C., Cain, R.F., Parrish, Gordon and Duggan, Dennis (1956).
"Studies on a Radio-Resistant Micrococcus. I. Isolation, Morphology, Cultural
Characteristics, and Resistance to Gamma Radiation." Food Technology December:
575-578.



-134-

Angelikaki, I., and Ahring, Birgitte K. (1995). "Establishment and Characterization of an

Anaerobic Thermophilic (55°C) Enrichment Culture Degrading Long-Chain Fatty
Acids." Applied and Environmental Microbiology 61(6): 2442-2445.

Angell, P. and A.H. L. Chamberlain (1991). "The role of extracellular products in copper
colonisation." Int. Biodeterioration 27: 135-143.

Appanna, V. D., and J. Huang (1992). "Bioaccumulation of yttrium in Pseudomonas
fluorescens." Bull. Environ. Contamination andToxicol. 49(4): 620-625.

Appanna, V. D., M. Kepes, and P. Rochen (1994). "Aluminum tolerance in Pseudomonas
fluorescens ATCC 13525: Involvement of a gelatinous lipid-rich residue." FEMS
Microbiol. Letters 119: 295-302.

Arad, S. M., Friedman, Orit (Dahan)., and Rotem, Avi (1988). "Effect of Nitrogen on
Polysaccharide Production in a Porphyridium sp." Applied and Environmental
Microbiology 54(10): 2411-2414.

Argano, M. (1981). Responses of Microorganisms to Temperature. Physiological Plant Ecology
I. O. L. Lange, P. S. Nobel, C. B. Osmond, H. Ziegler. New York, Springer-Verlag:
339-369.

Arrage, A. A., Phelps, Tommy J., Benoit, Robert E., Palumbo, Anthony V., and White, David C.
(1993). "Bacterial Sensitivity to UV Light as a Model for Ionizing Radiation
Resistance." Journal of Microbiological Methods 18: 127-136.

Arrage, A. a., Phelps, Tommy J., Benoit, Robert E., and White, David C. (1993). "Survival of
Subsurface Microorganisms Exposed to UV Radiation and Hydrogen Peroxide."
Applied and Environmental Microbiology 59(11): 3545-3550.

Ashley, N. V., D. J. W. Roach (1990). "Review of biotechnology application to nuclear waste
treatment." J. Chemical Tech. and Biotech. 49(4): 381-394.

Atlas, R. M. (1984). Diversity of Microbial Communities. Advances in Microbial Ecology.
K.C.Marshall. Kensington, New South Wales, Australia, Plenum Press. 7: 1-46.

Atlas, R. M., and R. Bartha (1987). Biogeochemical cycling: Carbon, hydrogen, and oxygen.
Microbial Ecology: Fundamentals and Applications. Menlo Park, CA, The
Benjamin/Cummings Publishing Company, Inc.: 307-329.

Atlas, R. M., and R. Bartha (1987). Effects of abiotic factors on microorganisms. Microbial
Ecology: Fundamentals and Applications. Menlo Park, CA, The Benjamin/Cummings
Publishing Company, Inc.: 233-259.

Atlas, R. M. and R. Bartha (1987). Biogeochemical cycling: Nitrogen, sulfur, phosphorus, iron,
and other elements. Microbial Ecology: Fundamentals and Applications. Menlo Park,
CA, The Benjamin/Cummings Publishing Company, Inc.: 333-360.

Authors, Various (1963). "Abstracts of papers read at the joint meeting of the Netherlands
Radiobiological Society and the British Association for Radiation Research on 10 and 11
May 1963 at Scheveningen, The Netherlands." Int. J. Rad. Biol. 6(5): 481-494.

Avella, M., L. Clandrelli, B. Immirzi, J. Malinconico, E. Martuscelli, B. Pascucci, and P.
Sadocco (1995). "Novel synthesis blends between bacterial polyesters and acrylic
rubber: A study on enzymatic biodegradation." Journal of Environmental Polymer
Degradation 3(1): 49-60.

Avery, S. V. (1995). "Caesium accumulation by microorganisms uptake mechanisms, cation
competition, compartmentalization and toxicity." J. Industrial Microbiol. 14(2): 76-84.



-135-

Azam, F., D. C. Smith, G. F. Steward, A. Hagstrom (1994). "Bacteria-organic matter coupling
and its significance for oceanic carbon cycling." Microbial Ecology 28(2): 167-179.

Azghani, A. O., and Fuerst, Robert (1988). "Mechanisms of tetracycline and rifampicin
resistance in Bacteroides fragilis mutants obtained by ionizing radiation." Journal of
Industrial Microbiology 3: 299-304.

Bachofen, R. (1991). "Gas metabolism of microorganisms." Experientia 47: 508-512.
Bachofen, R. (1991). "Microorganisms in nuclear waste disposal. Conclusions." Experientia 47:

583-584.
Bagley, S. T., Baumgard, Kirby J., and Gratz, Linda D. (1990). Comparison of In-Mine and

Laboratory-Generated Diesel Paniculate Matter, Biological Activity, and Polynuclear
Aromatic Hydrocarbon Levels. Proceedings of 3rd Symposium on Respirable Dust in the
Mineral Industries, Pittsburgh, PA.

Bagley, S. T., K. J. Baumgard, and L. D. Gratz (1992). Polynuclear aromatic hydrocarbons and
biological activity associated with diesel paniculate matter collected in underground coal
mines. Bureau of Mines Information and Technology Transfer Seminar, Minneapolis,
MN, U. S. Bureau of Mines.

Bakken, L. R., and Olsen, Rolf A. (1987). Dwarf Cells in Soil. - A Result of Starvation of
"Normal" Bacteria, or a Separate Population? 4th International Symposium on Microbial
Ecology.

Bakken, L. R., and R. A. Olsen (1987). 'The relationship between cell size and viability of soil
bacteria." Microb. Ecol. 13: 103-114.

Bales, R. C , C. P. Gerba, G. H. Grondin, and S. L. Jensen (1989). "Bacteriophage transport in
sandy soils and fractured tuff." Appl. Environ. Microbiol. 55(8): 2061-2067.

Balkwil, D. L. (1991). Density and Distribution of Aerobic, Chemoheterotrophic Bacteria in
Deep Southeast Coastal Plain Sediments at the Savannah River Site. Proceedings of the
First International Symposium on Microbiology of the Deep Subsurface. T. C. Hazen.
Aiken, S.C., Information Services.

Balkwill, D. L. (1989). "Numbers, Diversity, and Morphological Characteristics of Aerobic,
Chemoheterotrophic Bacteria in Deep Subsurface Sediments from a Site in South
Carolina." Geomicrobiology Journal 7: 33-52.

Balkwill, D. L., Fredrickson, J.K., and Thomas J.M. (1989). "Vertical and Horizontal Variations
in the Physiological Diversity of the Aerobic Chemoheterotrophic Bacterial Microflora
in Deep Southeast Coastal Plain Subsurface Sediments." Applied and Environmental
Microbiology 55(3): 1058-1065.

Banks, M. K. and Bryers, James D. (1990). "Cryptic growth within a binary microbial culture."
Appl. Microbiol Biotechnol 33: 596-601.

Barbara, S. E., Albrechtsen, Hans-Jorgen., Jensen, Bjorn K., Mayfield, Colin I., Barker, James F.
(1994). "Relationships Between Aquifer Properties and Microbial Populations in the
Borden Aquifer." Geomicrobiology Journal 12: 203-219.

Barkay, T., Liebert, Cynthia., and Gillman, Mark (1989). "Environmental Significance of the
Potential for mer(Tn21)-Mediated Reduction of Hg2+ to Hg° in Natural Waters."
Applied and Environmental Microbiology 55(5): 1196-1202.

Bartell, P. F., Orr, Thomas E., and Lam, Grace K.H. (1966). "Polysaccharide polymerase
Associated with Bacteriophage Infection." Journal of Bacteriology 92(1): 56-62.



-136-

Beaman, T. C , T. S. Pandratz, and P. Gerhardt (1988). "Heat shock affects permeability and
resistance of Bacillus stearothermophilis spores." Appl. Environ. Microbiol. 54(10):
2515-2520.

Beaman, T. C , H. S. Pandratz, and P. Gerhardt (1989). "Low Heat Resistance of Bacillus
sphaericus spores correlated with high protoplast water content." FEMS Microbiol.
Letters 58(1): 1-4.

Beech, I. B., and Gaylarde, Christine C. (1989). "Adhesion of Desulfovibrio desulfuricans and
Pseudomonas Fluorescens to mild steel surfaces." Journal of Applied Bacteriology 67:
201-207.

Beech, I. B., Gaylarde, C.C., Smith, J.J., and Geesey, G.G. (1991). "Extracellular polysaccharides
from Desulfovibrio desulfuricans and Pseudomonas fluorescens in the presence of mild
and stainless steel." Appl Microbiol Biotechnol. 35: 65-71.

Beech, I. B., and C. C. Gaylarde (1991). "Microbial polysaccharides and corrosion." Int.
Biodeterioration 27: 95-107.

Beloin, R. M., Sinclair, James L., and Ghiorse, William C. (1988). "Distribution and Activity of
Microorganisms in Subsurface Sediments of a Pristine Study Site in Oklahoma."
Microbial Ecology 16: 85-97.

Benbouzid-Rollet, N. D., Conte, M., Guezeenec, J., and Prieur, D. (1991). "Monitoring of a
Vibro natriegens and Desulfovibrio vulgaris marine aerobic biofilm on a stainless steel
surface in a laboratory tubular flow system." Journal of Applied Bacteriology 71:
244-251.

Bender, J., J. P. Gould, Y. Vatcharapijarn, and G. Saha (1991). "Uptake, transformation and
fixation of selenium (VI) by a mixed selenium-tolerant ecosystem." Water Air Soil
Pollution 59(3-4): 359-368.

Bengtsson, G. (1991). "Bacterial exopolymer and PHB production in fluctuating ground-water
habitats." FEMS Microbiology Ecology 86: 15-24.

Bentjen, S. A., J. K. Fredrickson, P. Van Voris, and S. W. Li (1989). "Intact soil-core
microcosms for evaluation the fate and ecological impact of the release of genetically
engineered microorganisms." Appl. Environ. Microbiol. 55: 198-202.

Bertram, P. A., Buller, C.S., Stewart, G.C., and Akagi, J.M. (1993). "Isolation and
characterization of a Bacillus strain capable of degrading the extracellular glucan from
Cellulomonas flavigena strain KU." Journal of Applied Bacteriology 74: 460-466.

Beveridge, T. J. (1989). "Role of Cellular Design in Bacterial Metal Accumulation and
Mineralization." Annu. Rev. Microbiol. 43: 147-171.

Bhatnagar, M. and Singh, Gurdeep (1991). "Growth inhibition and leakage of cellular material
from Thiobacillus ferrooxidans by organic compounds." J. Environ. Biol. 12(4):
385-399.

Bingham, R. J., K. S. Hall, and J. L. Slonczewski (1990). "Alkaline induction of a novel gene
locus, alx, in Escherichia coli." J. Bact. 172(4): 2184-2186.

Binnerup, S. J., Jensen, Dan Funck., Thordal-Christensen, Hans and Sorensen, Jan (1993).
"Detection of viable, but non-culturable Pseudomonas flurescens DF57 in soil using a
microcolony epifluorescence technique." FEMS Microbiology Ecology 12: 97-105.

Birch, L., and R. Bachofen (1990). "Complexing agents from microorganisms." Experientia 46:
827-834.



-137-

Birch, L. D., and R. Bachofen (1990). Effects of microorganisms on the environmental mobility
of radionuclides. Soil Biochemistry. J.-M. Bollag and G. Stotzki. New York, Marcel
Dekker, Inc. 6:484-527.

Blenkinsopp, S. A., and Lock, M.A. (1990). 'The Measurement Of Electron Transport System
Activity In River Biofilms." Wat. Res. 24(4): 441-445.

Blenkinsopp, S. A., Khoury, Antoine E., and Costerton, J. William (1992). "Electrical
Enhancement of Biocide Efficacy against Pseudomonas aeruginosa Biofilms." Applied
and Environmental Microbiology 58(11): 3770-3773.

Bloch, P. L., Phillips, Teresa A., and Neidhardt, Frederick C. (1980). "Protein Identifications on
CFarrell Two-Dimensional Gels: Locations of 81 Escherichia coli Proteins." Journal of
Bacteriology 141(3): 1409-1420.

Blochi, E., Burggraf, S., Fiala, G., Lauerer, G., Huber, R., Rachel, R., Sergerer, A. Stetter, K.O.,
and Volki, P. (1995). "Isolation, Taxonomy and phylogeny of hyperthermophilic
microorganisms." World Journal of Microbiology and Biotechnology 11: 9-16.

Blom, A., Harder, W., and Matin A. (1992). "Unique and Overlapping Pollutant Stress Proteins
of Escherichia coli." Applied and Environmental Microbiology 58(1): 331-334.

Blum, P. H., Jovanovich, Stevan B., McCann, Michael P., Schultz, Joanne E., Lesley, Scott A.,
Burgess, Richard R., and Matin, Abdul (1990). "Cloning and In Vivo and In Vitro
Regulation of Cyclic AMP-Dependent Carbon Starvation Genes from Escherichia coli."
Journal of Bacteriology 172(7): 3813-3820.

Blumenkrantz, N. and Asboe-Hansen, Gustav (1973). "New Method for Quantitative
Determination of Uronic Acids." Analytical Biochemistry 54(2): 484-489.

Bone, T. L., and Balkwill, D.L. (1988). "Morphological and Cultural Comparison of
Microorganisms in Surface Soil and Subsurface Sediments at a Pristine Study Site in
Oklahoma." Microb. Ecol. 16: 49-64.

Boone, D. R., Y. Liu, Z.-J. Zhao, D. L. Balkwill, G. R. Drake, T. O. Stevens, and H. C. Aldrich
(1995). "Bacillus infemus sp. nov., an Fe(JU)-and Mn(FV)-Reducing Anaerobe from the
deep terrestrial subsurface." Int. J. System. Bacteriol. 45(3): 441-448.

Boopathy, R., C. F. Kulpa, J. Manning, and C. D. Montemagno (1994). "Biotransformation of 2,
4, 6-trinitrotoleune (TNT) by co-metabolism with various co-substrates: a laboratory-
scale study." Bioresource Technology 47(3): 205-208.

Boschker, H. T. S., Bertilsson, S.A., Dekkers, M.J., and Cappenberg, T.E. (1995). "An Inhibitor-
Based Method to Measure Initial Decomposition of Naturally Occurring Polysaccharides
in Sediments." Applied and Environmental Microbiology 61(6): 2186-2192.

Bossert, I., and Bartha, R. (1984). "The Fate of Petroleum in Soil Ecosystems". Petroleum
Microbiology. R. M. Atlas, Macmillan Publishing Company: 435-473.

Boylen, C. W., and Ensign, Jerald C. (1970). "Intracellular Substrates for Endogenous
Metabolism During Long-Term Starvation of Rod and Spherical Cells of Arthrobacter
crystallopoietes." Journal of Bacteriology 103: 578-587.

Bradford, S. M., et al. (1991). Isolation of Bacteriophage from Deep Subsurface Sediments.
Proceedings of the First International Symposium on Microbiology of the Deep
Subsurface. Aiken, South Carolina, WSRC Information Services: 4-65.

Bremer, P. J., G. G. Geesey, and P. Drake (1992). "Atomic force microscopy examination of the
topography of a hydrated bacterial biofilm on a copper surface." Current Microbiol. 24:
223-230.



-138-

Bresler, S. E., Verbenko, V.N., and Kalinin, V.L. (1980). "Mutants of Escherichia coli K-12 with
Enhanced Resistance to Ionizing Radiation." Genetika 16(10): 1753-1763.

Bresler, S. E., Verbenko, V.N., and Kalinin, V.L. (1982). "Mutants of Escherichia coli K-12 with
Enhanced Resistance to Ionizing Radiation, n. Study of Damage to and Repair of DNA
in Gamma-Irradiated Cells." Genetika 18(8): 1245-1254.

Bright, D. A., S. Brock, W. R. Cullen, G. M. Hewitt, J. Jafaar, and K. J. Reimer (1994).
"Methylation of arsenic by anaerobic microbial consortia isolated from lake sediment."
Applied Organometallic Chemistry 8(4): 415-422.

Brigmon, R. L., Martin, H.W., Morris, T.L., Bitton, G., and Zam, S.G. (1994). "Biogeochemical
Ecology of Thiothrix spp. in Underwater Limestone Caves." Geomicrobiology Journal
12: 141-159.

Brockman, F. J., T. L. Kieft, J. K. Fredrickson, B. N. Bjornstad, S. Li, W. Spangenburg, and P. E.
Long (1992). "Microbiology of vadose zone paleosols in south-central Washington
State." Microbial Ecology 23(3): 279-301.

Brown, A. D. (1976). "Microbial Water Stress." Bact. Rev. 40(4): 803-846.
Brown, D. A., Kamineni, D. Choudari., Sawicki, Jerzy A., and Beveridge, Terry J. (1994).

"Mineral Associated with Biofilms Occuring on Exposed Rock in a Granitic
Underground Research Laboratory." Applied and Environmental Microbiology 60(9):
3182-3191.

Brown, K. L., and J. E. Gaze (1988). 'The evaluation of the recovery capacity of media for heat-
treated Bacillus stearothermophilus spore strips." Int. J. Food Microbiol. 7(2): 109-114.

Brown, R. L., S. Bowman, and T. L. Kieft (1994). "Microbial effects on nickel and cadmium
sorption and transport in volcanic tuff." Journal of Environmental Quality 23(4):
723-729.

Bryant, R., D., Jansen, Wayne, Boivin, Joe, Laishley, Edward J., and Costerton, J. William
(1991). "Effect of Hydrogenase and Mixed Sulfate-Reducing Bacterial Populations on
the Corrosion of Steel." Applied and Environmental Microbiology 57(10): 2804-2809.

Burlage, R. S., and Kuo, Chiung-Tai (1994). "Living Biosensors for the Management and
Manipulation of Microbial Consortia." Annu. Rev. Microbiol. 48: 291-309. (L. N.
Ornston. Palo Alto, CA, Annual Reviews Inc.)

Busscher, H. J., C. E. deBoer, G. J. Verkerke, R. Kalicharan, H. K. Schutte, and H. C. van der
Mei (1994). "In vitro ingrowth of yeast into medical grade silicone rubber." International
Biodeterioration & Biodegradation 33(4): 383-390.

Buttner, M. P., and Stetzenbach, Linda D. (1993). "Monitoring Airborne Fungal Spores in an
Experimental Indoor Environment To Evaluate Sampling Methods and the Effects of
Human Activity on Air Sampling." Applied and Environmental Microbiology 59(1):
219-226.

Button, D. K., Schut, Frits., Quang, Pham., Martin, Ravonna., and Robertson, Betsy R. (1993).
"Viability and Isolation of Marine Bacteria by Dilution Culture: Theory, Procedures, and
Initial Results." Applied and Environmental Microbiology 59(3): 881-891.

Byrd, J. J., Xu, Huai-Shu and Colwell, Rita R. (1991). "Viable but Nonculturable Bacteria in
Drinking Water." Applied and Environmental Microbiology 57(3): 875-878.

Cabera, M. L. (1993). "Modeling the flush of nitrogen mineralization caused by drying and
rewetting soils." Soil Science Soc. Am. J. 57(1): 63-66.



-139-

Cacciari, I., and D. Lippi (1987). "Arthrobacters: successful arid soil bacteria, a review." Arid
Soil Research and Rehab. 1: 1-30.

Cairns, J., Overbaugh, Julie and Miller, Stephan (1988). 'The Origin of Mutants." Nature 335:
142-145.

Caldwell, B. A., Ye, C , Griffiths, R.P., Moyer, C .L., and Morita, R.Y. (1989). "Plasmid
Expression and Maintenance during Long-Term Starvation-Survival of Bacteria in Well
Water." Applied and Environmental Microbiology 55(8): 1860-1864.

Camper, A. K., J. T. Hayes, P. J. Sturman, W. L. Jones, and A. B. Cunningham (1993). "Effects
of motility and adsorption rate coefficient on transport of bacteria through saturated
porous media." Appl. Environ. Microbiol. 59(10): 3455-3462.

Cantrell, B. K., Williams, K.L., Watts, W.F., and Jankowski, R.A. (1993). Mine Aerosol
Measurement. Aerosol Measurement: Principles, Techniques and Applications.
P.A. Klaus Willeke and Paul A. Baron. Washington, D.C., Van Nostrand Reinhold:
591-611.

Caron, D. A. (1994). "Inorganic nutrients, bacteria, and the microbial loop." Microbial Ecology
28(2): 295-298.

Chapelle, F. H., Zelibor, Joseph L., Grimes, D. Jay., and Knobel, Leroy L. (1987). "Bacteria in
Deep Coastal Plain Sediments of Maryland: A OPossible Source of CO2 to
Groundwater." Water Resources 23(8): 1625-1632.

Chapelle, F. H., P. B. McMahon (1991). "Geochemistry of dissolved inorganic carbon in a
Coastal Plain aquifer: 1. Sulfate from confining beds as an oxidant in microbial carbon
dioxide production." Journal of Hydrology 127(1-4): 85-108.

Chapelle, F. H., and D. R. Lovley (1992). "Competitive exclusion of sulfate reduction by iron
(IJJ) - reducing bacteria: A mechanism for producing discrete zones of high-iron ground
water." Ground Water 30(1): 29-36.

Chapin, F. S. I., L. R. Walker, C. L. Fastie, and L. C. Sharman (1994). "Mechanisms of primary
succession following deglaciation at Glacier Bay, Alaska." Ecological Monographs
64(2): 149-175.

Chen, C-I and Taylor, R.T (1997). "Batch and fed-batch bioreactor cultivations of a Thermus
species with thermophilic BTEX-degrading activity. Appl. Microbiol. Biot. 47(6),
726-733.

Chen, C. I., M. A. Reinsel, and R. F. Mueller (1994). "Kinetic investigation of microbial souring
in porous media using microbial consortia from oil reservoirs." Biotechnology and
Bioengineering 44(3): 263-269.

Chen, J.-H., L. W. Lion, W. C. Ghiorse, and M. L. Shuler (1995). "Mobilization of adsorbed
cadmium and lead in aquifer material by bacterial extracellular polymers." Appl.
Microbiol. Biotechnol. 29(2): 421-430.

Chen, J.-H., D. R. Czajka, L. W. Lion, M. L. Shuler, and W. C. Ghiorse (1995). 'Trace metal
mobilization in soil by bacterial polymers." Environ. Health Perspectives 103(suppl. 1):
53-58.

Christofi, N., West, J. M., Philp, J. C , and Robbins, J. E. (1984). The geomicrobiology of used
and disused mines in Britain, U.K. NERC British Geological Survey Report FLPU-84-5.

Christofi, N. and J. C. Philp. (1991). "Microbiology of subterranean waste sites." Experientia 47:
524-527.



-140-

Ciaramella, M., Cannio, R., Moracci, M., Pisani, F.M., and Rossi, M. (1995). "Molecular biology
of extremophiles." World Journal of Microbiology and Biotechnology 11: 71-84.

Coleman, R. N., and I. D. Gaudet (1993). "Thiobacillus neapolitanus implicated in the
degradation of concrete tanks used for potable water storage." Water research 27(3):
413-418.

Colwell, F. S. (1989). "Microbiological Comparison of Surface Soil and Unsaturated Subsurface
Soil from a Semiarid High Desert." Applied And Environmental Microbiology 55(9):
2420-2423.

Colwell, F. S., Stromberg, G.J., Phelps, T.J., Birnbaum, S.A., McKinley, J., Rawson, S.A.,
Veverka, C. Goodwin, S, Long, P.E., Russell, B.F., Garland, T., Thompson, D.,
Skinners, P., and Grover, S. (1992). "Innovative techniques for collection of saturated
and unsaturated subsurface basalts and sediments for microbiological characterization."
Journal of Microbiological Methods 15: 279-292.

Colwell, F. S., Pryfogle, P.A., Lee, B.D., and Bishop, C.L. (1994). "Use of a cyanobacterium as a
paniculate tracer for terrestrial subsurface applications." Journal of Microbiological
Methods 20: 93-101.

