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INTRODUCTION

For over 50 years, the Parker Brothers’ board game “Clue” has maintained its position
as the classic family detective game. A murder has been committed in the mansion, but we
don’t know where, by whom, or how. Was it Professor Plum in the study with a knife, or Miss
Scarlett in the ballroom with a candlestick? Through rolls of the dice, fragments of information
patiently accumulated piece-by-piece, and the application of logic, players construct a case to
figure out “whodunit”. Because there are several potential solutions to the problem, the key
challenge is to figure out what happened by understanding how it happened.

As for the players of “Clue,” scientists seeking to understand the co-evolution of life and
Earth are often confronted with the dilemma of having to parse multiple solutions to an ancient
biogeochemical event. For example, in trying to explain the genesis of Archean Banded
Iron Formations, we must ask whether it was cyanobacteria in the near shore-environment
producing O,, or anoxygenic phototrophs in the oceans directly oxidizing iron (Kappler et
al. 2005)? Again, in parallel to “Clue,” typically all we have to work with are isolated scraps
of evidence—metamorphosed pieces of rock collected from remote locales on Earth, that
contain morphological and/or chemical fossils whose origin and/or meaning is enigmatic.
Nevertheless, the legacies of billions of years of evolution—genetic rolls of the dice, subject
to natural selection—provide us with a means to interpret these putative biosignatures. By
applying the principle of uniformitarianism, we assume that the study of modern organisms
can provide us with insights into the composition and behavior of their ancient relatives,
thereby allowing us to reconstruct ancient events. This, of course, is a necessary assumption
that may not be true, so in the end, all we can really claim is to construct satisfying stories that
fit the available data.

So how does one go about solving the mysteries of geobiology? Multiple approaches are
covered in this book, but our focus in this chapter will be on how the logic of bacterial genetics
can be applied to geobiological problems. Because genetics is not often a discipline that
geologists are familiar with, we begin our discussion with some definitions. From there, we go
on to discuss how genetics can help us understand the past, both generally and through specific
examples; we do not discuss how genetics can help us understand modern biogeochemical
processes, because we have recently reviewed this elsewhere (Croal et al. 2004a). Finally,
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we close with practical information about how to develop genetic systems in newly-isolated
strains of geobiological interest, to guide those seeking to incorporate genetic analysis into
their own research.

DEFINITIONS
What is genetics?

Classical bacterial and phage genetics was pioneered in the 1940s and 50s by Max
Delbriick, Salvador Luria, Oswald Avery, Maclyn McCarty, Alfred Hershey, Martha Chase,
Joshua Lederberg, Sydney Brenner, Seymour Benzer, Arthur Pardee, Frangois Jacob, and
Jacques Monod to name only a few of the key players. The extraordinary history of the
development of this discipline (and molecular biology more generally) has been told well
by Horace Judson in the book The Eighth Day of Creation (Judson 1996). Thanks to these
scientists, genetics became a powerful tool for understanding how basic biological phenomenon
worked (e.g., the nature of the gene (Avery et al. 1944), recombination (Lederberg 1946), the
regulation of gene expression (Pardee et al. 1959), the nature of the genetic code (Crick et al.
1961), and mutations (Benzer and Champe 1962)). In each of these cases, genetic analysis
lead to insights into how things happened, and was predicated upon the construction and
analysis of mutants (Beckwith and Silhavy 1992). Accordingly, when we talk about applying
genetics to geobiology, we mean performing experiments to understand geomicrobiological
processes in mechanistic detail, either by mutagenizing model organisms (e.g., strains that
can catalyze a particular geochemical transformation of interest, such as manganese oxidation
(van Waasbergen et al. 1996), iron reduction (Coppi et al. 2001; DiChristina et al. 2002; Myers
and Myers 2002), arsenate reduction (Saltikov and Newman 2003), methanogenesis (Pritchett
and Metcalf 2005)) or by cloning DNA from the environment and expressing it in a foreign
host (this is sometimes called “metagenomics” (Beja et al. 2000; Riesenfeld et al. 2004)). For
the remainder of this chapter, we will focus our discussion on bacterial genetics to illustrate
the more general theory and practice of genetics, whose logic is the same, regardless of the
organism in which it is applied. In the context of geobiology, however, it is important to also
recognize the recent contributions several labs have made in advancing archaeal genetics
(Metcalf et al. 1997; Peck et al. 2000); because archaea catalyze a variety of geochemically
significant reactions, that representatives from this group now can be manipulated genetically
bodes well for future studies aimed at understanding their impact on the environment.