Conter, A., Dupouy, D., and Planel H. (1984). "Light Modulation of Radiosensitivity of
Synechococcus lividus to Very Low Doses of Ionizing Radiation." Environmental and
Experimental Botany 24(3): 229-237.

Cord-Ruwisch, R. and Widdel Friedrich (1986). "Corroding iron as a hydrogen source for
sulphate reduction in growing cultures of sulphate-reducing bacteria." Appl. Microbiol.
Biotechnol. 25: 169-174.

Corzo, J., M. Leon-Barrios, V. Hernando-Rico, and A. M. Gutierrez-Navarro (1994).
"Precipitation of metallic cations by the acidic exopolysaccharides from Bradyrhizobium
japonicum and Bradyrhizobium (Chamaecytisus) strain BGA-1." Appl. Environ.
Microbiol. 60(2): 4531-4536.

Costerton, J.W., K.-J. Cheng, G.G. Geesey, T.I. Ladd, J.C. Nickel, M. Dasgupta and TJ. Marrie.
1987. "Bacterial Biofilms in Nature and Disease." Ann. Rev. Microbiol. 41 : 436-464.

Costerton, J. W., and J. Boivin (1991). Biofilms and corrosion. Proceedings of the International
Workshop on Industrial Biofouling and Biocorrosion, Stuttgart, Springer-Verlag.

Crowe, J. H., L. M. Crowe, J. F. Carpenter, and C. Aurell Wistrom (1987). "Stabilization of dry
phospholipid bilayers and proteins by sugars." Biochem J. 242: 1-10.

Csonka, L. N. (1989). "Physiological and genetic responses of bacteria to osmotic stress."
Microbiol. Rev. 53(1): VT-147.

Csonka, L. N. (1991). "Prokaryotic osmoregulation: Genetics and physiology." Annu. Rev.
Microbiol. 45: 569-606.

Cusack, F., S. Singh, C. McCarthy, J. Grieco, M. De Rocco, S. Nguyen, H. Lappin-Scott, and J.
W. Costerton (1992). "Enhanced oil recovery- three dimensional sandpack simulation of
ultramicrobacteria resuscitation in reservoir formation." J. Gen. Microbiol. 138:
647-655.

Dade, W. B., J. D. Davis, P. D. Nichols, A. R. M. Nowell, D. Thistle, M. B. Trexler, and D. C.
White (1990). "Effects of bacterial exopolymer adhesion on the entrainment of sand."
Geomicrobiol. J. 8(1): 1-16.

Dale, N. G. (1974). "Bacteria in intertidal sediments: Factors related to their distribution."
Limnology and Oceanography 19(3): 509-518.



- 1 4 1 -

Daly, M. J., and K. W. Minton (1995). "Resistance to radiation." Science 270: 1318.
Davies, D. G., and McFeters, Gordon A. (1988). "Growth and Comparative Physiology of

Klebsiella oxytoca Attached to Granular Activated Carbon Particles and in Liquid
Media." Microbial Ecology 15: 165-175.

Davies, D. G., A. M. Chakrabarty, and G. G. Geesey (1993). "Exopolysaccharide production in
biofilms: Substratum activation of alginate gene expression by Pseudomonas
aeruginosa." Appl. Environ. Microbiol. 59(4): 1181-1186.

Davis, C. L., and Robb, Frank T. (1985). "Maintenance of Different Mannitol Uptake Systems
during Starvation in Oxidative and Fermentative Marine Bacteria." Applied and
Environmental Microbiology 50(4): 743-748.

Dawes, E. A. (1976). Endogenous Metabolism and the Survival of Starved Prokaryotes. Twenty-
Sixth Symposium of the Society for General Microbiology, Cambridge Press.

De Bruyn, J. C , Boogerd, F.C., Bos, P. and Kuenen, J.G. (1990). "Floating Filters, a Novel
Technique for Isolation and Enumeration of Fastidious, Acidophilic, Iron-Oxidizing,
Autotrophic Bacteria." Applied and Environmental Microbiology 56(9): 2891-2894.

De Marsily, G. (1986). Flow and transport in fractured rocks: Connectivity and scale effect.
Quantitative Hydrogeology. New York, Academic Press: 267-277.

De Pieri, L. A., I. K. Ludlow (1992). "Relationship between Bacillus sphaericus spore heat
resistance and sporulation temperature." Letters Appl. Microbiol. 14(3): 121-124.

De Serres, F. J. (1961). Some Aspects of the Influence of Environment on the Radiosensitivity of
Micro-Organisms. Microbial Reaction to Environment. London, Society of General
Microbiology: 196-216.

DeBruin, B., F. W. T. Penning de Vries, L. W. Van Broekhoven, H. Vertregt, and S. C. Van de
Geijn (1989). "Net nitrogen mineralization, nitrification and carbon dioxide production
in alternating moisture conditions in an unfertilized low-humus sandy soil from the
Sahel." Plant and Soil 113(1): 69-78.

DeFlaun, M. F., Tanzer, Adam S., McAteer, Allison L., Marshall, Bonnie., and Levy, Stuart B.
(1990). "Development of an Adhesion Assay and Characterization of an Adhesion-
Deficient Mutant of Pseudomonas fluorescens." Applied and Environmental
Microbiology 56(1): 112-119.

Deka, H. K., A. P. Thapaliyal, R. R. Sihnha, S. N. Potty, and M. R. Sethuraj (1992). "Seasonal
variation in microflora of rubber growing soils of Meghalaya." Indian Journal of Natural
Rubber Research 5(1-2): 151-154.

Delaquis, P. J., Caldwell, Douglas E., Lawrence, John R., and McCurdy, Alan R. (1989).
"Detachment of Pseudomonas fluorescens from Biofilms on Glass Surfaces in Response
to Nutrient Stress." Microb Ecol 18: 199-210.

Deutch, C. E., and G. S. Perera (1992). "Myceloid cell formation in Arthrobacter globiformis
during osmotic stress." J. Appl. Bact. 72(6): 493-499.

De Vault, J. D., Berry, Alan, Misra, Tapan K., Darzins, Aldis., and Chakrabarty, A.M. (1989).
"Environmental Sensory Signals and Microbial Pathogenesis: Pseudomonas aeruginosa
Infection in Cystic Fibrosis." Bio/Technology 7: 352-357.

Deorindadejong, E. W., Corstjens, P.L.A.M., Kempers, E.S., Westbroek, P., and Devrind, J.P.M.
(1990). "Oxidation of Manganese and Iron by Leptothrix discophora: Use of N, N,
Nl,Nl-Tetramethyl-p-Phenylenediamine as an Indicator of Metal Oxidation." Applied
and Environmental Microbiology 56(11): 3458-3462.



-142-

Diaa El-Din, M., Farag, H., Shamsuzzaman, Kazi., and Borsa, Joseph (1990). "Radiation
Sensitivity of Listeria monocytogenes in Phosphate Buffer, Trypticase Soy Broth, and
Poultry Feed." Journal of Food Protection 53(8): 648-651.

Diercks, M , Sand, W., and Bock, E. (1991). "Microbial corrosion of concrete." Experienta47:
514-516.

DiRuggiero, J., Tuttle, Jon H., and Robb, Frank T. (1995). "Rapid differentiation of
hyperthermophilic Archaea by restruction mapping of the intergenic spacer regions of
the ribosomal RNA operons." Molecular Marine Biology and Biotechnology 4(2):
123-127.

Dose, K., A. Bieger-Dose, O. Kerz, and M. Gill (1991). "DNA-Strand Breaks Limit Survival in
Extreme Dryness." Origins of Life and Evolution of the Biosphere 21(3): 177-188.

Dressier, C. U. K., D. H. Nies, and B. Friedrich (1991). "Determinants encoding resistance to
several heavy metals in newly isolated copper-resistant bacteria." Appl. Environ.
Microbiol. 57: 3079-3085.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., and Smith, Fred (1956). "Colorimetric
Method for Determination of Sugars and Related Substances." Analytical Chemistry
28(3): 350-356.

Dunn, M. F., and Karr, Arthur L. (1990). "Isolation of an Extracellular Polysaccharide (EPS)
Depolymerase Produced by Bradyrhizobium japonicum." Current Microbiology 20:
359-363.

Dunne, W., Michael Jr, and Buckmire Francis L.A. (1985). "Partial Purification and
Characterization of a Polymannuronic Acid Depolymerase Produced by a Mucoid Strain
of Pseudomonas aeruginosa Isolated from a Patient with Cystic Fibrosis." Applied and
Environmental Microbiology 50(3): 562-567.

Ekendahl, S., Arlinger, Johanna., Stahl, Fredrik., and Pedersen, Karsten (1994).
"Characterization of attached bacterial populations in deep granitic groundwater from
the Stripa research mine by 16S rRNA gene sequencing and scanning electron
microscopy." Microbiology 140: 1575-1583.

Ekendahl, S. and K. Pedersen (1994). "Carbon transformations by attached bacterial populations
in granitic groundwater from deep crystalline bed-rock of the Stripa research mine."
Microbiology 140: 1565-1573.

Ensign, J. C. (1970). "Long-Term Starvation Survival of Rod and Spherical Cells of Arthrobacter
crystallopoietes." Journal of Bacteriology 103(3): 569-577.

EPA (1991). High-Priority Research on Bioremediation. Washington, D.C., Environmental
Protection Agency.

Fairhead, H., B. Setlow, and P. Setlow (1993). "Prevention of DNA damage in spores and in
vitro by small, acid-soluable proteins form Bacillus species." J. Bact. 175(5): 1367-1374.

Fairhead, H., B. Setlow, W. M. Waites, and P. Setlow (1994). "Small, acid-soluble proteins
bound to DNA protect Bacillus subtilis spores form being killed by freeze-drying." Appl.
Environ. Microbiol. 60(7): 2647-2649.

Fett, W. F., Osman, Stanley F., and Dunn, Michael F. (1989). "Characterization of
Exopolysaccharides Produced by Plant-Associated Fluorescent Pseudomonads." Applied
and Environmental Microbiology 55(3): 579-583.

Fetzer, S., F. Bak, and R. Conrad (1993). "Sensitivity of methanogenic bacteria from paddy soil
to oxygen and desiccation." FEMS Microbiol. Ecol. 12: 107-115.



- 1 4 3 -

Flann, F. (1994). 'The Chemistry of Life at the Margins." Science 265: 471-472.
Fletcher, M. (1990). Methods for Studying Adhesion and Attachment to Surfaces. Methods in

Microbiology. R. Grigorova, and Norris, J.R., Academic Press. 22: 251-283.
Fletcher, M. and S. McEldowny (1984). Microbial Attachment to Nonbiological Surfaces.

Current Perspectives in Microbial Ecology. M. J. Khrg and C.A. Reddy, Washington,
D.C., American Society for Microbiology: 124-129.

Fliermans, C. B., and Balkwill, David L. (1989). "Microbial Life in Deep Terrestrial
Subsurfaces." BioScience 39(6): 370-377.

Fliermans, C. B. (1989). "Microbial Life in the Terrestrial Subsurface of Southeastern Coastal
Plain Sediments." Hazardous Waste and Hazardous Materials 6(2): 155-171.

Fontes, D. E., A. L. Mills, G. M. Hornberger Microbiol. 57(9): 2473-2481., and J. S. Herman
(1991). "Physical and chemical factors influencing transport of microorganisms through
porous media." Appl. Environ.

Ford, T. and R. Mitchell (1990). 'The ecology of microbial corrosion." Adv. Microb. Ecol. 11:
231-262.

Fortin, D., Southam, G., and Beveridge, TJ . (1994). "Nickel sulfide, iron-nickel sulfide and iron
sulfide precipitation by a newly isolated Desulfotomaculum species and its relation to
nickel resistance." FEMS Microbiology Ecology 14: 121-132.

Foster, J. W., and H. K. Hall (1991). "Inducible pH homeostasis and the acid tolerance response
of Salmonella typhimurium." J. Bact. 173(16): 5129-5135.

Foster, J. W. (1992). "Beyond pH homeostasis: The acid tolerance response of Salmonellae."
ASM News 58(5): 266-270.

Francia, I.,, Hernadi, Susanna., Szabolcs, M., and Hernadi F. (1985). "R46 and pKMlOl
Plasmid-Mediated Resistance to Ionizing Radiation in Escherichia coli." Radiation
Research 103: 410-418.

Francis, A. J. (1990). "Microbial dissolution and stabilization of toxic metals and radionuclides
in mixed wastes." Experientia 46: 840-851.

Francis, A. J., and C. J. Dodge (1991). "Dissolution of ferrites by Clostridium sp." Geomicrobiol.
J. 9: 27-40.

Francis, A. J., C. J. Dodge, and J. B. Gillow (1992). "Biodegredation of metal citrate complexes
and implications for toxic-metal mobility." Nature (London) 356(6365): 140-142.

Fredrickson, J.K, Balkwill, D.L., Zachara, J., Brockman, F,., Griffin, E., I i , S., (1991).
Microorganisms in Deep Cretaceous Sediments of the Atlantic Coastal Plain: Vertical
Variations and Sampling Considerations. Proceedings of the First International
Symposium on Microbiology of the Deep Subsurface. Aiken, South Carolina, WSRC
Information Services: 3.53-3.63.

Fredrickson, J. K., Hicks, R.J., Li, S. W., Brockman, F.J. (1988). "Plasmid Incidence in Bacteria
from Deep Subsurface Sediments." Applied and Environmental Microbiology 54(12):
2916-2923.

Fredrickson, J. K., R. J. Hicks, S. W. Li, and F. J. Brockman (1988). "Plasmid incidence in
bacteria from deep subsurface sediments." Appl. Environ. Microbiol. 54: 2916-2923.

Fredrickson, J. K., Garland, T.R., Hicks, R.J., Thomas, J.M., I i , S.W., and McFadden, K.M.
(1989). "Lithotrophic and Heterotrophic Bacteria in Deep Subsurface Sediments and
Their Relation to Sediment Properties." Geomicrobiology Journal 7: 53-66.



-144-

Fredrickson, J. K., Balkwill, David L., Zachara, John M., Shu-Mei, W., Brockman, Fred J., and
Simmons, Mary A. (1991). "Physiological Diversity and Distributions of Heterotrophic
Bacteria in Deep Cretaceous Sediments of the Atlantic Coastal Plain." Applied and
Environmental Microbiology 57(2): 402-411.

Fredrickson, J. K., F. J. Brockman, B. N. Bjornstad, P. E. Long, S. W. Li, J. P. McKinley, J. V.
Wright, J. L. Conca, T. L. Kieft, D. L. Balkwill (1993). "Microbiological characteristics
of pristine and contaminated deep vadose sediments from an arid region."
Geomicrobiology Journal 11(2): 95-107.

Fredrickson, J. K., Li, S.W., Brockman, F.J., Haldeman, D.L., Amy, P.S., and Balkwill, D.L.
(1995). 'Time-Dependent Changes in Viable Numbers and Activities of Aerobic
Heterotrophic Bacteria in Subsurface Samples." Terrestrial Sci. 21: 253-265.

Friedman, E. I., R. Ocampo-Friedman (1984). Endolithic microorganisms in extreme dry
environments:analysis of a lithobiontic microbial habitat. Current Perspectives in
Microbial Ecology. M.S. Klug, and C. A. Reddy. Washington, D. C , American Society
for Microbiology: 177-185.

Frischmuth, A., P. Weppen, and W.D. Deckwer (1993). "Microbial transformation of mercury
(II): I. Isolation of microbes and characterization of their transformation capabilities."
Journal of Biotechnology 29(1-2): 39-55.

Fujikawa, H. and K. Ohta (1994). "Patterns of bacterial destruction in solutions by microwave
irradiation." Journal of Applied Bacteriology 76(4): 389-394.

Fuller, M. E., D. Y. Mu, and K. M. Scow (1995). "Biodegradation of trichloroethylene and
toluene by indigenous microbial populations in vadose sediments." Microbial Ecology
29(3): 311-325.

Gadd, G. M. (1990). "Heavy metal-accumulation by bacteria and other microorganisms."
Experientia 46: 434-839.

Gaind, S., and A. C. Gaur (1989). "Effect of pH on phosphate solubilization by microbes."
Current Science 58(21): 1208-1211.

Gannon, J., Y. Tan, P. Baveye, and M. Alexander (1991). "Effect of sodium chloride on transport
of bacteria in a saturated aquifer material." Appl. Environ. Microbiol. 57(9): 2497-2501.

Gannon, J. T., U. Mingelgrin, M. Alexander, and R. J. Wagnet (1991). "Bacterial transport
through homogeneous soil." Soil Biol. Biochem. 12: 1155-1160.

Gannon, J. T., V. B. Manilal, and M. Alexander (1991). "Relationship between cell surface
properties and transport of bacteria through soil." Appl. Environ. Microbiol. 57(1):
190-193.

Garcia, M. L., J. Burgos, B. Sanz, and J. A. Ordonez (1989). "Effect of heat an ultrasonic waves
on the survival of two strains of Bacillus subtilis." J. Appl. Bact. 67(6): 619-628.

Garcia-Lara, J., Martinez, Josefina., Vilamu, Merce., and Vives-Rego, Jose (1993). "Effect of
previous growth conditions on the starvation-survival of Escherichia coli in seawater."
Journal of General Microbiology 139: 1425-1431.

Gascon, J., Oubina, Anna, Perez-Lezaun, Ana, and Urmeneta (1995). "Sensitivity of Selected
Bacterial Species to UV Radiation." Current Microbiology 30: 177-182.

Gauthier, M. J., Munro, Patrick M., and Breittmayer, Violette A. (1988). "Influence of prior
growth conditions on low nutrient response of Escherichia coli in seawater.": 379-383.



-145-

Gauthier, M. J., R. L. Clement (1994). "Effect of a short period of starvation in oligotrophic
waters on the resistance of enteric bacterial pathogens to gastric pH conditions." FEMS
Microb. Ecol. 14(4): 275-284.

Gaylarde, C. C , and H. A. Videla (1987). "Localised corrosion induced by a marine Vibrio." Int.
Biodeterioration 23: 91-104.

Gaze, J. E., and K. L. Brown (1988). 'The heat resistance of spores of Clostridium botulinum
213B over the temperature range 120 to 140°C." Int. J. Food Sci. Technol. 23(4):
373-378.

Gee, G. W., M. D. Campbell, B. S. Campbell, and J. H. Campbell (1992). "Rapid measurement
of low soil water potentials using a water activity meter." Soil Sci. Soc. Am. J. 56:
1068-1070.

Geesey, G. (1990). What is biocorrosion? Proceedings of the International Workshop on
Industrial Biofouling and Biocorrosion, Stuttgart, Springer-Verlag.

Geesey G.G., R. Mutch, J.W. Costerton and R.B. Green (1978). "Sessile bacteria: An important
component of the microbial population in small mountain streams." Limnol. Oceanogr.
23(6): 1214-1223.

Geesey, G. and G. A. Cragnolino (1993). A review of the potential for microbially influenced
corrosion of high-level nuclear waste containers in an unsaturated repository site. San
Antonio, TX, Nuclear Regulatory Commission, CNWRA 93-014.

Geesey, G. G., Mittelman, M.W., and Lieu, V.T. (1987). "Evaluation of Slime-Producing
Bacteria in Oil Field Core Flood Experiments." Applied and Environmental
Microbiology 53(2): 278-282.

Geesey, G. G., and White, David C. (1990). "Determination of Bacterial Growth and Activity at
Solid-Liquid Interfaces." Annu. Rev. Microbiol, 44: 579-602.

Geller, A. (1983). "Growth of Bacteria in Inorganic Medium at Different Levels of Airborne
Organic Substances." Applied and Environmental Microbiology 46(6): 1258-1262.

Genoni, G. P., C. L. Montague (1995). "Influence of the energy relationships to trophic levels
and of elements on bioaccumulation." Ecotoxicology and Environmental Safety 30(2):
203-218.

Gerba, C. P, M.V. Yates and S.R. Yates (1991). Quantitation of factors controlling viral and
bacterial transport in the subsurface. Modeling the Environmental Fate of
Microorganisms. C. J. Hurst. Washington, D. C.,, American Society for Microbiology:
77-88.

Ghiorse, W. C , and Balkwill, D.L. 1983. Enumeration and Morphological Characterization of
Bacteria Indigenous to Subsurface Environments. Developments in Industrial
Microbiology 24: 213-224.

Ghiorse, W. C , and Balkwill, D.L. (1985). Microbiological Characterization of Subsurface
Environments. Ground Water Quality. C. H. Ward, Biger, W., and McCarty, P.L. Wiley,
N.Y.: 387-401.

Ghiorse, W. C , and Wilson, John T. (1988). "Microbial Ecology of the Terrestrial Subsurface."
Adv. Appl. Microbiol. 33: 107-172.

Gonzales, I., M. Lopez, M. Mazas, J. Gonzalez, and A. Bernardo (1995). "The effect of recovery
conditions on the apparent heat resistance of Bacillus cereus spores." Journal of Applied
Bacteriology 78(5): 548-554.



-146-

Gonzalez Lopez, J., and G. R. Vela (1981). "True morphology of the Azotobacteraceae-filterable
bacteria." Nature 289: 588-589.

Griffiths, R. P., Baross, J.A., Hanus, F.J., and Morita, R.Y. (1974). "Some physical and chemical
parameters affecting the formation and retention of glutamate pools in a marine
psychrophilic bacterium." Zeitschrift fur Allg. Mikrobiologie 14(5): 359-369.

Grimsley, J. K., C. I. Masters, E. P. Clark, and K. W. Minton (1991). "Analysis by Pulsed-Field
Gel Electrophoresis of DNA Double-Strand Breakage and Repair in Deinococcus
radiodurans and a Radiosensitive Mutant." International Journal of Radiation Biology
60(4): 613-626.

Grossman, D. (1995). "More than a mile below Earth's surface, tiny creatures thrive in searing
heat and crushing pressure. Scientists think these microorganisms might teach us about
the origins and evolution of early life." Earth: 35-40.

Guan, L., J. N. Petersen, D. L. Johnstone, D. R. Yonge, and T. M. Brouns (1993a). "Equilibrium
sorption of chromium by a consortia of denitrifying bacteria." Biotechnology Letters
15(7): 727-732.

Guan, L., J. N. Petersen, D. L. Johnstone, D. R. Yonge, and T. M. Brouns (1993b). "Sorption
rates for the uptake of chromium by a consortia of denitrifying bacteria." Biotechnology
Letters 15(7): 733-736.

Guerinot, M. L. (1994). Microbial iron transport. Annual Review of Microbiology. L. N.
Ornston. Palo Alto, CA, Annual Reviews, Inc. 48: 743-772.

Guiral, D., R. Arfi, M. Bouvy, M Pagano, and L. Saint-Jean (1994). "Ecological organization and
succession during natural recolonization of a tropical pond." Hydrogiologia 294(3): 229-
242.

Haas, C. N., P. Bitter, P. A. Scheff (1988). "Preliminary determination of limiting nutrients for
standard plate count organisms in Chicago (USA) intake water." Water Air and Soil
Pollution 37(1-2): 65-72.

Haggblom, M. M., and L. Y. Young (1995). "Anaerobic Degradation of Halogenated Phelols by
Sulfate-Reducing Consortia." Applied and Environmental Microbiology 61(4): 1546-
1550.

Haldeman, D. L., and Amy, P.S. (1993). "Bacterial Heterogeneity in Deep Subsurface Tunnels at
Rainier Mesa, Nevada Test Site." Microb Ecol 25: 183-194.

Haldeman, D. L., Amy, Penny S., Ringelberg, David B., and White, David C. (1993).
"Characterization of the Microbiology Within a 21 m Section of Rock from the Deep
Subsurface." Microb Ecol 26: 145-159.

Haldeman, D. L., Amy, Penny S., White, David C , and Ringelberg, David B. (1994). "Changes
in Bacteria Recoverable from Subsurface Volcanic Rock Samples during Storage at 4
degrees C." Applied and Environmental Microbiology 60(8): 2697-2703.

Haldeman, D. L., Pitonzo, Beth J., Story, Sandra P., Amy, Penny S. (1994). "Comparison of the
Microbiota Recovered from Surface and Deep Subsurface Rock, Water, and Soil along
an Elevational Gradient." Geomicrobiology Journal 12: 99-111.

Haldeman, D. L., Amy, P.S., Russell, C.E., and Jacobson, R. (1995). "Comparison of drilling and
mining as methods for obtaining microbiological samples from the deep subsurface."
Journal of Microbiological Methods 21: 305-316.

Haldeman, D. L., Amy, Penny, S., Ringelberg, David, White, David C , Garen, Rhea E., and
Ghiorse, William C. (1995). "Microbial growth and resuscitation alter community



-147-

Haldeman, D. L., Amy, Penny, S., Ringelberg, David, White, David C , Garen, Rhea E., and
Ghiorse, William C. (1995). "Microbial growth and resuscitation alter community
structure after perturbation." FEMS Microbiology Ecology 17: 27-38.

Hall, B. G. (1977). "Number of Mutations Required to Evolve a New Lactase Function in
Escherichia coli." Journal of Bacteriology 129(1): 540-543.

Hall, B. G. (1988). "Adaptive evolution that Requires Multiple Spontaneous Mutations. I.
Mutations Involving an Insertion Sequence." Genetics Society of America 120: 887-897.

Hamilton, A. W. (1987). Biofilms: Microbial Interactions and Metabolic Activities. Symposium
of the Society for General Microbiology, Aberdeen, UK, University of Aberdeen.

Hamilton, W. A. (1985). "Sulphate-Reducing Bacteria and Anaerobic Corrosion." Ann. Rev.
Microbiol. 39: 195-217.

Hanselmann, K. W. (1986). "Microbially Mediated Processes in Environmental Chemistry."
Forschung40: 146-159.

Hansen, J. B., Doubet, R. Scott and Ram, J. (1984). "Alginase Enzyme Production of Bacillus
circulans." Applied and Environmental Microbiology 47(4): 704-709.

Harada, H., S. Uemura, and K. Momonoi (1994). "Interaction between sulfate-reducing bacteria
and methane-producing bacteria in UASB reactors fed with low strength wastes
containing different levels of sulfate." Water Research 28(2): 355-367.

Harada, K., M. Moriwaki, and S. Oda (1988). "Arrhenius plot analysis of the mechanism of
thermotolerance induction in the radioresistant bacterium Demococcus radiodurans."
Journal of General and Applied Microbiology 34(2): 209-212.

Harris, D. (1994). Analyses of DNA extracted from microbial communities. Beyond the
Biomass. K. Ritz, J. Dighton, and K. E. Giller. New York, Wiley-Sayce: 111-118.

Harvey, R. W. and L. H. George (1989). 'Transport of microspheres and indigenous bacteria
through a sandy aquifer: Results of natural- and forced-gradient tracer experiments."
Environ. Sci. Technol. 23(1): 51-56.

Hattori, R., and T. Hattori (1980). "Sensitivity to salts and organic compounds of soil bacteria
isolated on diluted media." J. Gen. Appl. Microbiol. 26: 1-14.

Hawes, I., C. Howard-Williams, and W. F. Vincent (1992). "Desiccation and recovery of
Antarctic cyanobacterial mats." Polar Biology 12(6-7): 587-594.

Hayashi, T., H. Takizawa, and S. Todoriki (1995). "Comparative effects of irradiation and heat
treatment on spores of Bacillus pumilus." Journal of the Japanese Society For Food
Science and Technology 42(3): 196-199.

Heisey, R. M., and Papadatos, Spiro (1995). "Isolation of Microorganisms Able to Metabolize
Purified Natural Rubber." Applied and Environmental Microbiology 61(8): 3092-3097.

Heitkamp, M. A., and Cerniglia, Carl E. (1988). "Mineralization of Polycyclic Aromatic
Hydrocarbons by a Bacterium Isolated from Sediment below an Oil Field." Applied and
Environmental Microbiology 54(6): 1612-1614.

Helke, D. M., and A. C. L. Wong (1994). "Survival and growth characteristics of Listeria
monocytogenes and Salmonella typhimurium on stainless steel and buna-N rubber."
Journal of Food Protection 57(11): 963-968.

Henis, Y. (1987). Survival and Dormancy of Microorganisms. Rehovot, Israel, John Wiley and
Sons.

Henrici, A. T. (1932). "Studies of Freshwater Bacteria." Journal of Bacteriology 25(3): 277-286.



-148-

Hensel, A. (1994). "Influence of serum and glucose additives on survival of actinobacillus
pleuropneumoniae aerosolized from the freeze-dried state." Appl. Environ. Microbiol.
60(6): 2155-2157.

Herbien, S. A., and J. L. Neal (1990). "Soil pH and phosphatase activity." Comm. Soil Sci. Plant
Analysis 21(5-6): 439-456.

Herman, J. S. (1994). "Karst Geomicrobiology and Redox Geochemistry: State of the Science."
Geomicrobiology Journal 12: 137-140.

Herr, J. D., Dukovich, M., Lestz, S.S., Yergey, J.A., Risby, T.H., and Tejada, S.B. (1982). The
Role of Nitrogen in the Observed Direct Microbial Mutagenic Activity for Diesel Engine
Combustion in a Single-Cylinder DI Engine. Diesel Engine Combustion, Emissions, &
Particulates P-107. Warrendale, PA, Society of Automotive Engineers, Inc.: 311-314.

Hicks, R., J., and Fredrickson, James, K. (1989). "Aerobic Metabolic Potential of Microbial
Populations Indigenous to Deep Subsurface Environments." Geomicrobiology Journal 7:
67-77.

Hiebert, F. K., and P. C. Bennett (1992). "Microbial control of silicate weathering in organic-rich
ground water." Science 258(5080): 278-281.

Higgins, C. F., Dorman, Charles J., Stirling, Douglas A., Waddell, Lesley, Booth, Ian R., May,
Gerhard and Bremer, Erhard (1988). "A Physiological Role for DNA Supercoiling in the
Osmotic Regulation of Gene Expression in S. typhimurium and E. coli." Cell 52:
569-584.

Hirata, T. (1992). "Succession of sessile organisms on experimental plates immersed in Nabeta
Bay, Izu Peninsula, Japan: V. An integrated consideration on the definition and
prediction of succession." Ecological Research 7(1): 31-42.

Hoffman, M. (1992). "Researchers Find Organism They Can Really Relate To." Science 257: 32.
Hofle, M. G. (1988). 'Taxonomic structure of bacterial communities in mixed cultures as

measured by low molecular weight RNA profiles." Arch. Hydrobiol. Beih. 31: 71-77.
Hood, M. A., Guckert, James B., White, David C. and Deck, Fred (1986). "Effect of Nutrient

Deprivation on Iipid, Carbohydrate, DNA, RNA, and Protein Levels in Vibrio
cholerae." Applied and Environmental Microbiology 52(4): 788-793.

Horani, H. K., and F. G. Priest (1994). "Thermotolerant varieties of Bacillus licheniformis
isolated from desert environments." Journal of Applied Bacteriology 77: 392-400.

Horn, J. M., and A. Meike (1995). Microbial Activity at Yucca Mountain. Part I: Microbial
metabolism, adaptation and the repository environment, Lawrence Livermore National
Laboratory, UCRL-122256.

Huang, C.-T., Yu, F. Philip., McFeters, Gordon A., and Stewart, Philip S. (1995). "Nonuniform
Spatial Patterns of Respiratory Activity within Biofilms during Disinfection." Applied
and Environmental Microbiology 61(6): 2252-2256.

Hudson, J. A., Daniel, Roy M., and Morgan, Hugh W. (1989). "Acidophilic and thermophilic
Bacillus strains from geothermally heated Antarctic soil." FEMS Microbiology Letters
60: 279-282.

Humphreys, P. N., C. J. Banks, and R. Boria (1993). "Influence of plastics on the anaerobic
digestion of high cellulosic content waste materials." Environmental Technology 14(7):
665-671.

Hutton, M. T., M. A. Koskinen, and J. H. Hanlin (1991). "Interacting effects of pH and sodium
chloride on heat resistance of bacterial spores." J. Food Sci. 56(3): 821-822.



-149-

Huysman, F., and W. Verstraete (1993). "Water-facilitated transport of bacteria in unsaturated
soil columns: Influence of cell surface hydrophobicity and soil properties." Soil Biol.
and Biochem. 25(1): 83-90.

Huysman, F. and W. Verstraete (1993). "Water-facilitated transport of bacteria in usnsaturated
soil columns: Influence of inoculation and irrigation methods." Soil Biol. and Biochem.
25(1): 91-97.

Ikeda, K., K. Nakajima, and I. Yumoto (1994). "Isolation and characterization of a novel
facultatively alkaliphilic bacterium, Corynebacterium sp., grown on n-alkanes." Arch.
Microbiol. 162: 381-386.

Ito, A., Robb, F. T., Peak J. G., and Peak, M.J. (1988). "Base-Specific Damage Induced by 4-
Thiouridine Photosensitization with 334-nm Radiation in Ml3 Phage DNA."
Photochemistry and Photobiology 47(2): 231-240.

Iverson, W. P. (1987). "Microbial Corrosion of Metals." Advances in Applied Microbiology
32(1-36).

Jain, D. K. (1995). "Microbial colonization of the surface of stainless steel coupons in a
deionized water system." Water Research 29(8): 1869-1876.

James, G. A., Korber, D.R., Caldwell, D.E., and Costerton, J.W. (1995). "Digital Image Analysis
of Growth and Starvation Responses of a Surface-Colonizing Acinetobacter sp." Journal
of Bacteriology 177(4): 907-915.

Jang, L.-K., P. W. Chang, J. E. Findley, and T. F. Yen (1983). "Selection of bacteria with
favorable transport properties through porous rock for the application of microbial-
enhanced oil recovery." Appl. Environ. Microbiol. 46(5): 1066-1072.

Janning, B., P. H. In't Veld, S. Notermans and J. Kramer (1994). "Resistance of bacterial strains
to dry conditions: use of anhydrous silica gel in a desiccation model system." J. Appl.
Bact. 77:319-324.

Jayachandran, K., P. V. Suresh, M. Chandrasekaran (1994). "A novel Acinetobacter sp. for
treating highly acidic rubber latex centrifugation effluent." Biotechnology Letters 16(6):
649-654.

Jenkins, D. E., Auger, Elizabeth A., and Matin A. (1991). "Role of RpoH, a Heat Shock
Regulator Protein, in Escherchia coli Carbon Starvation Protein Synthesis and Survival."
Journal of Bacteriology 173(6): 1992-1996.

Jenneman, G. E., J. J. Mclnerney, and R. M. Knapp (1985). "Microbial penetration through
nutrient-saturated Berea sandstone." Appl. Environ. Microbiol. 50(2): 383-391.

Jenneman, G. E., M. J. Mclnerny, M. E. Crocker, and R. M. Knapp (1986). "Effect of
sterilization by dry heat or autoclaving on bacterial penetration through Berea
sandstone." Appl. Environ. Microbiol. 51(1): 39-43.

Jerez, C. A., D. Chamorro, I. Peirano, H. Toledo, and R. Arredondo (1988). "Studies of the stress
responses in chemolithotrophic acidophilic bacteria." Biochem. Int. 17(6): 989-1000.

Jesenka, Z., E. Pieckova and D. Bernat (1993). "Heat resistance of fungi from soil." Int. J. Food
Microbiol. 19(3): 187-192.

Jimenez, L. (1990). "Molecular Analysis of Deep-Subsurface Bacteria." Applied Environmental
Microbiology 56(7): 2108-2113.

Jones, D. A. (1992). Principles and prevention of corrosion. New York, Macmillan
Publishing Co.



-150-

Jorgensen, F., O. Nybroe, and S. Knochel (1994). "Effects of starvation and osmotic stress on
viability and heat resistance of Pseudomonas fluorescens AH9." J. Appl. Bact. 77:
340-347.

Joseph, K., R. Kothandaraman and M. Jacob (1988). "Actinomycetes population of rubber
growing soils and its antagonistic activity against Phytophthora meadii (Me Rae)."
Indian J Nat Rubber Res 1(1): 27-30.

Jouper-Jaan, A., A. E. Goodman, and S. Kjelleberg (1992). "Bacteria starved for prolonged
periods develop increase protection against lethal temperatures." FEMS Microb. Ecol.
101(4): 229-236.

Kaiser, J. P., and Bollag, J.M. (1990). "Microbial Activity in the Terrestrial Subsurface."
Experientia 46: 797-806.

Kalin, M., J. Cairns, and R. McCready (1991). "Ecological engineering methods for acid mine
drainage treatment of coal wastes." Resources Conservation and Recycling 5(2-3):
265-276.

Kaprelyants, A. S., Gottschal, Jan C , and Kell, Douglas B. (1993). "Dormancy in non-
sporulating bacteria." FEMS Microbiology Reviews 104: 271-286.

Kaprelyants, A. S., and Kell, Douglas B. (1993). "Dormancy in Stationary-Phase Cultures of
Micrococcus luteus: Flow Cytometric Analysis of Starvation and Resuscitation."
Applied and Environmental Microbiology 59(10): 3187-3196.

Karamanev, D. G. (1991). "Model of the biofilm structure of Thiobacillus ferrooxidans." Journal
of Biotechnology 20: 51-64.

Karl, D. M. (1979). "Measurement of microbial activity and growth in ocean by rates of stable
ribonucleic acid synthesis." Appl. Environ. Microbiol. 38: 850-860.

Karlsson, S., Z. G. Banhidi, and A-C. Albertsson (1988). "Identification and characterization of
alkali-tolerant clostridia isolated from biodeteriorated casein-containing building
materials." Applied Microbiology and Biotechnology 28(3): 305-310.

Karpel, R., R. Alon, G. Glaser, S. Schuldiner, and E. Padan (1991). "Expression of a sodium
proton antiporter (NhaA) in Escherichia coli is induced by Na+ and Li+ ions." J. Biol.
Chem. 266(32): 21753-21759.

Kauri, T., T. Kauri, D. C. Santry, A. Kudo, and D. J. Kushner (1991). "Uptake and exclusion of
plutonium by bacteria isolated from soils near Nagasaki, Japan." Environ. Toxicol.
Water Quality 6(1): 109-112.

Keith, S. M. and Herbert, R.A. (1985). 'The application of compound bi-directional flow
diffusion chemostats to the study of microbial interactions." FEMS Microbiology
Ecology 31: 239-247.

Kelly, A. F., R. G. Kroll (1987). "Use of the direct epifluorescent filter technique for the
enumeration of bacterial spores." J. Appl. Bacteriol. 63(6): 545-550.

Kelly, R. M., and Adams, Michael W.W. (1994). "Metabolism in hyperthermophilic
microorganisms." Antonie van Leeuwenhoek 66: 247-270.

Keswick, B. H., D-S. Wang, and C. P. Gerba (1982). 'The use of microorganisms as ground-
water tracer: A review." Ground Water 20(2): 142-149.

Kets, E. P. W., and J. A. M. de Bont (1994). "Protective effects of betaine on survival of
Lactobacillus plantarum subjected to drying." FEMS Microbiol. Letters 116(3): 251-255.



- 1 5 1 -

Khlebnikova, G. M., Gilichinskii, D.A., Fedorov-Davydov, D.G., and Vorob'eva, E.A. (1990).
"Quantitative Evaluation of Microorganisms in Permafrost Deposits and Buried Soils."
Soil Microbiology 59(1): 105-112.

Kieft, T. L., E. Soroker, and M. K. Firestone (1987). "Microbial Biomass Response to a Rapid
Increase in Water Potential when Dry Soil is Wetted." Soil Biol. Biochem. 19(2):
119-126.

Kieft, T. L., and S. D. Spence (1988). "Osmoregulation in Thiobacillus ferrooxidans:Stimulation
of iron oxidation by proline and betaine under salt stress." Current Microbiol. 17:
255-258.

Kieft, T. L., and Rosacker, Laurie L. (1991). "Application of Respiration-and Adenylate-Based
Soil Microbiological Assays to Deep Subsurface Terrestrial Sediments." Soil Biol.
Biochem. 23(6): 563-568.

Kieft, T. L., P. S. Amy, F. J. Brockman, J. K. Fredrickson, B. N. Bjornstad, and L. L. Rosacker
(1993). "Microbial abundance and activities in relation to water potential in the vadose
zones of arid and semiarid sites." Microbial Ecology 26(1): 59-78.

Kieft, T. L., D. B. Ringelberg, and D. C. White (1994). "Changes in ester-linked phospholipid
fatty acid profiles of subsurface bacteria during starvation and desiccation in a porous
medium." Appl. Environ. Microbiol. 60(9): 3292-3299.

Kieft, T. L., J. K. Fredrickson, J. P. McKinley, B. N. Bjornstad, S. A. Rawson, T. J. Phelps, F. J.
Brockman, and S. Pfiffner (1995). "Microbiological Comparisons within and across
Contiguous Lacustrine, Paleosol, and Fluvial Subsurface Sediments." Applied and
Environmental Microbiology 61(2): 749-757.

Kim, J. H., Stegeman, H., and Farkas, J. (1987). "Preliminary studies on radiation resistance of
thermophilic anaerobic spores and the effect of gamma radiation on their heat
resistance." International Journal of Food Microbiology 5: 129-136.

Kim, Y., Watrud, Lidia S. and Matin, A. (1995). "A Carbon Starvation Survival Gene of
Pseudomonas putida Is Regulated by o-54." Journal of Bacteriology 177(7): 1850-1859.

Kimura, T., and K. Horikoshi (1988). "Isolation of bacteria which can grow at both high pH and
low temperature." Appl. Environ. Microbiol. 54(4): 1066-1067.

Kindzierski, W. B., P. M. Fedorak, M. R. Gray, and S. E. Hrudey (1995). "Activated carbon and
synthetic resins as support material for methanogenic phenol-degrading consortia:
Comparison of phenol-degrading activities." Water Environment Research 67(1):
108-117.

Kjelleberg, S. (1984). Effects of Interfaces on Survival Mechanisms of Copiotrophic Bacteria in
Low-Nutrient Habitats. Current Perspectives in Microbial Ecology. K. A. Reddy.
Washington, D.C., American Society for Microbiology: 151-159.

Klages, K. U., and Morgan, Hugh W. (1994). "Characterization of an extremely thermophilic
sulphur-metabolizing archaebacterium belonging to the Thermococcales." Arch
Microbiol 162: 261-266.

Knaebel, D. B., Federle, Thomas W. McAvoy, Drew C , and Vestal, J. Robie (1994). "Effect of
Mineral and Organic Soil Constituents on Microbial Mineralization of Organic
Compounds in a Natural Soil." Applied and Environmental Microbiology 60(12):
4500-4508.

Kolter, R. (1992). "Life and Death in Stationary Phase." ASM News 58(2): 75-79.



-152-

Kommalapati, R. R., G-T. Wang, D. Roy, and D. D. Adrian (1991-1992). 'Transport and
retention of microorganisms in porous media: Comparison of numerical techniques and
parameter estimation." J. Environ. Systems 21(2): 121-142.

Kong, S., D. R. Yonge, D. L. Johnstone, J. N. Peterson, and T. M. Brouns (1992). "Chromium
distribution in subcellular components between fresh and starved subsurface bacterial
consortium." Biotechnol. Letters 14(6): 521-524.

Kong, S., O.L. Johnstone, D. R. Yonge, J. N. Petersen, and T. M. Brouns (1992). "Comparison
of chromium adsorption to starved and fresh subsurface bacterial consortium."
Biotechnol. Tech. 6,143-148.

Konhauser, S. O., S. Schulze-Lam, F. G. Ferris, W. S. Fyfe, F. J. Longstaffe, and T. J. Beveridge
(1994). "Mineral precipitation by epilithic biofilms in the Speed River, Ontario,
Canada." Environmental Microbiology 60(2): 549-553.

Kopczynaski, E. D., Bateson, Mary M., and Ward, David M. (1994). "Recognition of Chimeric
Small-Subunit Ribosomal DNAs Composed of Genes from Uncultivated
Microorganisms." Applied and Environmental Microbiology 60(2): 746-748.

Krabbenhoft, K. L., Anderson, A.W., and Elliker, P.R. (1967). "Influence of Culture Media on
the Radiation Resistance of Micrococcus radiodurans." Applied Microbiology 15(1):
178-185.

Kramer, J. G., and Singleton, Fred L. (1992). "Variations in rRna Content of Marine Vibrio spp.
during Starvation-Survival and Recovery." Applied and Environmental Microbiology
58(1): 201-207.

Krishnamurthy, S., and M. M. Wilkens (1994). "Environmental chemistry of chromium."
Northeastern Geol. 16(1): 14-17.

Kristjansson, J. K., and Hreggvidsson, G.O. (1995). "Ecology and habitats of extremophiles."
World Journal of Microbiology and Biotechnology 11: 17-25.

Krulwich, T. A., and A. A. Guffanti (1989). "Alkalophilic Bacteria." Ann. Rev. Microbiol. 43:
435-463.

Krulwich, T. A. (1995). "Alkalophiles: Basic molecular problems of pH tolerance and
bioenergetics." Molecular Microbiol. 15(3): 403-410.

Krumbein, W. E., Urzi, Clara E., Gehrmann, Cornelia (1991). "Biocorrosion and
Biodeterioration of Antique and Medieval Glass." Geomicrobiology Journal 9: 139-160.

Kurath, G. and Morita, Richard Y. (1983). "Starvation-Survival Physiological Studies of a
Marine Pseudomonas Sp." Applied and Environmental Microbiology 45(4): 1206-1211.

Kushner, D. J. (1988). "What is the "true" internal environment of halophilic and other bacteria?"
Can. J. Microbiol. 34: 483-486.

Kuznetsov, S. I., Ivanov, M.V., Lyalikova, N.N. (1963). Introduction to Geological
Microbiology, McGraw-Hill Book Company Inc.

Kuznetsov, S. I., Dubinina, G.A., and Lapteva, N.A. (1979). "Biology of Oligotrophic Bacteria."
Ann. Rev. Microbiol. 33: 377-387.

Lacis, L. S., and Lawford, Hugh G. (1992). "Strain Selection in Carbon-Limited Chemostats
Affects Reproducibility of Thermoanaerobacter ethanolicus Fermentations." Applied and
Environmental Microbiology 58(2): 761-764.



-153-

Lackey, L. W., T. J. Phelps, V. Korde, S. Nold, D. Ringelberg, P. R. Bienkowski, and D. C.
White (1994). "Feasibility testing for the on-site bioremediation of organic wastes by
native microbial consortia." International Biodeterioration and Biodegradation 33(1):
41-59.

Lage, С , and S. Menezes (1994). "Heat-shock-increased Survival to Far-UV Radiation in
Escherichia coli is Wavelength Dependent." Journal of Photochemistry and
Photobiology В Biology 22(2): 157-164.

Lappin-Scott, H. M, F. Cusack, and J. W. Costerton (1988). "Nutrient resuscitation and growth
of starved cells in sandstone cores: A novel approach to enhanced oil recovery." Appl.
Environ. Microbiol. 54(6): 1373-1382.

Lappin-Scott, H. M., and J. W. Costerton (1990). "Starvation and penetration of bacteria in soils
and rocks." Experientia 46: 807-812.

Larsen, H. (1981). The Family Halobacteriaceae. The Prokaryotes: A handbook on habitats,
isolation and identification of bacteria. New York, Springer-Verlag: 987-994.

Lauritzen, S.-E., and Bottrell, Simon (1994). "Microbiological Activity in Thermoglacial Karst
Springs, South Spitsbergen." Geomicrobiology Journal 12: 161-173.

Lawrence, J. R., B. N. Zanyk, M. J. Hendry, G. M. Wolfaardt, R. D. Robarts, and D. E. Caldwell
(1993). "Design and evaluation of a mesoscale model vadose zone and ground-water
system." Ground Water 31(3): 446-455.

Lazaroff, N. and P.R. Dugan (1989). Bacterio-Electric Removal of Metals from coal. In:
Bioprocessing of Fossil Fuels Workshop. Aug. 8-10,1989, Tysons Comer, VA,
P.E. Bayer, Ed., p. 79-105.