How is genetics different from molecular biology and genomics?

Although modern bacterial genetics is molecular (e.g., gene composition can be readily
determined by automated sequence analysis), originally it was not. The key to classical
bacterial genetics was the use of deductive reasoning to understand the order and behavior
of genetic elements in a genome, accomplished often through elegant assays that required
little more than “toothpicks and logic” (Shuman 2003). While sequence information greatly
facilitates genetic analysis today, the cornerstone of modern bacterial genetics is essentially
the same as it was a half century ago: genetics deconstructs how a system works by making
mutants that either eliminate/attenuate the ability of a strain to perform a certain function, or
that confer a new property upon it. The challenge and satisfaction of this approach lies in being
able to design simple experiments whose results will provide an explanation for a process.
With a collection of different mutants, for example, complex biosynthetic processes can be
broken down into components, each of which can be reconstructed and understood in detail.
Genetic analysis goes hand in hand with physiological, cell biological and/or biochemical
approaches that enable the phenotypes (i.e., physical characteristics or behavior) of mutants
to be explored in depth.
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In contrast, molecular biology is the science of understanding the chemical composition
of important biomolecules such as DNA and protein, and being able to manipulate them.
Molecular biology commonly finds application in geobiology through microbial ecology
surveys where the 16S gene for ribosomal RNA is cloned and sequenced to determine what
types of organisms are present in a given environment (Pace 1997); another application is the
use of molecular probes to identify organisms in natural samples through fluorescent in situ
hybridization (FISH) (Schrenk et al. 1998; Orphan et al. 2001; Michaelis et al. 2002). In effect,
molecular biology permits geobiologists to apply genetics to the environment—to search for
the presence and/or expression of particular genes once their function is known (Karkhoff-
Schweizer et al. 1995; Malasarn et al. 2004).

Finally, genomics is the study of genomes with respect to their gene content and
organization (also see in this volume Nelson and Methé 2005 and Whitaker and Banfield
2005). It relies heavily upon computational analyses to compare different sequences (from
one or more organisms) to each other and to identify motifs in the genes or their translated
protein products that are predicted to have a specific function. For example, hypotheses can be
generated about what types of reactions a given protein might catalyze, or the conditions under
which the gene that encodes it might be expressed; sometimes, genomic analysis can even be
used to make predictions about the behavior of entire microbial communities (Tyson et al.
2004). The special advantage of environmental genomic data is that it allows gene expression
in communities to be monitored in sifu (Ram et al. 2005). It should be emphasized, however,
that although much can be learned from genomics, ultimately, predictions about an organism’s
(or a community’s) potential to perform a certain function must be tested through classical
genetic and/or biochemical analyses to prove that the connection between the presence of a
particular gene and a given geochemical state is actually causal as opposed to correlative.

What is a mutant?

A mutant is a bacterial strain that differs genetically in some way from the parent strain
of the species. While the genotype (e.g., DNA) of the mutant must, by definition, be different
from the parent, this is not necessarily the case phenotypically. A single base pair change in
the genome could have no effect on the phenotype of the strain, however, genotypically, this
strain is now different from the parent and is therefore a mutant.

What is mutagenesis?

The capacity to alter the activities of single, or many proteins, from an organism by
eliminating the gene(s) that encode them is critical for identifying proteins involved in a process
of interest. Mutagenesis is the process of altering the genotype of a strain to make it different
from the parent strain (i.e., a mutant). Traditional biochemical methods of identifying an
activity in a cell extract can be a complementary method to genetics, but cannot unambiguously
identify proteins required for an activity in vivo. If a protein is required for the activity of
interest catalyzed by an organism, then removing the capacity of the strain to produce the
protein will eliminate the activity. Several methods are used today to mutagenize bacteria, each
with different strengths and weaknesses. These will be discussed in detail below.

TYPES OF GEOBIOLOGICAL PROBLEMS
THAT GENETICS CAN SOLVE

How can genetics help us learn about the geobiology of the past? To answer this question,
we must first define what “geobiology of the past” means. Although a wide array of subjects—
ranging from dinosaurs to ediacara—could fit this description, we will limit our discussion
to microorganisms and how their evolution affected Earth’s near surface environment (i.e.,
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subsurface down to a few kilometers). This choice is justified if one seeks to understand what
life was like on this planet for the majority of its history because microorganisms have been
in existence much longer than macroscopic organisms. Microorganisms (especially bacteria
and archaea) are distinguished by their metabolic diversity rather than their morphological
diversity, thus studying the geobiology of the past essentially is an exercise in understanding
the evolution of metabolism as recorded in ancient rocks. Because our knowledge of the
metabolic diversity of microbial eukaryotes is very limited, we will not consider them here,
although we note that this is an area of opportunity for future students of geobiology.