Leahy, J. G., and Colwell, Rita R. (1990). "Microbial Degradation of Hydrocarbons in the
Environment." Microbiological Reviews 54(3): 305-315.

Lebaron, P. and Joux, Fabien (1994). "Flow Cytometric Analysis of the Cellular DNA Content of
Salmonella typhimurium and Alteromonas haloplanktis during Starvation and Recovery
in Seawater." Applied and Environmental Microbiology 60(12): 4345-4350.

Lee, W., A. Lewandowski, P. H. Nielsen, and W. A. Hamilton (1994). "Role of sulfate-reducing
bacteria in corrosion of mild steel: A review."Biofouling 8: 30p.

Legan, J. D., and J. D. Owens (1987). "Growth inhibition due to aged silicone rubber tubing."
Letters in Applied Microbiology 5(4): 75-78.

Lemke, M. J., Churchill, Perry F., and Wetzel, Robert G. (1995). "Effect of Substrate and Cell
Surface Hydrophobicity on Phosphate Utilization in Bacteria." Applied and
Environmental Microbiology 61(3): 913-919.

Leroi, A. M., R. E. Lenski, and A. F. Bennett (1994). "Evolutionary adaptation to temperature.
Ш. Adaptation of Escherichia coli to a temporally varying environment." Applied and
Environmental Microbiology 48(4): 1222-1229.

Leser, T. D., J. Boye, and N. В. Hendriksen (1995). "Survival and activity of Pseudomonas sp.
strain B13(FR1) in a marine microcosm determined by quantitative PCR and an rRNA-
targeting probe and its effect on the indigenous bacterioplankton." Appl. Environ.
Microbiol. 61: 1201-1207.

Lespinat, P. A., Berlier, Yves M., Fauque, Guy D., Toci, R., Denariaz, Gerard, and LeGall, Jean
(1987). "The relationship between hydrogen metabolism, sulfate reduction and nitrogen
fixation in sulfate reducers." Journal of Industrial Microbiology 1: 383-388.



-154-

Levins, R. (1969). Dormancy and Survival. Symposia of the Society for Experimental Biology,
Great Britain, Academic Press, Inc.

Li, Y., Madelco, Linda., and Wiegel, Juergen (1993). "Isolation and Characterization of a
Moderately Thermophilic Anaerobic Alkalophile, Clostridium paradoxum sp. nov."
International Journal of Systematic Bacteriology 43(3): 450-460.

Li, Y., M. Engle, N. Weiss, L. Mandelco, and J. Wiegel (1994). "Clostridium thermoalcaliphilum
sp. nov., an anaerobic and thermotolerant facultative alkalophile." Int. J. Sys. Bact.
44(1): 111-118.

Libert, M. F., Sellier, R., Jouquet, G., Trescinski, M., and Spor, H. (1992). "Effects of
Microorganisms Growth on the Long Term Stability of Cement and Bitumen." .

Iievense, L. C , and K. van't Riet (1994). Convective drying of bacteria: n. Factors influencing
survival. Advances in Biochemical Engineering-Biotechnology. A. Fiechter. New York,
Springer-Verlag. 51: 71-89.

Lighthart, B., and J. Kim (1989). "Simulation of airborne microbial droplet transport." Appl.
Environ. Microbiol. 55(9): 2349-2355.

Lim, D. V. (1989). ATP Generation: Chemotrophs. Microbiology. St. Paul, MN, West
Publishing Company: 145-174.

Lim, D. V. (1989). Energy and Metabolism. Microbiology. St. Paul, MN, West Publishing
Company: 129-144.

Lim, D. V. (1989). Growth and Antimicrobial Agents. Microbiology. St. Paul, MN, West
Publishing Company: 101-128.

Lim, D. V. (1989). Microbial Metabolism. Microbiology. St. Paul, MN, West Publishing
Company: 193-214.

Lim, D. V. (1989). Nutrition of microorganisms and environmental factors influencing growth.
Microbiology. St. Paul, MN, West Publishing Company: 77-100.

Lindsay, J. A. (1988). "Characterization of bacterial spores from high-temperature growth
transformants of Bacillus subtilis." Current Microbiology 16(5): 265-270.

Linker, A. and Evans, Leigh, R. (1984). "Isolation and Characterization of an Alginase from
Mucoid Strains of Pseudomonas aeruginosa." Journal of Bacteriology 159(3): 958-964.

Little, B., Wagner, Patricia, and Jones-Meehan, Joanne (1993). "Sulfur Isotope Fractionation by
Sulfate-Reducing Bacteria in Corrosion Products." Biofouling 6: 279-288.

Liu, C. W., and T. N. Narasimhan (1994). "Modeling of selenium transport at the Kesterson
reservoir, California, U. S. A." J. Contaminant Hydrology 15(4): 345-366.

Ljungdahl, L. G. (1994). The Acetyl-CoA Pathway and the Chemiosmotic Generation of ATP
during Acetogenesis. In: Acetogenesis. H.L. Drade (Ed.), New York: Chapman and Hall
Microbiology Series, p. 63-87.

Loehle, C , P. Johnson (1994). "A framework for modeling microbial transport and dynamics in
the subsurface." Ecological Modeling 73(1-2): 32-49.

Lorenza, P., De Siloniz, M. Isabel, and Perera, Julian (1991). "Comparison of quantitative
analytical methods in evaluating acidophilic iron- and sulphur-oxidizing microorganisms
liquid cultures." Microbiologia Sem 7: 53-56.

Louis, P., H. G. Truper, and E. A. Galinski (1994). "Survival of Escherichia coli during drying
and storage in the presence of compatible solutes." Appl. Microbiol. Biotech. 41(6):
684-688.



-155 -

Lovely, D. R., Chapelle, Francis H., and Phillips, Elizabeth J.P. (1990). "Fe(m)-reducing
bacteria in deeply buried sediments of the Atlantic Coastal Plain." Geology 18: 954-957.

Lovely, D. R., Phillips, Elizabeth J.P., Gorby, Yuri A., and Landa, Edward R. (1991). "Microbial
reduction of uranium." Letters to Nature 350(4): 413-415.

Lovely, D. R., Giovannoni, S.J., White, D.C., Champine, J.E., Phillips, E.J. P., Gorby, Y.A., and
Goodwin, S. (1993). "Geobacter metallireducens gen. nob. sp. nov., a microorganism
capable of coupling the complete oxidation of organic compounds to the reduction of
iron and other metals." Arch Microbiol 159: 336-344.

Lovely, D. R., Phillips, Elizabeth J.P., Lonergan, Debra J., and Widman, Peggy K. (1995).

"Fe(III) and S° Reduction by Pelobacter carbinolicus." Applied and Environmental
Microbiology 61(6): 2132-2138.

Lovley, D., R. (1993). "Anaerobes into Heavy Metal: Dissimilatory Metal Reduction in Anoxic
Environments." Tree 8(6): 213-217.

Lovley, D. R. (1991). "Dissimilatory Fe(m) and Mn(IV) Reduction." Microbiological Reviews
55(2): 259-287.

Lowe, S. E., H. K. Jain, and J. G. Zeikus (1993). "Biology, ecology, and biotechnological
application of anaerobic bacteria adapted to environmental stresses in temperature, pH,
salinity, or substrates." Microbiol. Rev. 57(2): 451-509.

Luckey, T. D. (1982). "Physiological Benefits From Low Levels of Ionizing Radiation." Health
Physics 43(6): 771-789.

Ludvik, J., Benada, Oldrich., Mikulik, Karel (1994). "Ultrastructure of an extreme thermophilic
hydrogen-oxidizing bacterium Calderobacterium hydrogenophilum." Arch Microbiol
162: 267-271.

Lyalikova, N. N., and Perushkova, Yulia P. (1991). "Role of Microorganisms in the Weathering
of Minerals in Building Stone of Historical Buildings." Geomicrobiology Journal 9:
91-101.

Macaskie, L. E. (1990). "An immobilized cell bioprocess for the removal of heavy metals from
aqueous flows." J. Chem. Technol. and Biotechnol. 49(3): 357-380.

MacDonell, M. T., and Hood, Mary A. (1982). "Isolation and Characterization of
Ultramicrobacteria from a Gulf Coast Estuary." Applied and Environmental
Microbiology 43(3): 566-571.

MacGregor, A. N. (1972). "Gaseous losses of nitrogen from freshly wetted desert soils." Soil Sci.
Soc. Amer. Proc. 36: 594-596.

MacGregor, A. N. (1972). "Impact of wetting on microbial respiration in desert soil." Soil. Sci.
Soc. Amer. Proc. 36: 851-852.

MacKelvie, R. M., Campbell, J.J.R. and Gronlund, Audrey F. (1968). "Survival and intracellular
changes of Pseudomonas aeruginosa during prolonged starvation." Can J. of Microbiol.
14: 639-645.

Macleod, F. A., H. M. Lappin-Scott, and J. W. Costerton (1988). "Plugging of a model rock
system by using starved bacteria." Appl. Environ. Microbiol. 54(6): 1365-1372.

Madkour, M. A., L. T. Smith, and B. M. Smith (1990). "Preferential osmolyte accumulation: A
mechanism of osmotic stress adaptation in diazotrophic bacteria." Appl. Environ.
Microbiol. 56(9): 2876-2881.



-156-

Madsen, E. L., and Ghiorse, William C. (1993). Groundwater microbiology: subsurface
ecosystem process. Aquatic Microbiology An ecological approach. T. E. Ford, Blackwell
Scientific Publications: 167-213.

Mafu, A. A., D. Roy, J. Goulet, and P. Magny (1990). "Attachment of Listeria monocytogenes to
stainless steel, glass, polypropylene, and rubber surfaces after short contact times."
Journal of Food Protection 53(9): 742-746.

Magnuson, K., Jackowski, Suzanne., Rock, Charles O., and Cronan, John E. Jr. (1993).
"Regulation of Fatty Acid Biosynthesis in Escherichia coli." Microbiological Reviews
57(3): 522-542.

Mahamood, A. H., J. F. Al-Maadhidy, and M. A. S. Al-Shaickly (1989). "A primary study of the
ability of microrganisms isolated from nuclear liquid waste to accumulate uranium." J.
Biolog. Sci. Research 20(1): 9-22.

Mallidis, C. G., and D. Drizou (1991). "Effect of simultaneous application of heat and pressure
on the survival of bacterial spores." Journal of Applied Bacteriology 71(3): 285-288.

Manning, H. L. (1975). "New Medium for Isolating Iron-Oxidizing and Heterotrophic
Acidophilic Bacteria from Acid Mine Drainage." Appl. Microbiol. 30(6): 1010-1016.

Marlow, H. J., K. L. Duston, M. R. Wiesner, M. B. Tomson, J. T. Wilson, and C. H. Ward
(1991). "Microbial transport through porous media: The effects of hydraulic conductivity
and injection velocity." J. Hazardous Materials 28(1-2): 65-74.

Marshal, K. C. (1988). "Adhesion and growth of bacteria at surfaces in oligotrophic habitats."
Can. J. Microbiol. 34: 503-506.

Marthi, B., Fieland, V.P., Walter, M. and Seidler, R.J. (1990). "Survival of Bacteria during
Aerosolization." Applied and Environmental Microbiology 56(11): 3463-3467.

Martin, J. P. (1971). "Decomposition and Binding Action of Polysaccharides in Soil." Soil Biol.
Biochem. 3: 33-41.

Mary, P., C. Dolhem-Biremon, D. Defives and R. Tailliez (1994). "Differences among
Rhizobium meliloti and Bradyrhizobium japonicum strains in tolerance to desiccation
and storage at different relative humidities." Soil Biol. Biochem. 26(9): 1125-1132.

Mason, C. A. and Hamer, Geoffrey (1987). "Cryptic growth in Klebsiella pneumoniae." Appl
Microbiol Biotechnol 25: 577-584.

Mateos, D., Anguita, J., Naharro, G., and Paniagua, Carmen (1993). "Influence of growth
temperature on the production of extracellular virulence factors and pathogenicity of
environmental and human strains of Aeromonas hydrophila." Journal of Applied
Bacteriology 74: 111-118.

Mathews, M. M., and Krinsky, Norman I. (1965). 'The Relationship Between Carotenoid
Pigments and Resistance to Radiation in Non-Photosynthetic Bacteria." Photochemistry
and Photobiology 4: 813-817.

Matin, A., Auger, E.A., Blum, P.H., and Schultz, J.E. (1989). "Genetic Basis of Starvation
Survival In NonDifferentiating Bacteria." Annu. Rev. Microbiol. 43: 293-316.

Matin, A. (1992). "Physiology, molecular biology and applications of the bacterial starvation
response." Journal of Applied Bacteriology Symposium Supplement 73: 49S - 57S.

Mayfield, C. I., and J. F. Barker (1982). An evaluation of the microbiological activities and
possible consequences in a fuel waste disposal vault: A literature review. Atomic
Energy of Canada Limited Technical Records, TR-39, available from SDDO, AECL,
Chalk River, Ont. K0J 1 JO.



-157-

McCabe, A. (1990). 'The potential significance of microbial activity in radioactive waste
disposal." Experientia 46: 779-181.

McCann, M. P., Kidwell, J.P., and Matin A. (1991). 'The Putative o Factor KatF Has a Central
Role in Development of Starvation-Mediated General Resistance in Escherichia coli."
Journal of Bacteriology 173(13): 4188-4194.

McCaulou, D. R., R. C. Bales, and J. F. McCarthy (1994). "Use of short-pulse experiments to
study bacteria transport through porous media." J. Contaminant Hydrology 15(1-2):
1-14.

McCormick, P. V., E. P. Smith, and J. Cairns, Jr. (1991). 'The relative importance of population
versus community processes in microbial primary succession." Hydrobiologia 213(2):
83-98.

McDonald, J., Purcell, D.L., and McClure, B.T. (1995). Methyl Ester Oxygenated Fuels for
Diesel Mining Applications. Proceedings of the 7th U.S. Mine Ventilation Symposium,
Lexington, KY, SME.

McDonald, J. F., Purcell, D.L., McClure, B.T., and Kittelson, D.B. (1995). Emissions
Characteristics of Soy Methyl Ester Fuels in an IDI Compression Ignition Engine.
International Congress and Exposition, Detroit, Michigan.

McFeters, G. A. (1990). Enumeration occurrence and significance of injured indicator bacteria in
drinking water. Drinking Water Microbiology: Progress and Recent Developments.
Brock/Springer. Secaucus, N.J., Springer-Verlag: 478-492.

McKee, B. A., and J. F. Todd (1993). "Uranium behavior in a permanently anoxic fjiord:
Microbial control?" Limnol. and Oceanog. 38(2): 408-414.

McKinley, I. G., and I. Hagenlocher (1993). "Quantification of microbial activity in a nuclear
waste repository." Int. Symp. Subsurface Microbiol. Proc. 1: 1-24.

McMahon, P. B., and F. H. Chapelle (1991). "Geochemistry of dissolved inorganic carbon in a
Coastal Plain aquifer: 2. Modeling carbon sources, sinks, and delta carbon-13
evolution." Journal of Hydrology 127(1-4): 109-136.

Meike, A. (1994). "Chemical implication for the presence of introduced materials in the post-
emplacement environment." Mat. Res. Soc. Symp. Proc. 333: 835-840.

Meike, A. and C. Wittwer (1994). "Introduced materials and colloid formation: A report on the
current state of knowledge." Mat. Res. Soc. Symp. Proc. 333: 783-789.

Meyer-Reil, L. A.,, and M. Koster (1992). "Microbial life in pelagic sediments: The impact of
environmental parameters on enzymatic degradation of organic material." Marine
Ecology Progress Series 81(2): 65-72.

Mikolajczak, M. J., Thome, Linda., Pollock, Thomas, J., and Armentrout, Richard W. (1994).
"Sphinganase, a New Endoglycanase That Cleaves Specific Members of the Gellan
Family Polysaccharides." Applied and Environmental Microbiology 60(2): 402-407.

Miller, C. T., and J. A. Pedit (1992). "Use of a reactive surface-diffusion model to describe
apparent sorption-desorption hysteresis and abiotic degradation of lindane in a
subsurface material." Environ. Sci. Technol. 26: 1417-1427.

Miller, D. C. (1989). "Abrasion effects on microbes in sandy sediments." Marine Ecol. Progress
Series 55(1): 73-82.

Miller, V. L., and J. J. Mekalanos (1988). "A novel suicide vector and its use in construction of
insertion mutations: Osmoregulation of outer membrane proteins and virulence
determinants in Vibrio cholerae requires toxR." J. Bact. 170(6): 2575-2581.



-158 -

Mills, A. L., L. M. Mallory (1987). 'The community structure of sessile heterotrophic bacteria
stressed by acid mine drainage." Microb. Ecol. 14(3): 219-232.

Mills, A. L., J. S. Herman, G. M. Hornberger, and T. H. DeJesus (1994). "Effect of solution ionic
strength and iron coatings on mineral grains on the sorption of bacterial cells to quartz
sand." Appl. Environ. Microbiol. 60(9): 3300-3306.

Milodowski, A. E., West, J.M., Pearce, J.M., Hyslop E.K., Basham I.R., and Hooker, PJ . (1990).
"Uranium-mineralized microorganisms associated with uraniferous hydrocarbons in
southwest Scotland." Nature 347(6292): 465-467.

Minton, K. W. (1994). "DNA Repair in the Extremely Radioresistant Bacterium Deinococcus
Radiodurans." Molecular Microbiology 13(1): 9-15.

Mitchel, R.E.J., and Morrison, D.P. (1982). "Heat-Shock Induction of Ionizing Radiation
Resistance in Saccharomyces cerevisiae. Transient Changes in Growth Cycle
Distribution and Recombinational Ability." Radiation Research 92: 182-187.

Mitchel, R. E. J., and Morrison, D.P. (1982). "Heat-Shock Induction of Ionizing Radiation
Resistance in Saccharomyces cerevisiae, and Correlation with Stationary Growth Phase."
Radiation Research 90: 284-291.

Mody, B. R., Bindra, Meena O., and Modi, Vinod V. (1990). "Capsule Development and
Structural Characterization of Acidic Extracellular Polysaccharides Secreted by Cowpea
Rhizobia." Current Microbiology 20: 145-152.

Moore, R. L., and B. J. McCarthy (1969). "Base sequence homology and renaturation studies of
the deoxyribonucleic acid of extremely halophilic bacteria." J. Bact. 99(1): 255-262.

Moreira, L., Agostinho, P., Morais, P.V. and Dacosta, M.S. (1994). "Survival of allochthonous
bacteria in still mineral water bottled in polyvinyl chloride (PVC) and glass." Journal of
Applied Bacteriology 77: 334-339.

Morgan, J. A. W., Rhodes, G., and Pickup, R.W. (1993). "Survival of Nonculturable Aeromonas
salmonicida in Lake Water." Applied and Environmental Microbiology 59(3): 874-880.

Mori, T., M. Koga, Y. Hikosaka, T. Nonaka, F. Mishina, Y. Sakai, and J. Koizumi (1991).
"Microbial corrosion of concrete sewer pipes and hydrogen sulfide production from
sediments and determination of corrosion rate." Water Science and Technology 23(7-9):
1275-1282.

Mori, T., T. Nonaka, K. Tazaki, M. Koga, Y. Hikosaka, and S. Noda (1992). "Interactions of
nutrients, moisture and pH on Microbial corrosion of concrete sewer pipes." Water
Research 26(1): 29-38.

Morita, R. Y. (1979). Current status of the microbiology of the deep-sea. Corvallis, OR, Oregon
State University, Department of Microbiology and School of Oceanography.

Morita, R. Y. (1982). Starvation-Survival of Heterotrophs in the Marine Environment. Adv.
Microb. Ecol. 6,171-198.

Morita, R. Y. (1988). "Bioavailability of energy and its relationship to growth and starvation
survival in nature." Can. J. Microbiol. 34: 436-441.

Morita, R. Y. (1990). "The starvation-survival state of microorganisms in nature and its
relationship to the bioavailable energy." Experientia 46: 813-817.

Morita, R. Y. (1993). Bioavailability of Energy and the Starvation State. Starvation in Bacteria.
S. Kjelleberg. Corvallis, Oregon, Plenum Press: 1-21.

Morita, R. Y. (1994). "Complications in the Determination of the Nutrient Status of the Marine
Environment." Microbial Ecology 28: 291-294.



-159-

Morton, R. L., W. A. Yanko, D. W. Graham, R. G. Arnold (1991). "Relationships between metal
concentrations and crown corrosion in Los Angeles County Sewers." Research Journal
of the Water Pollution Control Federation 63(5): 789-798.

Mosso, M.D., Delarosa, M.D., Vivar, C. and Medina, M.D. (1994). "Heterotrophic bacterial
populations in the mineral waters of thermal springs in Spain." Journal of Applied
Bacteriology 77: 370-381.

Moyer, C. L., and Morita, Richard Y. (1989). "Effect of Growth Rate and Starvation-Survival on
Cellular DNA, RNA and Protein of a Psychrophilic Marine Bacterium." Applied and
Environmental Microbiology 55(10): 2710-2716.

Moyer, C. L., and Morita, Richard Y. (1989). "Effect of Growth Rate and Starvation-Survival on
the Viability and Stability of a Psychrophilic Marine Bacterium." Applied and
Environmental Microbiology 55(5): 1122-1127.

Muller, V., M. Blaut, R. Heise, C. Winner and G. Gottschalk (1990). "Sodium bioenergetics in
methanogens and acetogens." FEMS Microbiology Reviews 87(3-4): 373-376.

Mulvey, M. R., Switala, Jacek., Borys, Andrew., and Loewen, Peter C. (1990). "Regulation of
Transcription of katE and katF in Escherichia coli." Journal of Bacteriology 172(12):
6713-6720.

Murgel, G. A., L. W. Lion, C. Acheson, M. L. Shuler, D. Emerson, W. C. Ghiorse (1991).
"Experimental apparatus for selection of adherent microorganisms under stringent
growth conditions." Applied and Environmental Microbiology 57(7): 1987-1996.

Murphy, E. M., Schramke, Janet A., Fredrickson, James K., Bledsoe, Horace W., Francis, A.J.,
Sklarew, Deborah S., and Linehan, John C. (1992). 'The influence of Microbial Activity
and Sedimentary Organic Carbon on the Isotope Geochemistry of the Middendorf
Aquifer." Water Resources Research 28(3): 723-740.

Mustin, C , Berthelin, J., Marion, P., and De Donato, P. (1992). "Corrosion and Electrochemical
Oxidation of a Pyrite by Thiobacillus ferrooxidans." Applied and Environmental
Microbiology 58(4): 1175-1182.

Muyzer, G., E. C. De Waal, and A. G. Uitterlinden (1993). "Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase chain
reaction-amplified genes coding for 16s rRNA." Appl. Environ. Microbiol. 59: 695-700.

Narberhaus, F., Pich, Andreas., and Bahl, Hubert (1994). "Synthesis of Heat Shock Proteins in
Thermoanaerobacterium thermosulfurigenes EMI (Clostridium thermosulfurogenes
EMI)." Current Microbiology 29: 12-18.

Nedwell, D. B., and Rutter M. (1994). "Influence of Temperature on Growth Rate and
Competition between Two Psychrotolerant Antarctic Bacteria: Low Temperature
Diminishes Affinity for Substrate Uptake." Applied and Environmental Microbiology
60(6): 1984-1992.

Nedwell, D. B., N. J. Russell, and T. Cresswell-Maynard (1994). "Long-term survival of
microorganisms in frozen material from early Antarctic base camps at McMurdo sound."
Antarctic Science 6(1): 67-68.

Nelson, L. M., and Parkinson D. (1978). "Effect of starvation on survival of three bacterial
isolates from an arctic soil." Can J. Microbiol. 24: 1460-1467.

Neu, T. R. (1992). "Microbial "footprints" and the general ability of microorganisms to label
interfaces." Can. J. Microbiol. 38: 1005-1007.



-160-

Neu, T. R., H. С. van der Mei, and H. J. Busscher (1993). "Biodeterioration of medical-grade
silicone rubber used for voice prostheses: A SEM study." Biomaterials 14(6): 459-464.

Nguyen, L. K., and Schiller, Neal L. (1989). "Identification of a Slime Exopolysaccharide
Depolymerase in Mucoid Strains of Pseudomonas aeruginosa." Current Microbiology
18: 323-329.

Nivens, D. E., R. Jack, A. Vass, J. B. Guckert, J. Q. Chambers, and D. С White (1992). "Multi-
electrode probe for statistical evaluation of microbiologically influenced corrosion." J.
Microbiol. Meth. 16: 47-58.

Nivens, D. E., Chambers, James Q., Anderson, Tina R., Tunlid, Andes., Smit, John and White,
David C. (1993). "Monitoring microbial adhesion and biofilm formation by attenuated
total reflection/Fourier transform infrared spectroscopy." Journal of Microbial Methods
17: 199-213.

Novitsky, J. A., and Morita, Richard Y. (1977). "Survival of a Psychrophilic Marine Vibrio
Under Long-Term Nutrient Starvation." Applied and Environmental Microbiology
33(3): 635-641.

Novitsky, J. A., and Morita, R. Y. (1978). "Possible Strategy for the Survival of Marine Bacteria
Under Starvation Conditions." Marine Biology 48: 289-295.

Nowak, E. J. (1984). "Diffusion of colloids and other waste species in brine-saturated backfill
materials." Mat. Res. Soc. Symp. Proc. 26: 59-68.

Nriagu, J. O., and Pacyna, Jozef M. (1988). "Quantitative assessment of worldwide
contamination of air, water and soils by trace metals." Nature 333: 134-139.

Nystrom, T., Flardh, Klas., and Kjelleberg, Staffan (1990). "Responses to Multiple Nutrient
Starvation in Marine Vibrio sp. Strain CCUG 15956." Journal of Bacteriology 172(12):
7085-7097.

Nystrom, T., Olsson, Rose Marie., and Kjelleberg, Staffan (1992). "Survival, Stress Resistance,
and Alterations in Protein Expression in the Marine Vibrio sp. Strain S14 during
Starvation for Different Individual Nutrients." Applied and Environmental Microbiology
58(1): 55-65.

Nystrom, T. and Kjelleberg, Staffan (1989). "Role of Protein Synthesis in the Cell Division and
Starvation Induced Resistance to Autolysis of a Marine Vibrio during the Initial Phase of
Starvation." Journal of General Microbiology 135: 1599-1606.

Oberbremer, A., Muller-Hurtig, R., and Wagner, F. (1990). "Effect of the addition of microbial
surfactants on hydrocarbon degradation in a soil population in a stirred reactor." Appl
Microbiol Biotechnol 32: 485-489.

Ogram, A., G. S. Sayler, and T. Barkay (1987). 'The extraction and purification of microbial
DNA from sediments." J. Microbiol. Meth. 7: 57-66.

Ogram, A. V., and G. S. Sayler (1988). "The use of gene probes in the rapid analysis of natural
microbial communities." J. Indust. Microbiol. 3: 281-292.

Ohtomo, T., T. Yamada, and K. Yoshida (1988). "Outermost-cell-surface changes in an
encapsulated strain of Staphylococcus aureus after preservation by freeze-drying." App.
Environ. Microbiol. 54: 2486-2491.

Okereke, A. and S.E. Stevens (1991). "Kinetics of Iron Oxidation by Thiobacillus ferrooxidans."
Applied and Environmental Microbiology 57(4): 1052-1056.



- 1 6 1 -

Oliver, J. D., Nilsson, Lena., Kjelleberg, Staffan (1991). "Formation of Nonculturable Vibrio
vulnificus Cells and Its Relationship to the Starvation State." Applied and
Environmental Microbiology 57(9): 2640-2644.

Oliver, J. D. (1993). Formation of Viable but Nonculturable Cells. Starvation in Bacteria. S.
Kjelleberg. Charlotte, N.C., Plenum Press: 239-273.

Olsen, R. A., and L. R. Bakken (1987). "Viability of soil bacteria: Optimization of plate-counting
technique and comparison between total counts and plate counts within different size
groups." Microb. Ecol. 13: 59-74.

Olson, G. J. (1994). "Microbial oxidation of gold ores and gold bioleaching." FEMS
Microbiology Letters 119: 1-6.

Ophir, T., and D. L. Gutnik (1994). "A role for exopolysaccharides in the protection of
microorganisms from desiccation." Appl. Environ. Microbiol. 60(2): 740-745.

O'Reilly, A. M. and J.A. Scott (1995). "Defined coimmobilization of mixed microorganism
cultures." Enzyme and Microbial Technology 17(7): 636-646.

Ortiz, C , P. S. Guiamet, and H. A. Videla (1990). "Relationship between biofilms and corrosion
of steel by microbial contaminants of cutting-oil emulsions." Int. Biodeterioration 26:
315-326.

Osman, S. F., Fett, William F., Irwin, Peter L., Bailey, David G., Parris, Nicholas and O'Connor
Joanne V. (1993). "Isolation and Characterization of an Expolysaccharide Depolymerase
from Pseudomonas marginalis HT041B." Current Microbiology 26: 299-304.

Paget, E., L. J. Monrozier, and P. Simonet (1992). "Adsorption of DNA on clay mineral:
protection against DNasel and influence on gene transfer." FEMS Microbiol. Letters 97:
31-40.

Palmer, R. J., and Hirsch, Peter (1991). "Photosynthesis-Based Microbial Communities on Two
Churches in Northern Germany: Weathering of Granite and Glazed Brick."
Geomicrobiology Journal 9: 103-118.

Palumbo, A. V., J. F. McCarthy, A. Parker, S. Pfiffner, F. S. Colwell, and T. J. Phelps (1994).
"Potential for microbial growth in arid subsurface sediments." Applied Biochemistry and
Biotechnology 45-46: 823-834.

Papendick, R. I., and G. S. Campbell (1981). Theory and Measurement of Water Potential. Water
Potential Relations in Soil Microbiology. J. F. Parr, W. R. Gardner, and L. F. Elliott.
Madison, WI, Soil Science Society of America. Special Publication Number 9: 1-21.

Parkes, R. J., Cragg, B.A., Bale, S.J., Getliff, J.M., Goodman, K., Rochelle, P.A., Fry, J.C.,
Weightman, A.J., and Harvey, S.M. (1994). "Deep bacterial biosphere in Pacific Ocean
sediments." Nature 371: 410-413.

Peak, J. G., Ito, T., Robb, F.T., and Peak M.J. (1995). "DNA Damage Produced by Exposure to
Supercoiled Plasmid DNA to High- and Low -LET Ionizing Radiation: Effects of
Hydroxyl Radical Quenchers." Int. J. Radiat. Biol. 67(1): 1-6.

Peak, M. J., Robb, Frank T., and Peak, Jennifer G. "Extreme Resistance to Thermally Induced
DNA Backbone Breaks in the Hyperthermophilic Archaeon Pyrococcus furiosus."
Submitted to Journal of Bacteriology: 1-14.

Pedersen, K. and Albinsson, Y. (1990). The effect from the number of cells, pH and lanthanide
concentration on the sorption of promethium on gramnegative bacterium (Shewanella
putrefaciens). SKB Technical Report 90-26, Swedish Nuclear Fuel and Waste
Management Co., Stockholm.



-162-

Pedersen, K. and Y. Albinsson (1991). Effect of cell number, pH and lanthanide concentration on
the sorption of promethium by Shewanella putrefaciens. Radiochim. Acta 54:91-95.

Pedersen, K., Ekendahl, Susanne, and Arlinger, Johanna (1991). Microbes in crystalline bedrock.
Assimilation of CO2 and introduced organic compounds by bacterial populations in
groundwater from deep crystalline bedrock at Laxemar and Stripa. SKB Technical
Report 91-56, Swedish Nuclear Fuel and Waste Management Co., Stockholm.

Pedersen, K. (1993). "Bacterial Processes in Nuclear Waste Disposal." Microbiol. Europe: 18-23.
Pedersen, K. (1993). 'The Deep Subterranean Biosphere." Earth-Science Reviews 34: 243-260.
Pedersen, K. and F. Karlsson (1995). Investigations of subterranean microorganisms: Their

importance for performance assessment of radioactive waste disposal, Swedish Nuclear
Fuel and Waste Management Co. SKB Technical Report 95-10.

Pedersen, K., M. Motamedi, and O. Karnland. (1995). Survival of bacteria in nuclear waste
buffer materials: the influence of nutrients, temperature and water activity, Swedish
Nuclear Fuel and Waste Management Co. SKB Technical Report 95-27.

Pedersen, K. and Ekendahl, Susanne (1992). "Assimilation of CO2 and Introduced Organic
Compounds by Bacterial Communities in Groundwater from Southeastern Sweden Deep
Crystalline Bedrock." Microb Ecol 23: 1-14.

Pederson, K. (1990). Potential effects of bacteria on radionuclide transport from a Swedish high
level nuclear waste repository. Stockholm, Swedish Nuclear Fuel and Waste
Management Co.

Pederson, K., and Y. Albinsson (1992). "Possible effects of bacteria on trace element migration
in crystalline bed-rock." Radiochemica Acta 58/59: 365-369.

Perfettini, J. V., Revertegat, E., and Langomazino, N. (1991). "Evaluation of cement degradation
induced by the metabolic products of two fungal strains." Experienta 47: 527-533.

Peterson, T. C , and R. C. Ward (1989). "Development of a bacterial transport model for coarse
soils." Water Resources Bull. 25(2): 349-354.

Pfeifer, J., and H. G. Kessler (1994). "Effect of relative humidity of hot air on the heat resistance
of Bacillus cereus spores." J. Appl. Bact. 77: 121-128.

Phelps, T. J., Fliermans, C.B., Garland, T.R., Pfiffner, S.M., and White, D.C. (1989). "Methods
for recovery of deep terrestrial subsurface sediments for microbiological studies."
Journal of Microbiological Methods 9: 267-279.

Phelps, T. J., Raione, E.G., White, D.C., and Fliermans, C.B. (1989). "Microbial Activities in
Deep Subsurface Environments." Geomicrobiology Journal 7: 79-91.

Phelps, T. J., Hedrick, D.B., Ringelberg, D., Fliermans, C.B., and White, D.C. (1989). "Utility of
radiotracer activity measurements for subsurface microbiology studies." Journal o
Microbiological Methods 9: 15-27.

Phelps, T. J., Murphy, E.M., Pfiffner, S.M., White, D.C. (1994). "Comparison Between
Geochemical and Biological Estimates of Subsurface Microbial Activities." Microbial
Ecology 28: 335-349.

Phelps, T. J., Pfiffner, S.M., Sargent, K.A., White, D.C. (1994). "Factors Influencing the
Abundance and Metabolic Capacities of Microorganisms in Eastern Coastal Plain
Sediments." Microb Ecol 28: 351-364.

Philp, J. C , K. J. Taylor, and N. Christofi. 1991. 'Consequences of sulphate-reducing bacterial
growth in a lab-simulated waste disposal regime'. Experientia 47(6): 553-559.



- 1 6 3 -

Pitonzo, B. J. (1994). Organic Carbon Interactions in the Soil: Functions of Microbially-
Produced Exopolysaccharides. Las Vegas, Nevada, University of Nevada Las Vegas.

Platt, R. M., Geesey, G.G., Davis, J.D. and White, D.C. (1985). "Isolation and partial chemical
analysis of firmly bound exopolysaccharides from adherent cells of a freshwater
sediment bacterium." Can. J. Microbiol. 31: 675-680.

Pope, D. H., S. M. Lockwood,, A. Lee, R. Skultety, and K. Keas (1994). "Mitigation of
microbiologically influenced corrosion in natural gas storage facilities." Corrosion
94(269): 269/2-269/15.

Popenoe, H., and Eno, Charles, F. (1962). 'The Effect of Gamma Radiation on the Microbial
Population of the Soil." Soil Sci. Proa: 164-167.

Postgate, J. R., and Hunter, J.R. (1962). 'The Survival of Starved Bacteria." J. Gen.
Microbiology 29: 233-263.

Potts, M. (1994). "Desiccation Tolerance of Prokaryotes." Microbiol. Rev. 58(4): 755-805.
Power, E. G. M., A. D. Russell (1989). "Glutaraldehyde: its uptake by sporing and non-sporing

bacteria, rubber, plastic and an endoscope." Journal of Applied Bacteriology 67(3):
329-342.

Prakash, N., Srivastava, Kumkum, and Gupta, S.B. (1988). "Corrosion of Mild Steel by Soil
Containing Sulphate Reducing Bacteria." J. Microb. Biotechnol. 3(2): 79-84.

Preyer, J. M., and Oliver, James D. (1993). "Starvation-Induced Thermal Tolerance as a Survival
Mechanism in a Psychrophilic Marine Bacterium." Applied and Environmental
Microbiology 59(8): 2653-2656.

Radiation NRC (1972). The Effects on Populations of Exposure to Low Levels of Ionizing
Radiation. Report of the Advisory Committee on the Biological Effects of Ionizing
RadiationsWashington, D.C., National Academy of Sciences.

Rai, C. (1985). "Microbial Desulfurization of Coals in a Slurry Pipeline Reactor Using
Thiobacillus ferrooxidans." Biotechnology Progress 1(3): 200-204.

Rajagopal, B. S. and J. Leqal (1989). "Utilization of cathodic hydrogen by hydrogen-oxidizing
bacteria." Appl. Microbial Biotechnol. 31: 406-412.

Ramos-Gonzalez, M.-I., Ruiz-Cabello, Francisco., Brettar, Ingrid., Garrido, Federico., and
Ramos, Juan L. (1992). 'Tracking Genetically Engineered Bacteria: Monoclonal
Antibodies against Surface Determinants of the Soil Bacterium Pseudomonas putida
2440." Journal of Bacteriology 174(9): 2978-2985.

Ravel, J., Knight Ivor T., Monahan, Catherine E., Hill, Russel T., and Colwell Rita R. (1995).
'Temperature-induced recovery of Vibro cholerae from the viable but nonculturable
state: growth or resuscitation?" Microbiology 141: 377-383.

Reda, D. C , and G. R. Hadley (1983). Saturated permeability measurements on pumice and
weled-tuffaceous materials. Quantitative Hydrogeology. New York, Academic Press:
87-98.

Reeve, C. A., Bockman, Alice T., and Matin, Abdul (1984). "Role of Protein Degradation in the
Survival of Carbon-Starved Escherichia coli and Salmonella typhimurium." Journal of
Bacteriology 157(3): 758-763.

Reeve, J., L. H. Kligman, and R. Anderson (1990). "Are natural lipids UV-screening agents?"
Applied Microbiology and Biotechnology 33(2): 161-166.

Reeve, J. N. (1994). 'Thermophiles in New Zealand." ASM News Features 60(10): 541-545.



-164-

Rengpipat, S., T. A. Langworthy, and J. G. Zeikus (1988). "Halobacteroides acetoethylicus sp.
nov., a new obligately anaerobic halophile isolated from deep subsurface hypersaline
environments." System. Appl. Microbiol. 11: 28-35.

Riveria, M. C , and Lake, James A. (1992). "Evidence That Eukaryoste and Eocyte Prokaryotes
Are Immediate Relatives." Science 257: 74-76.

Robb, F. T., Hauman, J.H., and Peak M.J. (1978). "Similar Spectra for the Inactivation by
Monochromatic Light of Two Distinct Leucine Transport Systems in Escherichia Coli."
Photochemistry and Photobiology 27: 465-469.

Robbins, E. I., and A. S. Iberball (1991). "Mineral remains of early life on earth? On Mars?"
Geomicrobiology Journal 9(1): 51-66.

Roberson, E. В., and M. K. Firestone (1992). "Relationship between desiccation and
exopolysaccharid production in a soil Pseudomonas sp." Appl. Environ. Microbiol. 58:
1284-1291.

Rodriguez, G. G., Phipps, D., Ishiguro, K., and Ridgway, H.F. (1992). "Use of a Fluorescent
Redox Probe for Direct Visualization of Actively Respiring Bacteria." Applied and
Environmental Microbiology 58(6): 1801-1808.

Rolfsmeier, M. and P. Blum (1995). "Purification and Characterization of a Maltase from the
Extremely Thermophilic Crenarchaeote Sulfolobus solfataricus." Journal of Bacteriology
177(2): 482-485.

Ronson, C. W., Nixon, B. Tracy., and Ausubel, Frederick M. (1987). "Conserved Domains in
Bacterial Regulatory Proteins That Respond to Environmental Stimuli." Cell 49:
579-581.

Rosacker, L. L., and T. L. Kieft (1990). "Biomass and adenylate energy charge of a grassland soil
during drying." Soil Biol. Biochem. 22(8): 1121-1127.

Roslev, P. and. King, Gary M. (1993). "Application of a Tetrazolium Salt with a Water-Soluable
Formazan as an Indicator of Viability in Respiring Bacteria." Applied and
Environmental Microbiology 59(9): 2891-2896.

Roslev, P. and King, Gary M. (1994). "Survival and Recovery of Methanotrophic Bacteria
Starved under Oxic and Anoxic Conditions." Applied and Environmental Microbiology
60(7): 2602-2608.

Roszak, D. В., and Colwell, R.R. (1987). "Survival Strategies of Bacteria in the Natural
Environment." Microbiological Reviews 51(3): 365-379.

Rusin, P. A., L. Quintana, J. R. Brainard, B. A. Strieteimeier, C. D. Tait, S. A. Ekberg, P. D.
Palmer, T. W. Newton, and D. L. Clark (1994). "Solubilization of plutonium hydrous
oxide by iron-reducing bacteria." Environ. Sei. Technol. 28(9): 1686-1690.

Russell, B. F., Phelps, Tommy J., Griffin, William T., and Sargent, Kenneth A. (1992).
"Procedures for Sampling Deep Subsurface Microbial Communities in Unconsolidated
Sediments." GWMR winter: 96-104.

Russell, C , Jacobsen, Robert, Haldeman, Dana 1., Amy, Penny S. (1994). "Heterogeneity of
Deep Subsurface Microorganisms and Correlations to Hydrogeological and Geochemical
Parameters." Geomicrobiology Journal 12: 37-51.

Rutter, M., and Nedwell, D.B. (1994). "Influence of Changing Temperature on Growth Rate and
Competition between Two Psychrotolerant Antarctic Bacteria: Competition and Survival
in Non-Steady-State Temperature Environments." Applied and Environmental
Microbiology 60(6): 1993-2002.



-165-

Ruzal, S. M., A. F. Alice and C. Sanchez-Rivas (1994). "Osmoresistance of spores from Bacillus
subtilis and the effect of ssp mutations." Microbiology 140(8): 2173-2177.

Sala, F. J., P. Ibarz, A. Palop, J. Raso, and S. Condon (1995). "Sporulation temperature and heat
resistance of Bacillus subtilis at different pH values." Journal of Food Protection 58(3):
239-243.

Salverzza, R. C , and H. A. Videla (1984). "Microbiological Corrosion in fuel storage tanks. Part
1: Anodic behaviour." Acta Cientifica Venezolana 35: 244-247.

Sanchez-Amat, A. and T., F. (1990). "Formation of Stable Bdelloplasts as a Starvation-Survival
Strategy of Marine Bdellovibrios." Applied and Environmental Microbiology 56(9):
2717-2725.

Sand, W., and Bock, E. (1991). "Biodeterioration of Ceramic Materials by Biogenic Acid."
International Biodeterioration: 175-181.

Sand, W., and Bock, E. (1991). "Biodeterioration of Mineral Materials by Microorganisms-
Biogenic Sulfuric and Nitric Acid Corrosion of Concrete and Natural Stone."
Geomicrobiology Journal 9: 129-138.

Sapru, V., G. H Smerage, A. A. Teixeira, and J. A. Lindsay (1993). "Comparison of predictive
models for bacterial spore population resources to sterilization temperatures." J. Food
Sci. 58(1): 223-228.

Sapru, V., and T. P. Labuza (1993). "Glassy state in bacterial spores predicted by polymer glass-
transition theory." J. Food Sci. 58(2): 445-448.

Sarkar, A. K., G. Georgiou, and M. M. Sharma (1994). 'Transport of bacteria in porous media: I.
An experimental investigation." Biotechnol. and Bioengineering 44(4): 489-497.

Sarkar, A. K., G. Georgiou, M. M. Sharma (1994). 'Transport of bacteria in porous media: U. A
model for convective transport and growth." Biotech, and Bioengineering 44(4):
499-497.

Scaravaglio, O. R., R. N. Farias, and E. M. Massa (1993). "Starved cells of the fatty acid
auxotroph Escherichia coli AK7 develop abnormal sensitivity to media with low
osmolarity." Appl. Environ. Microbiol. 59(8): 2760-2762.

Schippers, A., R. Hallimann, S. Wentzien, and S. Sand (1995). "Microbial diversity in uranium
mine waste heaps." Appl. Environ. Microbiol. 61(8): 2930-2935.

Schoenen, D. and G. Schlomer (1989). "Microbial contamination of water by materials of pipes
and hoses: Third communication: Reaction of Escherichia coli, Citrobacter freundi and
Klebsiella pneumoniae." Zentralbl. Hyg. Umweltmed. 188(5): 475-480.

Schonheit, P., and Schafer, T. (1995). "Metabolism of hyperthermophiles." World Journal of
Microbiology and Biotechnology 11: 26-57.

Schultz, J. E., and Matin, A. (1991). "Molecular and Functional Characterization of a Carbon
Starvation Gene of Escherichia coli." J. Mol. Biol. 218: 129-140.

Scott, P. J. B., and Davies, Michael (1992). "Survey of Field Kits for Sulfate-Reducing Bacteria."
Materials Performance 31: 64-68.

Sedlak, M., V. Vinter, J. Adamex, J. Vohradsky, Z. Voburka, and J. Chaloupka (1993). "Heat
shock applied early in sporulation affects heat resistance of Bacillus megaterium spores."
J. Bact. 175(24): 8049-8052.

Severson, K. J., Johnstone, Donald L., Keller, C. Kent, Wood, Robert D. (1991). "Hydrogeologic
Parameters Affecting Vadose-Zone Microbial Distributions." Geomicrobiology Journal
9: 197-216.



-166-

Shabtai, Y. (1991). "Isolation and characterization of a lipolytic bacterium capable of growing in
a low-water-content oil-water emulsion." Appl. Environ. Microbiol. 57(6): 1740-1745.

Shales, S. W., and S. Kumarasingham (1987). "Bacterial transport through porous solids:
Interactions between Micrococcus luteus cells and sand particles." J. Industrial
Microbiol. 2(4): 219-228.

Shamsuzzaman, K., and L. Lucht (1993). "Resistance of Clostridium sporogenes spores to
radiation and heat in various nonaqueous suspension media." J. Food Protection 56(1):
10-12.

Sharma, M. M., Y. I. Chang and T.F. Yen (1985). "Reversible and irreversible surface charge
modification of bacteria for facilitating transport through porous media." Colloids and
Surfaces 16: 193-206.

Sharma, P. K., M. J. Mclnerney and R.M. Knapp (1993). "In situ growth and activity and modes
of penetration Escherichia coli in unconsolidated porous materials." Appl. Environ.
Microbiol. 59(11): 3686-3694.

Sharp, M., J-L. Tison, and G. Fierens (1990). "Geochemistry of subglacial calcites: Implications
for the hydrology of the basal water film." Arctic and Alpine Research 22(2): 141-152.

Shin, S.-Y., E. G. Calvisi, T. C. Beaman, H. S. Pandratz, P. Gerhardt, and R. E. Marquis (1994).
"Microscopic and thermal characterization of hydrogen peroxide killing and lysis of
spores and protection by transition metal ions, chelators, and antioxidant." Applied and
Environmental Microbiology 60(9): 3192-3197.

Siegele, D. A., and Kolter, Roberto (1992). "Life After Log." Journal of Bacteriology 174(2):
345-348.

Sims, J. T. (1990). "Nitrogen mineralization and elemental availability in soils amended with
cocomposted sewage sludge." Journal of Environmental Quality 19(4): 669-675.

Sinclair, J. L., Ghiorse, W.C. (1989). "Distribution of Aerobic Bacteria, Protozoa, Algae, and
Fungi in Deep Subsurface Sediments." Geomicrobiology Journal 7: 15-31.

Singh, A. and G.A. McFeters (1990). Injury of enteropathogenic bacteria in drinking water.
Contemporary Bioscience: Drinking Water Microbiology. Brock/Springer. Secaucus,
N.J., Springer-Verlag: 368-379.

Singh, R. S., S.C. Srivastava, A. S. Raghubanshi, J. S. Singh, and S. P. Singh (1991). "Microbial
carbon, nitrogen and phosphorus in dry tropical savanna: Effects of burning and
grazing." Journal of Applied Ecology 28(3): 869-878.

Skeen, R. S., N. B. Valentine, B. S. Kooker, and J. N. Petersen (1995). "Kinetics of nitrate
inhibition of carbon tetrachloride transformation by a denitrifying consortia."
Biotechnology and Bioengineering 45(3): 279-284.

Smith, J. J., Quintero, Ernesto, J., and Geesey, Gill G. (1990). "A Sensitive Chromatographic
Method for the Detection of Pyruvyl Groups in Microbial Polymers from Sediments."
MicrobEcol 19: 137-147.

Sneath, P. H. A. D. (1962). "Longevity of Microorganisms." Nature 4842: 643-648.
Sommers, L. E., C. M. Gilmour, R. E. Wildung, and S. M. Beck (1981). The effect of water

potential on decomposition processes in soils. Water Potential Relations in Soil
Microbiology. J. F. Parr, W. R. Gardner, and L. F. Elliott. Madison, WI, Soil Science
Society of America. Special Publication Number 9: 97-117.



-167-

Southam, G., and Beveridge, T.J. (1992). "Enumeration of Thiobacilli within pH-Neutral and
Acidic Mine Tailings and Their Role in the Development of Secondary Mineral Soil."
Applied and Environmental Microbiology 58(6): 1904-1912.

Southam, G., and Beveridge, T.J. (1993). "Examination of Lipopolysaccharide (O-Antigen)
Populations of Thiobacillus ferrooxidans from Two Mine Tailings." Applied and
Environmental Microbiology 59(5): 1283-1288.

Southam, G. and Beveridge, Terrance J. (1994). 'The in vitro formation of placer gold by
bacteria." Geochimica et Cosmochimica Acta 58(20): 4527-4530.

Stetter, K. O., Huber, R., Blochl, E., Kurr, M., Eden, E.D., Fielder, M., Cash, H., and Vance, I.
(1993). "Hyperthermophilic archaea are thriving in deep North Sea and Alaskan oil
reservoirs." Nature 365: 743-745.

Stetter, K. O. (1995). "Microbial Life in Hyperthermal Environments." ASM News Features
61(6): 285-290.

Stetzenbach, L. D., Kelley, Lee M., Stezenbach, Klaus J., and Sinclair, N.A. (1985). "Decreases
in Hydrocarbons by Soil Bacteria." Groundwater Contamination and Reclamation:
55-60.

Stevens, T. L., and J. P. McKinley (1995). "Lithoautotrophic microbial ecosystems in deep basalt
aquifers." Science 270: 450-454.

Stevenson, L. H. (1978). "A Case for Bacterial Dormancy in Aquatic Systems." Microbial
Ecology 4: 127-133.

Stotzky, G., and Mortensen, J.L. (1959). "Effect of Gamma Radiation on Growth and
Metabolism of Microorganisms in an Organic Soil." Soil Sci. Soc. Am. Proc. 23:
125-127.

Stotzky, G. (1989). Gene transfer among bacteria in soil. Gene Transfer in the Environment. S.
B. Levey, and R. V. Miller. New York, McGraw-Hill: 165-222.

Stroes-Gascoyne, S. (1989). The potential for microbial life in a Canadian high-level nuclear fuel
waste disposal vault: A nutrient and energy source analysis. Atomic Energy of Canada
Limited Report AECL-9574.

Stroes-Gascoyne, S., K. Pedersen, C. Hamon, S. Haveman, T. Delaney, S. Ekendahl, J. Arlinger,
L. Hallbeck and K. Dekeyser. (1996). Microbial analysis of the buffer/container
experiment at AECL's Underground Research Laboratory, Swedish Nuclear Fuel and
Waste Management Co. SKB Technical Report 96-02.

Stroes-Gascoyne, S. and J. M. West (1995). "Microbial considerations and studies in the
Canadian nuclear fuel waste management program". Mat. Res. Soc. Symp. Proc. 353:
165-172

Stroes-Gascoyne, S. and J. M. West (1994). Microbial issues pertaining to the Canadian concept
for the disposal of nuclear fuel waste. Atomic Energy of Canada Limited Report AECL-
10808, COG-93-54

Sutherland, I. W. (1988). Bacterial Surface Polysaccharides: Structure and Function.
International Review of Cytology. G. H. Bourne. San Diego, California, Academic Press,
Inc. 113:187-231.

Suutari, M., and Laakso, Simo (1993). "Effect of growth temperature on the fatty acid
composition of Mycobacterium phlei." Arch Microbiol 159: 119-123.



-168-

Suzuki, I., Chan, C.W., and Takeuchi, T.L. (1992). "Oxidation of Elemental Sulfur to Sulfite by
Thiobacillus thiooxidans Cells." Applied and Environmental Microbiology 58(11):
3767-3769.

Swindoll, C. M., Aelion, C. Marjorie., Dobbins, Dwell C , Jiang, Ou., Long, Sharon C , and
Pfaender, Fredrick K. (1988). "Aerobic Biodegradation of Natural and Xenobiotic
Organic Compounds by Subsurface Microbial Communities." Environmental
Toxicology and Chemistry 7: 291-299.

Swindoll, C. M., Aelion, C. Marjorie., and Pfaender, Fredrick K. (1988). "Influence of Inorganic
and Organic Nutrients on Aerobic Biodegradation and on the Adaptation Response of
Subsurface Microbial Communities." Applied and Environmental Microbiology 54(1):
212-217.

Tan, Y., W. J. Bond, and D. M. Griffin (1992). 'Transport of bacteria during unsteady
unsaturated soil water flow." Soil Sci. Soc. Amer. 56(5): 1331-1341.

Tazawa, M., and Kawai (1994). Durability of Concrete. Third International Conference, Nice,
France, ACL

Teixeira, P. C , M. H. Castro, F. X. Malcata, and R. M. Kirby (1995). "Survival of Lactobacillus
delbureckii ssp. bulgaricus following spray-drying." J. Dairy Science 78(5): 1025-1031.

Terzieva, S. I., and McFeters, Gordon A. (1991). "Survival and injury of Escherichia coli,
Campylobacter jejuni, and Yersinia enterocolitica in stream water." Can. J. Microbiol.
37: 785-790.

Thayer, D. W., Boyd, Glenn., Muller, Wayne S., Lipson, Carol A., Hayne, Walter C , and Baer
Steven H. (1990). "Radiation Resistance of Salmonella." Journal of Industrial
Microbiology 5: 383-390.

Thiem, S. M., Krumme, Mary Lou., Smith, Richard L., and Tiedje, James M. (1994). "Use of
Molecular Techniques to Evaluate the Survival of a Microorganism Injected into an
Aquifer." Applied and Environmental Microbiology 60(4): 1059-1067.

Thomas, L. V., and Wimpenny, Julian W. T. (1993). "Method for Investigation of Competition
between Bacteria as a Function of Three Environmental Factors Varied Simultaneously."
Applied and Environmental Microbiology 59(6): 1991-1997.

Thompson, I. P., K.A. Cook, G. Lethbridge and R.G. Bums (1990). "Survival of two ecologically
distinct bacteria (Flavobacterium and Arthrobacter) in unplanted and rhizosphere soil:
laboratory studies." Soil Biol. Biochem. 22(8): 1029-1038.

Thorsen, B. K., Enger, Oivind., Norland, Svein., and Hoff, Kjell Arne (1992). "Long-Term
Starvation Survival of Yersinia ruckeri at Different Salinities Studies by Micoscopical
and Flow Cytometric Methods." Applied and Environmental Microbiology 58(5):
1624-1628.

Tiwari, V. (1993). "Impact of cement factory environment on soil and microbes: a preliminary
study." Ad. Plant Sci. 6 1: 103-106.

Tomioka, N., H. Uchiyama, and O.Yagi (1992). "Isolation and characterization of cesium-
accumulating bacteria." Appl. Environ. Microbiol. 36(4): 229-238.

Toran, L., and A. V. Palumbo (1992). "Colloid transport through fractured and unfractured
laboratory sand columns." J. Contaminant Hydrology 9: 289-303.

Torsvik, V., J. Goksoyr, and F. L Daae (1990). "High diversity in DNA of soil bacteria." Appl.
Environ. Microbiol. 56: 782-787.



-169-

Trent, J. D., M. Gabrielsen, B. Jensen, J. Neuhard, and J. Olsen (1994). "Acquired
thermotolerance and heat shock protein in thermophiles from the three phylogenetic
domains." Journal of Bacteriology 176(19): 6148-6152.

Trevors, J. T., J. D. van Elsas, H. Lee, and A. C. Wolters (1993). "Survival of alginate-
encapsulated Pseudomonas fluroescens cells in soil." Appl. Microbiol. Biotech. 39(4-5):
637-643.

Tsai, C.-M., and Frasch, Carl E. (1982). "A Sensitive Silver Stain for Detecting
Lipopolysaccharides in Polyacrylamide Gels." Analytical Biochemistry 119: 115-119.

Tsai, Y.-L., and B. H. Olson (1991). "Rapid method for the direct extraction of DNA from soil
and sediments." Appl. Environ. Microbiol. 57(4): 1070-1074.

Tunner, J. R., Robertson, Channing R., Schippa, Serena and Matin Abdul (1992). "Use of
Glucose Starvation to Limit Growth and Induce Protein Production in Escherichia coli."
Biotechnology and Bioengineering 40: 271-279.

Turpin, P. E., Maycroft, K.A., Rowlands, C.L., Wellington, E.M.H. (1993). "Viable but non-
culturable salmonellas in soil." Journal of Applied Bacteriology 74:421-427.

Twin Cities Research Center, Bureau of Mines. (1992). Diesels in Underground Mines:
Measurement and Control of Paniculate Emissions. Bureau of Mines Information and
Technology Transfer Seminar, Minneapolis, MN.

Udupa, K. S., P. A. O'Cain, V. Mattimore, and J. R. Battista (1994). "Novel Ionizing Radiation-
Sensitive Mutants of Deinococcus Radiodurans." Journal of Bacteriology 309(2):
175-184.

Uemura, S., H. Harada (1993). "Microbial characteristics of methanogenic sludge consortia
developed in thermophilic UASB reactors." Applied Microbiology and Biotechnology
39(4-5): 654-660.

Urzi, C , Lisi, S., Criseo, G., Pernice, A. (1991). "Adhesion to and Degradation of Marble by a
Micrococcus Strain Isolated from It." Geomicrobiology Journal 9: 81-90.

Utting, J. (1987). "Palynostratigraphic Investigation of the Albert Formation (Lower
Carboniferous) of New Brunswick, Canada." Palynology 11: 73-96.

Van der Mei, H. S., J. M. Meinders, and H. J. Busscher (1994). 'The influence of ionic strength
and pH on diffusion of micro-organisms with different structural surface features."
Microbiology (Reading) 12: 3413-3419.

Van Gestel, M., J. N. Ladd and M. Amato (1992). "Microbial biomass responses to seasonal
change and imposed drying regimes at increasing depths of undisturbed topsoil profiles."
Soil Biol. Biochem 24(2): 103-111.

Van Loosdrecht, M. C. M., Lyklema, Johannes., Norde, Willem., and Zehnder, Alexander J.B.
(1989). "Bacterial Adhesion: A Physicochemical Approach." Microb Ecol 17: 1-15.

Van Loosdrecht, M. C. M., and A. J. B. Zehnder (1990). "Energetics of bacterial adhesion."
Experientia 46: 817-822.

Van Loosdrecht, M. C. M., Lyklema, Johannes., Norde, Willem, and Zehnder, Alexander J.B.
(1990). "Influence of Interfaces on Microbial Activity." Microbiological Reviews 54(1):
75-87.

Vandenabeele, J., D. de Beer, R. Germonpre, and W. Verstraete (1992). "Manganese oxidation
by microbial consortia from sand filters." Microbial Ecology 24(1): 91-108.



-170-

Vandevivere, P., and P. Baveye (1992). "Effect of bacterial extracelluar polymers on the
saturated hydraulic conductivity of sand columns." Appl. Environ. Microbiol. 58(5):
1690-1698.

Vandevivere, P., Welch, S.A., Ullman, W.J., and Kirchman, D.L. (1994). "Enhanced Dissolution
of Silicate Minerals by Bacteria at Near-Neutral pH." Microb Ecol 27: 241-251.

Vandevivere, P. and Kirchman, David L. (1993). "Attachment Stimulates Exopolysaccharide
Synthesis by a Bacterium." Applied and Environmental Microbiology 59(10):
3280-3286.

Vandevivere, P., and P. Baveye (1992). "Saturated hydraulic conductivity reduction caused by
aerobic bacteria in sand columns." Soil. Sci. Soc. Amer. J. 56(1): 1-13.

Vandevivere, P. and P. Baveye (1992). "Relationship between transport of bacteria and their
clogging efficiency in sand columns." Appl. Environ. Microbiol. 58(8): 2523-2530.

Vanhaecke, E., Remon, Jean-Paul., Moors, Michel., Raes, Filiep., De Rudder, Dirk., and Van
Peteghem, Arsene (1990). "Kinetics of Pseudomonas aeruginosa Adhesion to 304 and
316-L Stainless Steel: Role of Cell Surface Hydrophobicity." Applied and
Environmental Microbiology 56(3): 788-795.

Veldkamp, H., Van Gemerden, H., Harder, W., and Laanbroek, H.J. (1984). Competition Among
Bacteria: and Overview. Washington, D. C , American Society for Microbiology.

Velji, M. I., and Albright LJ. (1985). "Microscopic enumeration of attached marine bacteria of
seawater, marine sediment, fecal matter, and kelp blade samples following
pyrophosphate and ultrasound treatments." Can. J. Microbiol. 32: 121-126.

Verlencar, X. N., and V. K. Dhargalkar (1992). "Primary productivity and nutrients in the Indian
sector of the Southern Ocean." Indian Journal of Marine Sciences 21(1): 6-12.

Von Riesen, V. L. (1980). "Digestion of Algin by Pseudomonas maltophilia and Pseudomonas
putida." Applied and Environmental Microbiology 39(1): 92-96.

Voordouw, G., Voordouw, Johanna K., Karkhoff-Schweizer, Roxann R., Fedorak, Phillip M.,
and Westlake, Donald W.S. (1991). "Reverse Sample Genome Probing, a New
Technique for Identification of Bacteria in Environmental Samples by DNA
Hybridization, and Its Application to the Identification of Sulfate-Reducing Bacteria in
Oil Field Samples." Applied and Environmental Microbiology 57(11): 3070-3078.

Votyakova, T. V., Kaprelyants, Arseny S., and Kell, Douglas B. (1994). "Influence of Viable
Cells on the Resuscitation of Dormant Cells in Micrococcus luteus Cultures Held in an
Extended Stationary Phase: the Population Effect." Applied and Environmental
Microbiology 60(9): 3284-3291.

Wakatsuki, T. (1995). "Metal oxidoreduction by microbial cells." J. Industrial Microbiol. 14(2):
169-177.

Wang, P., and H. E. Schelhorn (1995). "Induction of Resistance to Hydrogen Peroxide and
Radiation in Deinococcus radiodurans." Canadian Journal of Microbiology 41(2): 170-
176.

Wang, X., and Bartha, R. (1990). "Effects of Bioremediation on Residues, Activity and Toxicity
in Soil Contaminated by Fuel Spills." Soil Biol. Biochem. 22(4): 501-505.

Ward, R. L., Yeager, J. Gary, and Ashley, Carol S. (1981). "Response of Bacteria in Wastewater
Sludge to Moisture Loss by Evaporation and Effect of Moisture Content on Bacterial
Inactivation by Ionizing Radiation." Applied and Environmental Microbiology 41(5):
1123-1127.



- 171 -

Warhurst, A. M., and Fewson, C.A. (1994). "Microbial metabolism and biotransformations of
styrene." Journal of Applied Bacteriology 77: 597-606.Warner-Bartnicki, A. L., and
Miller, Robert V. (1992). "Characterization of Stress-Responsive Behavior in
Pseudomonas aeruginosa PAO: Isolation of Tn3-lacZYA Fusions with Novel Damage-
Inducible (din) Promoters." Journal of Bacteriology 174(6): 1862-1868.

Weirich G., S., R. (1985). "Extraction and culture of microorganisms from rock."
Geomicrobiology Journal 4(1): 1-20.

West, A. W., G. P. Sparling, T. W. Speir, and J. M. Wood (1988). "Dynamics of microbial
carbon, nitrogen-flush and ATP, and enzyme activities of gradually dried soils from a
climosequence." Australian J. Soil Research 26(3): 519-530.

West, A. W., G. P. Sparling, C. W. Feltham, and J. Reynolds (1992). "Microbial Activity and
survival in soils dried at different rates." Australian J. Soil Research 30(2): 209-222.

West, J. M., P. Coombs, S. J. Gardner, and C. A. Rochelle 'The microbiology of the Maqarin
site, Jordan - a natural analogue for cementitious radioactive waste repositories." Mat.
Res. Soc. Symp. Proc. 353: 181-188.

West, J. M., I. G. McKinley, and N. A. Chapman (1982). "Microbes in deep geological systems
and their possible influence on radioactive waste disposal." Radioactive Waste
Management and the Nuclear Fuel Cycle 3(1): 1-15.

West, J. M., N. Christofi, and I. G. McKinley (1985). "An overview of recent microbiological
research relevant to the geological disposal of nuclear waste." Radioactive Waste
Management and the Nuclear Fuel Cycle 6(1): 79-95.

West, J. M., N. Christofi, J. C. Philp, and S. C. Arme (1986). Investigations on the populations of
introduced and resident micro-organisms in deep repositories and their effects on
containment of radioactive wastes. U.K. DOE Report, DOE/RW/85/116.

West, J. M., A. Vialta, and I. G. McKinley (1990). Microbiological analysis at the Osamu Utsumi
mine and Morro do Ferro analogue study sites, Pocos de Caldas, Brazil. U.K. DOE
Report WR 90-050.

West, J. M., M. Cave, J. J. W. Higgo, A. E., Milodowski, C. A. Rochelle, and C. A. M. Ross
(1992). 'The effect of microbial activity on the near and far fields of a Swiss type B
repository." Mat. Res. Soc. Symp. Proc. 257: 729-736.

West, J. M., I. G. McKinley, and A. Vialta (1992). "Microbiological analysis at the Pocos de
Caldas natural analogue study sites." J. Geochem. Explor. 45: 439-449.

West, J. M. (1994). "A review of progress in the geomicrobiology of radioactive waste disposal."
Radioactive Waste Management and Environmental Restoration 4: 1-19.

Whitelaw, K. and Rees, J.F. (1980). "Nitrate-Reducing and Ammonium-Oxidizing Bacteria in
the Vadose Zone of the Chalk Aquifer of England." Geomicrobiology Journal 2(2):
179-187.

Whitfield, C. (1988). "Bacterial extracellular polysaccharides." Can. J. Microbiol. 34: 415-420.
Wickham, G. S., and R. M. Atlas (1988). "Plasmid frequency fluctuations in bacterial

populations from chemically stresses soil communities." Appl. Environ. Microbiol. 54:
2192-2196.

Wiebe, W. J., Sheldon, Wade M., and Pomeroy, Lawrence R. (1993). "Evidence for an Enhanced
Substrate Requirement by Marine Mesophilic Bacterial Isolates at Minimal Growth
Temperatures." Microbial Ecology 25: 151-159.



-172-

Wiggins, P. M. (1990). "Role of water in some biological processes." Microbiol. Rev. 54(4):
432-449.

Wimpenny, J. W., Coombs, J.P. and Lovitt, R.W. (1984). Growth and Interactions of
Microorganisms in Spatially Heterogeneous Ecosystems. Washington, D. C , American
Society for Microbiology.

Winter, B. L., L. P. Knauth (1992). "Stable isotope geochemistry of early Proterozoic carbonate
concretions in the Animikie Group of the Lake Superior region: Evidence for anaerobic
bacterial processes." Precambrian Research 54(2-4): 131-152.

Wolfaardt, G. M., J. R. Lawrence, M. J. Hendry, R. D. Robarts, and D. E. Caldwell (1993).
"Development of steady-state diffusion gradients for the cultivation of degradative
microbial consortia." Applied and Environmental Microbiology 59(8): 2388-2396.

Wong, P. T. W., and D. M. Griffin (1976). "Bacterial movement at high matric potentials I. In
artificial and natural soils." Biochem. 8: 215-218.

Wood, H. G. (1990). "Life with carbon monoxide or carbon dioxide or hydrogen as the source of
carbon and energy." FASEB Journal 4(7): A2169.

Wood, H. G., and Ljungdahl, Lars G. (1991). Autotrophic character of the acetogenic bacteria.
Variations in Autotrophic Life. J. M. S. and L. L. Barton. Cleveland, OH, Academic
Press Limited: 201-250.

Wrandstadh, M., Szewzyk, Ulrich., Ostling, Jorgen., and Kjelleberg, Staffan (1990). "Starvation-
Specific Formation of Peripheral Exopolysaccharide by a Marine Pseudomonas sp.,
Strain S9." Applied and Environmental Microbiology 56(7): 2065-2072.

Yamanouchi, M., Tominaga, Yoshinari, Fujiyama, Hideyasu, Fujiyama (1989). "Iron Oxidizing
Mechanisms in Nutrient Solution during Cultivation of Rice Plant." J. Fac, Agric. 25:
9-14.

Yang, X., L. E. Erickson, and L. T. Fan (1995). "A study of the dissolution rate-limited
bioremediation of soils contaminated by residual hydrocarbons." Journal of Hazardous
Materials 41(2-3): 299-313.

Yates, M. V., and S. R. Yates (1988). "Modeling microbial fate in the subsurface environment."
Critical Reviews in Environmental Control 17(4): 307-344.

Yong, P. and L. Macaskie (1995). "Enhancement of Uranium Bioaccumulation by a Citrobacter
sp. via Enzymically-Mediated Growth of Polycrystalline NH4UO2PO4." Journal of
Chemical Technology and Biotechnology 63(2): 101-108.

Yoshida, N., T. Morinaga, and Y. Murooka (1993). "Characterization and identification of
bacterial strains isolated from corroded concrete in the accumulation stratum and their
resistance levels to heavy metals." Journal of Fermentation and Bioengineering 76(5):
400-402.

Yoshida, N., and Y. T. Murooka (1994). "Adsorption of bacterial cells to crystal particles of
heavy metals: Role of electrostatic interaction." J. Fermenation and Bioengineering
77(6): 636-641.

Zahran, H. H., L. A. Rasanen, M. Karsisto, and K. Lindstrom (1994). "Alterations of
lipopolysaccharide and protein profiles in SDS-PAGE of rhizobia by osmotic and heat
stress." World J. Microbiol. and Biotech. 10(1): 100-105.



- 1 7 3 -

Zak, D. R., D. F. Grigal, S. Gleeson, and D. Tilman (1990). "Carbon and nitrogen cycling during
old-field succession: Constraints on plant and microbial biomass." Biogeochemistry
11(2): 111-130.

Zherebyateva, R. V., E. V. Lebedeva, and G. I. Karavaiko (1991). "Microbiological corrosion of
concrete structures of hydraulic facilities." Geomicrobiology Journal 9(2-3): 119-127.

Zherebyateva, T. V., Lebedeva, E.V., and Karavaiko, G.I. (1991). "Microbiological Corrosion of
Concrete Structures of Hydraulic Facilities." Geomicrobiology Journal 9: 119-127.

Zobell, C. E. (1945). 'The Effect of Solid Surfaces Upon Bacterial Activity." Journal of
Bacteriology 46: 39-56.



-175 -

APPENDIXB:

HALOBACTERIACEAE AND SPECMC RESPONSES TO
fflGH-S ALT ENVIRONMENTS IN NON-HALOB ACTERIACEAE



-176-

B.l HALOBACTERIACAEA

Bacteria growing best at salt concentrations between 20% (wt/vol) and saturation (about
30% wt/vol) are often referred to as extreme halophilic bacteria or extreme halophiles. A variety
of other bacteria have been described as halophilic but their requirement for salt is more modest
than that of the above types and are referred to as moderate halophiles or slight halophiles.
Bacteria indigenous to the marine environment could be grouped with the slight halpohiles
(Larsen 1981). Halobacteria (archaebacteria that live in extremely saline environments) do not
have a detectable turgor pressure, possibly because the osmolarity in their environments does not
change drastically. However, the lack of turgor begs the question what provides the force for cell
wall expansion in archaebacteria, because their cell walls are much more flexible than those of
eubacteria, for which turgor is thought to cause cell wall expansion during growth
(Csonka 1989).

The halobacteriaceae are chemoorganotrophic and thus depend on a source of organic material
for their growth and development. Most known isolates utilize proteins and amino acids rather
than carbohydrates. There are two genera: Halobacterium and Halococccus. They occur in
extremely saline natural waters, in crude solar salt, in proteinaceous products (fish, hides,
viscera) heavily salted by the use of crude solar salt, in brines from such products, and in
materials (wood, concrete etc.) and tools that have been in contact with solar salt or salted
products. Evaporation pools for the commercial production of salt from the sea (marine salterns)
are often red in colour due to the carotenoid pigment of extreme halophilic organisms
(Larsen 1981).

There is a mass occurrence of halobacteriaceae in Great Salt Lake (its northern basin is virtually
saturated NaCl brine), to a level of about 7 x 107 cells/mL and a biomass of about 300 g (wet
weight) per m3. Another ecosystem where they occur en masse is the Dead Sea. The NaCl
concentration of the Dead Sea is less than half of that of the northern basin of Great Salt Lake.
However, the Dead Sea has a very high content of MgCl2 and a notable content of CaCl2, such
that the total concentration of inorganic salt is about equal to that of Great Salt Lake. Dead Sea
halobacteriaceae require at least 15% NaCl and grow best at NaCl concentrations between 20%
and saturation.

Halobacteriaceae are also prominent members of the biocommunity of the alkaline, extremely
saline lakes of the Wadi Natrun, Egypt and Lake Magadi, Kenya. From an ecological point of
view, these alkaline lakes are particularly interesting since their saline waters, in contrast to the
more neutral salines, contain very little Mg2+ (and Ca2+). The response to Mg2+ of isolates from
these alkaline salines may well differ from the isolates from the non-alkaline saline habitats
(Larsen 1981).

In halobacteriaceae, the osmotic problem created by the high salt concentration in the
environment is overcome by at least equally high concentrations of salt inside the cells. Internal
salt is mainly KC1, but it also contains some NaCl. The proteins of these organisms are
characteristically acid in nature. For isolation purposes in the laboratory a medium with 25%
wt/vol NaCl is most often used. Ions such as K+ and Mg2+ may partially replace Na+ and Br and
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N03 may partially replace Cl, but not completely. The requirement for K+ is similar to that of
most other bacteria (2mM). Most isolates prefer amino acids as carbon source and often are
unable to use glucose. Maximum growth rates occur between 40-45°C, and no growth occurs
below 10°C and above 55°C. The organisms are obligate respiratory, utilizing O2 as terminal
electron acceptor, but some strains are also reported to grow anaerobically on NOT Most grow
slowly even under favorable conditions. Pigment seems to play an ecological role by protecting
the organisms against radiation from the sun. Other unusual qualities that seem to be common to
the halobacteriaceae are the lack of muramic acid as a component of the cell envelope, and the
use of the mevalonate pathway instead of the malonate pathway in the synthesis of
phospholipids. The phospholipids are to a large extent composed of phosphoglycerol derivatives
containing dihydrophytol chains, ether-linked to the glyceryl moiety, instead of the ester-linked
fatty acids commonly found in eubacteria (Larsen 1981).

Moore and McCarthy (1969) assessed the genetic relatedness among various strains of halophilic
bacteria by DNA-DNA duplex formation and RNA hybridization. They found that all of the
strains of extremely halophilic rods were closely related, and that the extent of divergence of the
base sequence is similar for the major and minor DNA components. Parallel experiments with
ribosomal RNA revealed a relationship between the extremely halophilic rods and cocci and a
more distant relationship to moderate halophiles and to a photosynthetic extreme halophile. The
kinetics of DNA renaturation showed that the genome size of the extreme and moderate
halophiles is similar to that of E. coli. Moore and McCarthy (1969) concluded that the presence
of two DNA components seemed to be characteristic of all the non-photosynthetic strains of
extreme halophiles so far examined, whether rods or cocci.

Kushner (1988) discussed the true intracellular ionic environment of halophilic microorganisms.
His work suggests that halophilic archaebacteria have a truly salty internal environment, whereas
halophilic and salt-tolerant eubacteria may have salty external environments but much less salty
internal ones. However, the water and salt in the internal environments of archaebacteria may
well have limited freedom.

Generally, the intracellular concentrations of K+are up to 2000 times greater than extracellular
ones in halophilic archaebacteria. A reasonable estimate for the internal ions of Halobacterium
halobium and related organisms, growing in 4 M NaCl + 0.01 M KC1, is about 3.5 M KC1,1.0 M
NaCl, and 0.1 M MgCl2 but the ratios of the major cations probably vary greatly during growth.
Many of the enzymes of this group of bacteria function well in, or even require, the kinds of ions
present in abundance in the cytoplasm. For many enzymes, NaCl and KC1 have approximately
the same effects; others behave differently in their salt responses. It has not been resolved
exactly how halophilic archaebacteria keep such high concentrations of ions (i.e., potassium) in
their cells. A high potassium content may have certain energetic advantages (proton motive
force) for a cell but it is likely that some sort of internal binding of these ions to macromolecules
or structures is necessary to keep internal concentrations high. Certain cytoplasmic proteins
(enzymes) in halobacteria have strong salt- as well as strong water-binding capacities but non-
halophilic proteins can also bind water tightly. A number of enzymes, in fact, bind enough water
in the crystalline form to permit them to function even in anhydrous inorganic solvents
(Kushner 1988).
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Halophilic and halotolerant eubacteria have not been studied as extensively as halophilic
archaebacteria, and there are some paradoxes. A number of intracellular enzymes of halophilic
eubacteria appear to function best in the absence of salt and are inhibited by concentrations of
salts (usually NaCl or KC1) that may be present in the cytoplasm of these bacteria. However,
other intracellular enzymes and some membrane-associated enzymes and exozymes appear to
function well in high salt concentrations. It also appears that Cl is a generally toxic ion for these
and other eubacteria and that one of the functions of the cytoplasmic membrane is to keep Cl
ions low in the cells. It is possible that the cell-associated cations of some halophiles may be
bound to the envelope such that the internal environment of these cells is really low in salts
(Kushner 1988). Such cells would be halophilic on the outside but not on the inside. There is
good evidence that the envelopes of both halophilic and non-halophilic bacteria can bind
substantial amounts of cations. If the cell-associated cations of halophilic and salt-tolerant
bacteria are largely bound to the envelope and if relatively few anions are present in the
cytoplasm, then compatible solutes possibly supply the high osmotic pressure of the cytoplasm
which must balance the external osmotic pressure. However, compatible solute concentrations
may not be high enough to balance the external NaCl concentration. The role of macromolecules
in providing osmotic pressure may have been unfairly neglected, because osmotic pressure of
macromolecules cannot be assumed to vary linearly with concentration as predicted by simple
van't Hoff law. Hydrophilic macromolecules in the cell could supply substantial amounts of
osmotic pressure. Though it is very difficult to obtain a convincing figure for the contribution
made by such molecules in the living cell, it should be noted that oligosaccharides in the
periplasmic space of E. coli may play an important role in maintaining the osmotic pressure in
this compartment.

B.2 SPECIFIC RESPONSES TO HIGH SALT ENVIRONMENTS IN
NON- HALOBACTERIACEAE

B.2.1 ARTHROBACTERS

Arthrobacters (one of the main genera in the Coryneform bacteria) are aerobic
chemoheterotrophic, Gram-positive soil bacteria that can metabolize a wide range of organic
compounds. They are also resistant to desiccation and long-term starvation (which may make
them particularly useful for bioremediation in dry desert soils). They have a dimorphic growth
cycle in which exponential phase cells appear as irregular bacilli and stationary cells as cocci.
This dimorphic cycle is under genetic control but can be modified by nutritional conditions.

Deutch and Perera (1992) concluded that Arthrobacter morphology may be useful in monitoring
osmotic stress in microbial communities in terrestrial habitats. Upon exposure to salt, there was
a linear decrease in the specific growth rate during the exponential growth phase as the solute
concentration (NaCl) was raised, but the arthrobacters were quite tolerant and growth occurred
even at 1.5mol/L NaCl. The final yield in the cultures in the stationary phase were not affected
by the presence of the added solutes. However, the presence of exogenous solutes had a
dramatic effect on the morphology. Clusters of branching myceloid cells rather than the typical
bacillary forms predominated during the exponential growth phase. These myceloids did not
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undergo complete septation and persisted into the stationary phase. Similar responses were
observed with potassium sulphate as the exogenous solute but less dramatic morphological
effects were found with added polyethylene glycol or sucrose. The myceloids formed in
response to osmotic stress could not be disrupted mechanically but were more sensitive than
normal cells to lysozyme, particularly during the stationary phase. Arthrobacters have been
previously found to form myceloids when deprived of nutrients such as biotin, vitamin B12 or
manganese. However, in the presence of 0.9 mol/L NaCl and 1000 fold additions of these
nutrients, myceloid cells still formed during the exponential phase and persisted into the
stationary phase, suggesting the myceloid cells are induced by the addition of salt, rather that by
deprivation of key nutrients. In medium with 0.9 mol/L NaCl, in the presence of
osmoprotectants (proline, glutamate, glutamine, glycine betaine, choline, trehalose, gamma-
aminobutyric acid), the growth rate was not increased significantly or formation of myceloids
prevented during the exponential phase. These results indicate that arthrobacters exhibit
characteristic responses to osmotic stress and suggest that these bacteria may contain novel
osmoprotective compounds. Formation of myceloid cells in response to osmotic stress may also
affect the use of arthrobacter in bioremediation.

B.2.2 DIAZOTROPHIC BACTERIA

Madkour et al. (1990) investigated the mechanism of osmotic adaptation in certain diazotrophic
bacteria (e.g., the aerobic, free-living, N2 fixing Azotobacter chroococcum, Azospirillum
brasilense and Klebsiella pneumoniae) that are adversely affected by high osmotic strength (i.e.,
from soil salinity and/or drought in a desert setting). Natural abundance I3C nuclear magnetic
resonance spectroscopy was used to identify all osmolytes accumulated during osmotic stress in
the studied bacteria. Results showed that the intracellular accumulation of osmolytes in
diazotrophic bacteria can be attributed to (i) enhanced osmolyte uptake from the medium
(i.e., uptake of glycine betaine, proline and possibly glutamate), (ii) increased net osmolyte
biosynthesis (i.e., trehalose, glutamate and proline), or (iii) both of these mechanisms. The
species of osmolyte accumulated and their preference in a given cell were subject to qualitative
and quantitative changes depending on the prevailing environmental and nutritional conditions.
This study suggested that none of the organisms tested could synthesize glycine betaine, but that
they all selected it when it was available in the medium. It was also observed that osmotically
stressed cells generally favoured the shift from glutamate to trehalose or proline as the culture
aged or as salt levels increased, since the latter osmolytes provided the greater osmotic stress
protection needed for long-term adaptation to the new environment. Glutamate appears to be
more of a short-time response to osmotic stress. Glutamate is a pivotal metabolite, it can be
readily accumulated or disposed of, which allows it to be a reasonable response to sort-term
stress. Proline and especially trehalose are specialized metabolites, which likely require the
induction of specific systems to synthesize and accumulate these. Also, glutamate is negatively
charged at a physiological pH and a cationic counter ion must also be accumulated to maintain
electroneutrality. K\ known to accumulate in stressed enteric bacteria, may act as a counterion
to glutamate in the diazotrophic bacteria as well. Trehalose eventually replaces the K+ and
glutamate which accumulate after hyperosmotic shock, in the enteric bacterium E. coli and this
could also occur in the diazotrophic organisms studied.
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B.2.3 CHEMOLITHOTROPHS

Relatively little is known about osmoregulatory mechanisms in chemolithotrophs (compared to
what is known about heterotrophs). Kieft and Spence (1988) investigated the osmoregulation
and iron oxidation in Thiobacillus ferrooxidans under salt stress, in the presence of
osmoprotectants. The choice of salt (NaCl, KC1, NajSO4 and K^SOJ used as an osmotic stressor
had a profound effect on rates of iron oxidation. Salt stress for Thiobacillus ferrooxidans was not
merely a function of the solute water potential but was heavily influenced by the inhibitory
action of specific ions. Anions had the greatest influence, with chloride salts being more
inhibitory than sulphate salts. NaCl inhibited the ability of Thiobacillus ferrooxidans to oxidize
iron and the nearly complete inhibition of iron oxidation in 0.4 M NaCl (which has a water
potential of -2.5 MPa, or an aw of 0.98 (Brown 1990)) suggests that Thiobacillus ferrooxidans is
a non-halophilic bacterium. As such, the organism may be expected to accumulate free amino
acids as a response to salt stress (as generally occurs in many heterotrophic nonhalophilic
bacteria). However, exogenously supplied glutamic acid was inhibitory at all salt concentrations
tested and potassium glutamate was not accumulated as an osmoprotectant in this organism. Both
proline and betaine were osmoprotectants in the presence of sulphate or high concentrations of
chloride salt (0.4M) but only proline stimulated iron oxidation in cells exposed to lower
concentrations of chloride salts (0.2 and 0.25 M). The generally low salt tolerance of these and
other chemolithotrophs could be caused by the fact that the synthesis of organic osmoprotectants
is energetically expensive for chemolithotrophs.

B.2.4 RHIZOBIA

Zahran et al. (1994) studied the effects of osmotic and heat stress on lipopolysaccharides (LPS)
and proteins of rhizobia (Gram-negative motile rods that fix N2 in symbiosis with legumes)
isolated from the root nodules of leguminous trees grown in semi-arid soils of the Sudan, and of
agricultural legumes grown in salt-affected soils of Egypt. Many strains of rhizobia can grow
and survive at salt concentrations which are inhibitory to the growth, infection and nodulation of
various legumes. The highest salt tolerance recorded in this study was 1.7 M NaCl (10% w/v),
but the highest tolerance for sucrose was only 1.0 M which confirms that salt and sucrose affect
cells in different ways (Csonka 1989). Salt or sucrose treatment altered the LPS patterns of the
majority of the rhizobia studied. Strains that could grow in no more than 1% (w/v) salt were
more severely affected than tolerant strains. These sensitive strains generally produced lower
amounts of, and different, LPS when under osmotic stress. The salt-tolerant rhizobia also
changed the composition of their LPS when stressed in 3% (w/v) NaCl, indicating production of
LPS with relatively long chain length. Such long-chain LPS may help protect the cells from the
stress. In halophilic rhizobium strains, osmotic stress had little effect on the LPS.

Up to seven heat-shock proteins have been detected in Arctic rhizobia (Cloutier et al. 1990). In
the tropical rhizobia studied by Zahran et al. (1994), a 65 kDa protein was detected in all four
strains studied and heavily overproduced under heat stress, which needs further study. The
change in the patterns of proteins synthesized under osmotic stress indicate that metabolic
changes were taking place in response to the stress. The osmotic tolerance in these strains may
be correlated with tolerance to drought.
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B.2.5 HALO ANAEROBES

Rengpipat et al. (1988) stated that the understanding of aerobic halophilic bacteria is based on the
examination of species isolated from salted foods, hides, sea water and various sources of saline
sediments, but that little is known about haloanaerobes, other than the common occurrence of
Haloanaerobium praevalens in Great Salt Lake sediments (Zeikus et al. 1983). Rengpipat et al.
(1988) isolated a new species Halobacteroides acetoethylicus sp. nov. from deep subsurface gas
bearing sandstones and brine waters associated with an injection water filter on an offshore oil
rigg in the Gulf of Mexico. The organism was a Gram-negative non-sporeforming anaerobic rod
which existed singly or in pairs and grew best at 10% NaCl but not above 22% or below 5%
NaCl. Its isolation has extended the niche for haloanaerobes from hypersaline lake sediments to
the deep subsurface hypersaline waters associated with gas and oil bearing sediments.
Differences in species habitats are quite significant for haloanaerobes because hypersaline
environments vary greatly in chemical composition.

B.2.6 LIPOLYTIC BACTERIA

Shabtai (1991) isolated and characterized a lipolytic bacterium (Pseudomonas aeruginosa YS-7)
that was capable of growing in a low-water-content-oil-water emulsion. This species is normally
grown in 95% water-based medium with 2-5% glyceride. After inoculation into 99% glyceride
with 1% water-based medium, growth occurred until a water content of <0.01% (the reduction in
water content resulting mainly from evaporation), at which point growth and respiratory activity
ceased. At the final stage of the experiment (water content <0.01%) the bacteria appeared to be
aggregated in the oil-rich medium. Until this stage the bacteria were associated with the water
droplets in the culture and were not dispersed in the glyceride phase. When 1% water was added
to the culture, another growth cycle occurred. This isolate also survived at 85% in cold acetone
precipitation, compared with other bacterial strains surviving at just 10-20%. The isolated strain
also appeared to be highly osmotolerant, as indicated by its resistance to increased concentrations
of salts and other compounds (e.g., hydrolysed glycerol) in the decreasing water phase of the
culture. Obviously, at such high concentrations these compounds not only contribute to the
reduction in water activity but also exert their osmotic stress on the growing microbial cells. The
isolate could also tolerate concentrated amphipatic agents such as detergents or soaps, suggesting
it may be endowed with a uniquely stable membrane or certain protective extracellular structures,
either of which might protect against or neutralize the amphipatic agents.
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APPENDIX C:

RADIATION TYPES AND DETAILS OF RADIATION RESISTANCE
IN DEINOCOCCUS RADIODURANS AND E. COLI
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C.l RADIATION TYPES

Studies to determine the effects of radiation on microbes have been carried out with different
types of radiation, i.e., gamma and ultraviolet (UV) radiation, electron beam, neutrons and
microwaves. Often these studies have focused on vegetative cells of specific (non-sporing)
organisms such as the highly radiation-resistant Deinococcus radiodurans or the extensively
studied Escherichia coli. Natural populations in soils have also been studied (e.g., Popenoe and
Eno 1962, Stotzki and Mortensen 1959), as well as spores (e.g., Farkas 1994). Several forms of
radiation are highly mutagenic. Mutagenic radiation falls into two categories, ionizing and non-
ionizing. Although both kinds of radiation are used in microbial genetics, non-ionizing radiation
such as UV has found the widest use, often because it is easier to work with UV and the effects
are similar to those of gamma rays. At the Yucca Mountain site, UV radiation will not occur.
However, although the penetration power of UV is much less than that of gamma rays, this is
not a problem when studying microbial cells. In addition, many of the molecular mechanisms
that repair UV damage are identical to, or overlap with, those involved in the repair of ionizing
radiation damage. Similarly, although microwave radiation is not of concern in the Yucca
Mountain environment and studies of the effects of microwave radiation on bacterial cells would
be of most interest to the food industry, they may nevertheless reveal effects that are common to
other types of radiation. The following briefly reviews the kinds of damage each of these
radiation types can cause in the bacterial cell.

C.I.I GAMMA RADIATION

Ionizing radiation is powerful and includes short wavelength rays such as X rays, cosmic rays
and gamma rays. This radiation causes water and other substances to ionize and mutagenic
effects are brought about indirectly through this ionization. Among the potent chemical species
formed by ionizing radiation are chemical free radicals, of which the most important is the
hydroxyl radical OH . Free radicals react with, damage and may inactivate macromolecules in
the cell. DNA is probably no more sensitive to ionizing radiation than other macromolecules,
but since each DNA molecule contains only one copy of most genes, inactivation can lead to a
permanent effect (Brock and Madigan 1991). Gamma radiation results in single and double
strand breaks in the DNA of an organism. These breaks occur in the deoxyribose phosphate
diester backbone of the DNA molecule, and about 15 single breaks occur for each double strand
break (Francia et al. 1985). In addition, ionizing radiation also causes damage to heterocyclic
bases (breaks in purine and pyrimidine rings), elimination of rings, cross-links between bases and
cross-links between bases and amino acids (Francia et al. 1985). Failure to repair strand
breakage is the main cause of cell death from ionizing radiation.

C.1.2 UV RADIATION

UV radiation tolerance is mediated by enzymatic repair of DNA damage through several well-
documented pathways, although overall UV resistance may also depend on physiological and
behavioural traits such as cell morphology, pigmentation and phototaxis. Although many of the
genetic mechanisms involved in DNA repair are virtually ubiquitous in bacteria (e.g., the RecA
and LexA genes control the inducible DNA repair in the SOS repair mechanisms) and there is
extensive regulatory overlap of DNA repair processes and other stress-induced responses such as
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oxidative protection, there is wide variation in the phenotypic expression of UV radiation
survival among different bacterial species and strains.

Both UV radiation and ionizing radiation can induce DNA strand breakage and pyrimidine dimer
formation. The latter is a state in which two adjacent pyrimidine bases become covalently
joined, so that during replication of the DNA the probability of DNA polymerase inserting an
incorrect nucleotide at this position is greatly enhanced (Brock and Madigan 1991). The purine
and pyrimidine bases of the nucleic acids absorb UV radiation strongly and pyrimidine dimers
are the major cause of cell lethality from UV light while failure to repair strand breakage is the
main cause of cell death from ionizing radiation. Therefore, the survival kinetics of an organism
exposed to each treatment may differ somewhat.

Arrage et al. (1993a,b) subjected six bacterial isolates from the USDOE Subsurface Microbial
Culture Collection to UV- and gamma-radiation. The study included three aerobic Gram-
positive strands and three microaerophilic Gram-negative strains, as well as three reference
bacteria, two E. coli strains and Deinococcus radiodurans (a Gram-positive and red pigmented
organism). All bacteria were tested for UV resistance during the stationary phase of growth since
cells are most resistant to radiation at this stage. They found that the aerobic Gram-positive
organisms were significantly more resistant than the microaerophilic Gram-negative organisms
to both radiation treatments. D. radiodurans, an organism that has an exceptionally efficient
repair mechanism for radiation-induced DNA lesions, was by far the most resistant. This
organism is discussed further in Section C.2.

Contrary to the hypothesis that subsurface bacteria should be sensitive to UV light, the organisms
studied by Arrage et al. (1993a,b) exhibited resistance levels as efficient as those of surface
bacteria. A total of 31% of the aerobic subsurface isolates were UV resistant, compared with
26% of the surface soil bacteria that were tested. Several aerobic, Gram-positive, pigmented,
subsurface isolates exhibited greater resistance to UV light than all of the reference bacterial
strains tested except Deinococcus radiodurans. None of the microaerophilic Gram-negative non-
pigmented subsurface isolates were UV resistant and these isolates exhibited levels of sensitivity
similar to those of the Gram-negative reference bacteria E. coli B and Pseudomonas fluorescens.
The aerobic subsurface bacteria resistant to UV light tolerated higher levels of H2O2 than the
microaerophilic organisms. The conservation of DNA repair pathways in subsurface
microorganisms may be important in maintaining DNA integrity and in protecting the organisms
against chemical insults, such as oxygen radicals, during periods of slow growth.

There is molecular evidence that suggests that limited movement of microorganisms in the
subsurface occurs. DNA homology studies revealed that relatedness was based on depositional
origin rather than depth or site location. These findings suggest that deep subsurface bacteria
have had limited contact with surface organisms over time and may have been isolated for
millennia. The results in this study demonstrated that subsurface bacteria are as competent as
surface bacteria in tolerating DNA damage induced by UV light and peroxide. This suggested
that these subsurface bacteria had conserved DNA repair mechanisms despite the lack of
exposure to solar radiation. In addition to the conservation of enzymatic DNA repair, there are
several physiological characteristics that may contribute to the overall DNA damage resistance,
including pigmentation and cell wall thickness.
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The sensitivity to UV radiation of several microorganisms of different habitats was also
investigated by Gasc6n et al. (1995). Organisms used were Rhizobium meliloti, Rhodobacter
sphaeroides, Escherichia coli and Deinococcus radiodurans. Two mutants with a non-functional
SOS DNA repair system were included, as well as a mutant in the synthesis of pigment
(carotenoids). The results revealed that Deinococcus radiodurans is an extremely resistant
bacterium, Rhizobium meliloti was more resistant than Rhodobacter sphaeroides and Escherichia
coli was the most sensitive bacterium tested. The high sensitivity of the mutants with defunct
SOS DNA repair systems was verified.

C.1.3 HIGH-ENERGY NEUTRONS

High-energy, densely ionizing neutrons are well known to be more efficient per unit absorbed
dose at killing cells than is sparsely ionizing, low linear energy transfer (LET) radiation such as
gamma- or X-rays. Although not expected to occur in the Yucca Mountain repository, studies on
the high energy neutron effects on microbes nevertheless can provide more insight into the
molecular damage inflicted by radiation. There is strong evidence that an important critical
molecular target for ionizing radiation causing cellular lethality is DNA. In neutron interactions
with target molecules, direct effects in which the target is itself excited and/or ionized by the
particle or its secondaries are predominant, rather than the indirect effects that involve the
products of water radiolysis. This was shown by the use of quenchers. The study by Peak et al.
(1995) compared DNA damage caused by low LET gamma-ray photons and high-LET neutrons
in order to gain more insight into the mechanisms of action of these two types of radiation.
Phage plasmid DNA was exposed to both types of radiation in the presence of known OH radical
quenchers. Of four quenchers tested (acetate, formate, azide and mannitol), all were able to
reduce the yields of both single and double strand breaks. This study provided evidence that
neutrons, which are much more lethal and mutagenic than gamma-rays, caused less measured
damage to DNA in these model systems. It has been suggested that at least some of the lesions
inflicted by neutrons must be different in nature than those caused by gamma-rays. The breakage
of DNA in cells by neutrons has long been considered to be largely direct, caused by the
interaction of the dense column of ionizations set in motion by neutrons with DNA itself in
contrast with the indirect type of damage caused by gamma-radiation in which OH radicals are
thought to play a major role. This work has shown that a component of both single and double
DNA strand breaks, caused by neutrons in this system, is also indirect, i.e., mediated by
scavengeable OH radicals.

Knudson et al. (1995) determined the sensitivity of Bacillus spores to neutron and gamma
radiation. They concluded that spores of all four species tested (B. subtilis, B. pumilus,
B. anthracis, B. thuringiensis) were more sensitive to neutron than to gamma radiation. Dry
spores of all four species tested were more sensitive than hydrated spores to gamma radiation and
hydration/desiccation cycles did not affect the sensitivity of B. subtilis and B. pumilus spores to
neutron radiation. A concentrated B. anthracis spore suspension was the most resistant to
gamma radiation.
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C.1.4 MICROWAVES

Little is known about the basic and general relationships between microbial destruction and
microwave exposure, especially with regard to the kinetics of destruction of irradiated bacterial
cells. Fujikawa and Ohta (1994) looked for patterns of bacterial destruction in solutions by
microwave irradiation. Their results showed that the relationship between bacterial destruction
and microwave irradiation was affected by factors such as a high salt concentration in the
medium. At 60 g/L, recovery of irradiated cells was significantly suppressed and at 75 g/L, no
viable colonies were observed. Growth phase and temperature also affected the results. It is
well-known that bacterial cells in logarithmic phase are more sensitive to heating than those in
stationary phase. A similar phenomenon was observed for the effects of microwave irradiation.
In addition, E. coli cells grown at 44°C were more resistant to microwave radiation than those
grown at 22-36°C. The acquired resistance at 44°C may be related to a specific set of heat shock
proteins synthesized in the cells when exposed to temperatures some degrees above their normal
growth temperature.

C.1.5 ELECTRON BEAM

The electron beam is also most often used in the food industry (e.g., Singh 1992, Shamsuzzaman
et al. 1989). Radiobiological studies were carried out with three strains of Listeria
monocytogenes by Farag et al. (1990). Resistance characteristics were determined under a
variety of conditions, using both gamma rays and high-energy electrons. Results showed that
Listeria monocytogenes in various suspending materials, differing widely in chemical
composition, could readily be killed by irradiation. Gamma rays and high-energy electrons were
equally effective. The measured D10 values were consistent with literature values and indicated
that a relatively modest pasteurizing dose of 5 kGy would reduce the population level of Listeria
monocytogenes by 5 to 10 orders of magnitude in a low moisture environment. Reduction of
viable numbers in high-moisture materials would be even greater.

C.2 RADIATION RESISTANCE OF DEINOCOCCUS RADIODURANS
AND ESCHER1CH1A COLI

C.2.1 DEINOCOCCUS RADIADURONS

The study of Mattimore and Battista (1996) on the radiation resistance of Deinococcus
radiodurans is of considerable importance to the specific environment in a Yucca Mountain
repository, because they concluded that the functions necessary to survive ionizing radiation in
D. radiodurans are also needed to survive prolonged desiccation. The Deinococcaceae are a
small family of non-spore-forming bacteria which exhibit a remarkable capacity to resist the
lethal effects of ionizing radiation. Doses survived are 5.2 kGy with no loss of viability, and
survivors have been recovered after 20 kGy. It has been determined that the radioresistance of
this species is a direct result of its ability to efficiently repair the DNA damage generated during
irradiation, an evolutionary process selected for organisms that could tolerate massive DNA
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damage. The radioresistance of D. radiodurans cannot be an adaptation to ionizing radiation
because there is no selective advantage to being ionizing-radiation resistant in the natural world.
There are no terrestrial environments that generate such high fluxes of ionizing radiation and it
must, therefore, be assumed that the radioresistance of D. radiodurans is an incidental use of the
cell's DNA repair capability. Ionizing radiation-sensitive mutants of D. radiodurans are also
sensitive to desiccation. Radiation resistance and desiccation resistance are functionally
interrelated phenomena; by losing the ability to repair ionizing radiation-induced cellular
damage, the organism is sensitized to the lethal effects of desiccation.

Udupa et al. (1994) concluded that a dose of 6 kGy is on average required to inactivate a single
CFU of D. radiodurans Rl . In terms of DNA damage, this dose of radiation will induce
approximately 200 double strand breaks, over 3000 single strand breaks and >1000 sites of base
damage per D. radiodurans genome. All available evidence indicates that the ability of D.
radiodurans to tolerate ionizing radiation is a function of the ability of this species to repair the
DNA damage generated by ionizing radiation, but relatively little is known about the actual DNA
repair mechanisms involved other than that to date two deinococcal proteins have been directly
associated with ionizing radiation resistance: the rec gene product (a homolog of RecA protein),
and the pol gene product (a homolog of E. coli DNA polymerase).

Dehydration induces DNA double strand breaks, either during dehydration or upon re-hydration
of these cultures. Similar DNA double strand break gel patterns between radiation damage and
dehydration damage suggest that radical chemistry is involved in the formation of double strand
breaks. The damage inflicted during desiccation accumulates slowly and DNA double strand
breaks are not obvious in D. radiodurans cultures until 8 days after desiccation. Beyond 28 days
it is difficult to detect intact chromosomal DNA and by 42 days only low molecular weight DNA
is apparent. But no loss in viability occurs over the first 14 days. In E. coli, the same kinetics of
double strand break accumulation occurred. The rapid loss of viability in dried E. coli cultures
(103 fold by the second day of desiccation) was not accompanied by overt evidence of DNA
double strand breaks indicating that multiple DNA double strand breaks were not responsible for
the observed lethality (Mattimore and Battista 1996).

In these desiccation studies with D. radiodurans, the periodic opening of the desiccator for
sampling increased the relative humidity temporarily from 5% to 60% which lowered the
survival of this organism by almost an order of magnitude compared to keeping the humidity
low. It is, therefore, possible to lower the survival of desiccated cultures of D. radiodurans by
subjecting them to cycles of desiccation and partial re-hydration. This could potentially be a
very important factor in microbial survival in the Yucca Mountain environment, where
intermittent precipitation would be the norm.

The role of DNA repair in the desiccation resistance of D. radiodurans is not unlike that ascribed
to DNA repair in spores of Bacillus sp. During their dormancy, spores accumulate DNA damage
that cannot be repaired until the spore germinates. The lack of water within the spore prevents
enzymatic activity and therefore DNA repair. Similarly, no evidence has been observed of DNA
repair in D. radiodurans cultures while they are desiccated, and it was assumed that desiccation-
induced DNA damage cannot be repaired until the organism is re-hydrated. In D. radiodurans it
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is not so much resisting damage as the capacity to repair damage which appears the most
developed. Mattimore and Battista (1996) concluded that D. radiodurans is an organism that has
adapted to dehydration and that its DNA repair ability is a manifestation of that evolutionary
process. They believe that D. radiodurans is ionizing radiation resistant because it is resistant to
desiccation and because desiccation resistance appears to require extensive DNA repair.

Double strand break induction and rejoining after ionizing radiation was analysed in
D. radiodurans and a radiosensitive mutant by pulsed-field gel electrophoresis by Grimsley et
al. (1991). Following 2 kGy, migration of genomic DNA from the plug into the gel was
extensive but was not observed after 90 min. post-irradiation recovery. By this time,
D. radiodurans chromosomes were intact as demonstrated by restoration of restriction clevage
patterns characteristic of unirradiated cells. Following exposure to 4 kGy, double strand break
rejoining took approximately twice as long, 180 min. Restoration of double strand breaks in the
radiosensitive mutant strain (which appeared defective in recombination) was markedly retarded
both at 2 and 4 kGy.

Harada et al. (1988) did an Arrhenius plot analysis of the mechanism of thermotolerance
induction in the radioresistant D. radiodurans. Arrhenius plots of eucaryotic cells showed
inflection points at about 43°C. For D. radiodurans cells such an inflection point was not
observed and the data from this organism fell on a straight line from 42 to 60°C. These results
show that D. radiodurans cells may be adaptive because of their ability to induce thermo-
tolerance in the various changes under high temperature environments.

Minton (1994) presented a microreview of DNA repair in D. radiodurans because, while it is
known that the extreme radioresistance in this organism possesses exceedingly efficient DNA
repair, the molecular mechanisms responsible remain poorly understood. Following high
exposures to UV (500 J/m2) this organism carries out extremely efficient excision repair
accomplished by two separate nucleotide excision repair pathways acting simultaneously. One
pathway requires the uvrA gene and appears similar to the UvrABC excinuclease pathway
defined in E. coli. The other excision repair pathway is specific for UV dimeric photoproducts
but is not mediated by a pyrimidine dimer DNA glycosylase. Instead, it is initiated by a second
bona fide endonuclease that may recognize both pyrimidine dimers and pyrimidine-(6-4)
pyrimidones. After high doses of ionizing radiation (15 kGy) D. radiodurans can mend >100
double strand breaks per chromosome without lethality or mutagenesis. Both double strand
break mending and survival are recA-dependent, indicating that efficient double strand break
mending proceeds via homologous recombination. D. radiodurans contains multiple
chromosomes per cell, and it is proposed that double strand break mending requires extensive
recombination amongst these chromosomes, a novel phenomenon in bacteria. Thus,
D. radiodurans may serve as an easily accessible model system for the double strand break
initiated interchromosomal recombination that occurs in eukaryotic cells during mitosis and
meiosis.

Wang and Schellhorn (1995) studied the induction of resistance to hydrogen peroxide and
radiation in D. radiodurans Though bacteria of the radiation-resistant genus Deinococcus have a
high resistance to the lethal and mutagenic effects of many DNA-damaging agents, the



-190-

mechanisms involved in the response of these bacteria to oxidative stress are poorly understood.
To investigate antioxidant enzyme responses in Deinococcus sp., the catalase activity produced
by these bacteria was measured and the sensitivity of these bacteria to hydrogen peroxide was
tested. Deinococcus sp. had higher levels of catalase and was more resistant to hydrogen
peroxide than E. coli K12. The high levels of catalase produced by D. radiodurans were, in part,
regulated by growth phase. Cultures of D. radiodurans when pretreated with sublethal levels of
hydrogen peroxide, became relatively resistant to the lethal effects of hydrogen peroxide and
exhibited higher levels of catalase than untreated control cultures. These pretreated cells were
also resistant to lethality mediated by UV light and gamma rays. These results suggest that
Deinococcus sp. possess inducible defense mechanisms against the deleterious effects of
oxidants and ionizing and UV radiation.

C.2.2 E.COU

The study by Bresler et al. (1980) on mutants of Escherichia coli K12 with enhanced resistance
to radiation is also of importance to the Yucca Mountain environment, because it deals
specifically with the isolation and study of cross-resistance to various agents. After 44 cycles of
radiation with increasing doses of gamma rays and subsequent cultivation of the irradiated
cultures of E. coli K12 strain AB1157 to the stationary phase, nine independently induced Gamr

mutants with enhanced resistance to the lethal effect of radiation were isolated. The growth
modification factor characterizing the relative radioresistance of the mutants as compared to the
wild type was 5.5 for the strain Gamr 444, having maximum resistance (at the survival level of
10') . Most of the mutants were very resistant to the lethal effect of H O . The Gam'mutants
were also hyperresistant to UV light, methylmethane sulphonate, and mitomycin C, although to a
lesser extent than to gamma radiation. The Gamr mutants were not always superior to the wild
type in their resistance to nitrous acid. An increase in the cell size in the radioresistant mutants
compared to the wild type was observed.

Bresler et al. (1980) also discussed how a significant increase in the resistance of E. coli (and
Salmonella typhimurium) cells to the lethal actions of UV and gamma rays was caused by several
plasmids, including the R factors of drug resistance. In all cases there was reason to believe that
the enhanced radioresistance was a consequence of improved working of the DNA repair system.
Other mechanisms of increasing radioresistance are also possible: increase in the DNA content
(polyploidy), modification of the spectrum of primary damage to DNA due to endogenous
protectors and activation of the enzymes eliminating the toxic products of irradiation, and
changes in the cell membrane composition.

In a further study, Bresler et al. (1982) studied the formation and repair of single- and double
strand breaks in the DNA of gamma-irradiated cells of three E. coli strains (parental strain
AB1157 and mutants Gamr 444 and Gamr 445). The mutants did not differ from the wild type
either in the initial yield of single strand breaks or in the rate or volume of repair of single strand
breaks upon post irradiation incubation in the growth medium. However, the rate of double
strand breaks in mutants was considerably lower than in the wild type both immediately after
irradiation and after 3 h post-irradiation incubation in the growth medium. The decrease in the
double strand break yield in Gamr mutants correlated with their relative radiation resistance. It
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was also found that in Gamr mutants the degradation of DNA after gamma or UV irradiation
decreased compared to the wild type. Bresler et al. (1982) proposed that the increased radiation
resistance of Gam' mutants is associated with a decreased formation of enzymatically induced
double strand breaks in DNA, due to the decrease in the exonuclease degradation of DNA, and
also to the increased efficiency of double strand break repair.

Francia et al. (1985) studied the ability of the R46 R factor and its derivative pKMlOl (two
drug-resistant plasmids) to modify the sensitivity of E. coli K12 to *°Co gamma-radiation. Both
plasmids enhanced bacterial survival after wCo gamma-radiation. The R46 R factor gave the
studied wild-type (with respect to the excision and recombination repair system) strain a
significant level of protection against both UV and "Co gamma-radiation. This effect was
dependent on recA* genotype but not on recB*, recB*recC, and recF* genotypes.
5-Fluorouracil eliminated the R46 R factor from the parent and its red mutant strains. These
strains lost not only the antibiotic resistance coded for R46 R factor but their radioresistance as
well. The recA* and the lexA* genes control the inducible DNA repair and the events are
collectively termed SOS responses. It is most probable that the plasmids R46 and pKMlOl
specially enhance the ability of the cell to carry out SOS processes. It is also possible that among
other gene products of R46 or pKMlOl there is one (or more), which is homologous with one of
the DNA repair enzymes and thus can directly take part in DNA repair.

Munson (1963) studied radiation induced mutations in growing cultures of E. coli. Cultures of a
tryptophan-requiring strain of E. coli (in a medium containing tryptophan) were irradiated
continuously (with 137Cs source) over many generation times at constant dose-rates between 50
and 1400 rad/h (0.5 and 1.4 Gy/h). The viability under these conditions was at least 90%. The
mutant-frequency increased linearly with time, as would be expected for a population mutating at
a constant rate. The rate of increase, which is equal to the mutation-rate per mutable unit (gene),
was proportional to the dose-rate. Supplementary experiments with X-rays gave the same
proportionality constant at dose rates of 500 rontgen/min. Over the temperature range 37°C to
16°C the change in mutant-frequency per rontgen fell by a factor of two and the growth rate by a
factor of 7. It was concluded that radiation damage to DNA which is expressed as a mutation is
subject to a spontaneous repair process, which is more effective at 16°C than at 37°C.

Gram-negative bacteria possess several transport systems for the uptake of branched chain amino
acids. Amino acid uptake has been shown to be inhibited by visible and near UV light. Robb et
al. (1978) demonstrated a decreases in the rate of apparent uptake of radioactive leucine by
E. coli as a result of UV and visible light. Two possible explanations for this decrease in amino
acid uptake were proposed. Firstly the radiation may cause a generalized non-specific membrane
breakdown such that the rate of leu leakage approaches the leu uptake rate. Secondly there may
be an inactivation of the uptake systems or associated energy coupling systems. This work
confirms the latter possibility for leu uptake systems: radiation inactivates an essential
component or components of the uptake mechanism per se and is not the result of generalized
leakage of the cell membranes.
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D.l ATMOSPHERIC PRESSURE

In general, microorganisms are not affected by changes in atmospheric pressure, except at very
low atmospheric pressure such as in an artificial vacuum or the upper atmosphere where water
may evaporate and oxygen becomes scarce, which may inactivate or kill microbes.

D.2 DEEP SEA PRESSURE

Bacteria in the deep sea and in geological formations are subject to large pressures (hydrostatic
or lithostatic, respectively). It has been shown that steady hydrostatic pressure in the range of
1 to 400 atmospheres (0.1 - 40 MPa) has little or no effect on the growth and metabolism of most
microorganism. However, sudden decompression may rupture cell membranes due to the release
of gas bubbles. Hydrostatic pressures in excess of 400 atmospheres (>40 MPa) tend to inhibit or
stop growth of terrestrial and shallow-water organisms, but not of so-called barotolerant deep-sea
organisms which may be exposed to pressures as high as 1000 atmosphere (100 MPa).

Most research into the pressure sensitivity of microorganisms has been carried out with deep-sea
organisms. Although barophilic (i.e., optimal growth pressure >40 MPa or >400 atmospheres)
organisms have been isolated, it seems that mostly the deep-sea community is only moderately
barotolerant rather than barophilic, and its activity is severely constrained, though not halted, by
the prevailing high hydrostatic pressures. Tests have shown that low temperatures prevailing in
the deep sea (2-4°C) only limit deep-sea microbial activity moderately but that the combination
of low temperatures and high pressure imposes severe limitations on microbial activity, unless
the organisms are barophilic. The generally observed trend for specific growth rate profiles of
barophilic deep-sea bacteria indicate optimal high-pressure growth near their upper temperature
limit for growth. It is noteworthy that thus far all strictly barophilic microbes studied seem to
group within a particular branch of a single genus (i.e., Shewanella) (Kato and Bartlett 1997 and
references therein).

At least some of the barophilic bacteria studied so far have survived decompression during
recovery from the deep sea, so controlled temporary decompression may have no lethal or
irreversibly damaging effects. High hydrostatic pressure appears to inhibit microbial synthesis of
RNA, DNA and proteins, and affects membrane transport functions and rates of activity of
various enzymes, probably by distorting the configuration of those enzymes. Many of the basic
properties of barophiles that enable their survival at extremes of pressure remain to be elucidated
but several genes whose expression is regulated by pressure, or which appear to be critical to
baroadaptation, have been uncovered (Kato and Bartlett 1997) in DNA samples recovered from
sediments from the deepest ocean trench.

D.2.1 HOT SMOKER VENTS

Hot smoker vents are submarine geothermal vents where mineral-laden hydrothermal fluids with
temperatures of 200 to 350°C build up huge rock chimneys. The water in these vents is sterile,
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with no evidence of life at 250°C, in line with the dramatic destruction of the building blocks of
life at those temperatures. The temperature along the walls of the chimneys is much lower, and
these locations are teeming with life (108 cells of one particular hyperthermophile per gram of
rock, Stetter (1995)). Almost all the hyperthermophiles isolated from these environments are
obligate anaerobic, reduce S and are heterotrophic. The source of organics is still unknown and
may be derived from sediments. In contrast to the marine sites, continental hot springs are often
oxic and highly acidic and from them many autotrophic thermoacidophiles have been isolated.
Marine hyperthermophiles require quite high salt concentrations and one would expect quite
different species in freshwater (continental) environments, yet several species have been isolated
from both types of ecosystems. (Several hyperthermophiles have been isolated from freshwater
springs on three different continents. All of the hyperthermophiles were discovered in
geothermally-heated ecosystems and, therefore, viable hyperthermophiles may be ubiquitous in
geothermal systems. They appear to readily survive adverse conditions in the dormant state and
even fastidious anaerobes appear to be relatively insensitive to oxygen.) Deep sea
hyperthermophiles are not dramatically affected by growth under the high pressures of their
natural environments. An obligately barophilic or extremely halophilic hyperthermophile has yet
to be isolated (Stetter 1995).

Enzymes from organisms living in deep sea vents where boiling water and crushing pressure
combine become more stable and active when the pressure is increased. The same appears to be
true for enzymes from thermophiles that are not adapted to high pressure. These enzymes gained
stability when pressure was increased. High pressure appears to be an extrinsic stabilizer of
some but not all proteins of hyperthermophiles (Reeve 1994). The maximum growth
temperatures of hyperthermophiles (88 to 103°C) increased by <1°C under very high pressures
(200 to 300 atm), although growth rates for some isolates did increase by about 15% and higher
temperatures were tolerated but no species survived longer than 5 minutes at 150°C
(Reeve 1994).

Salt can enable both special halophilic enzymes and ordinary enzymes to survive in solvents
(Flam (1994)). Some unusual salts dramatically increase the heat resistance in vitro of enzymes
purified from some hyperthermophiles. High internal salt concentrations should also help to
prevent the denaturation of double-stranded regions of nucleaic acids (Reeve 1994).

D.3 OIL RESERVOIRS

Deep geothermally-heated oil stratifications are a novel non-volcanic high temperature
environment for hyperthermophilic Archaea. I^S formation (reservoir souring) and 106 viable
hyperthermophiles per liter of extracted fluids yield evidence for hyperthermophilic communities
within oil-bearing Jurassic sandstone and limestone found about two miles below the bed of the
North Sea and below the Alaskan North Slope permafrost soil (Stetter et al. 1993, Stetter 1995).
The in situ temperature is about 100°C. The minimum growth temperature of the oil field
hyperthermophiles suggest that they are unlikely to be active in surface soils, oil and
groundwater flows at ambient temperatures. The predominant form of nutrition in these wells is
unknown at present. The novel hyperthermophiles that grow anaerobically on a component of
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crude oil may be a critical part of a complex reservoir food net. Stetter et al. (1993) pose the
question of where these organisms come from. They suggest that survival since the formation of
the oil reservoirs is unlikely because all reservoirs had been flooded with seawater.
Hyperthermophiles are known to survive in cold seawater, hence they could have been
introduced when the oil field wells were flooded during the oil recovery process. There is only a
low population of hyperthermophiles in seawater but the reservoirs are flooded by as much as
127 000 m3 of seawater per day, and even though the water is treated with biocidal chemicals,
this may not be effective in killing all microorganisms. Some hyperthermophiles isolated from
oil wells are similar to those found in marine hot vents. All of the hyperthermophiles from oil
reservoirs appear to reduce sulphur compounds which may be provided by reservoir minerals,
the crude oil and seawater. The production of HjS contributes to biological souring of deep hot
wells (Stetter et al. 1993).
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