Modern microorganisms appear to be capable of generating metabolic energy from any
redox reaction that is thermodynamically favorable so long as the constituents involved in the
reaction are available in a habitable environment. Their metabolic diversity is based upon their
ability to harvest energy from oxidation and reduction reactions, where the oxidant and/or
the reductant may be organic or inorganic compounds. In some cases, the substrates and/or
products of microbial metabolism are minerals, whereas in others, they are gases. Regardless
of what form they come in, microbial substrate consumption or product formation can have
a dramatic affect on the geochemistry of the environment. A classic example of this is the
evolution of photosystem II, which enabled cells to produce molecular oxygen from water
and thereby oxidize the Earth. Prior to this event, however, microbial life had to subsist
anaerobically for millions and perhaps billions of years. How did cells cope? What electron
acceptors and electron donors did microorganisms use for energy generation? And can we
decipher a record of these primitive metabolisms in ancient rocks?

These are hard questions, and at first blush, it is not obvious whether genetics can
provide the answers. Genetics is an experimental discipline, requiring geobiologists to
work with modern microorganisms that we assume behave in much the same way as their
ancient relatives. How reasonable is this assumption? One argument in its favor is that the
forces of natural selection are conservative: once a particular metabolism is “invented” and is
successful, only a limited set of mutations in the genes that confer this metabolism are possible
in order for it to be preserved. While evolutionary history records myriad instances in which
genetic changes led to the development of novel proteins and hence novel metabolisms, if we
focus on a particular metabolism, and the biochemistry of its catalytic core, it is reasonable
to infer that biology has only a finite number of solutions to make it work (Kauffman 1993).
Moreover, as the complexity or difficulty of a metabolic process increases, we might expect
the repertoire of solutions to become even more limited. This conclusion appears to be robust,
albeit facilitated through horizontal gene transfer, given the conservation of metabolic genes
in the genomes of phylogenetically distant organisms (Doolittle 1999; Friedrich 2002; Nixon
et al. 2002; Malasarn et al. 2004; Simonson et al. 2005). Interestingly, microbiologists of the
Delft school anticipated these findings nearly a century ago, noting the “manifest unity” in the
biochemistry that forms the basis for the ecological relationships of microorganisms in nature
(Kluyver 1924). If biochemistry is essentially conservative with respect to metabolism, then
using genetics to understand how modern metabolisms work can help us develop a basis for
deciphering their origins and how organisms that utilized them may have altered the chemical
and physical features of our planet.

So what does this mean in practice? If understanding the evolution of metabolism is the
goal, there are only two ancient records to work with: one that is recorded in rocks, and one that
is recorded in genomes. Let us first consider the former. Rocks preserve two different types of
fossils: morphological and chemical. Morphological fossils are the more familiar, as features
that stand out from the parent rock are relatively straightforward to identify, and are becoming
ever more so given recent innovations in imaging technologies (Watters and Grotzinger 2001;
Corsetti and Storrie-Lombardi 2003; Kemner et al. 2004). Once identified, however, whether
these features are truly biogenic can be the subject of intense debate, be it at the scale of
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nanoparticles such as magnetite (McKay et al. 1996), micron-sized putative cellular structures
(Schopf 1993; Brasier et al. 2002), or centimeter-scale stromatolites (Grotzinger and Knoll
1999). To develop criteria whereby to evaluate the biogenicity of particular structures in
ancient rocks, it is helpful to understand how these structures form. This is where genetics can
help. For example, if certain conditions prove to be required for the biological formation of a
particular structure in modern organisms, and traces of these conditions are absent in an ancient
sample, this would argue against its biogenicity. Such an argument was recently made with
respect to the magnetite in the Martian meteorite ALH84001, which did not contain a magnetic
signature that supported a biogenic origin (i.e., alignment of magnetite in chains) (Weiss et
al. 2004). The key assumption in Weiss et al.’s paper was that bacteria organize magnetite
into chains by direct molecular control—an assumption that was based on phenomenological
observations (Gorby et al. 1988). Recently, genetic analysis has begun to reveal the specific
molecular components responsible for this organization (Komeili et al. 2005).

The power of bacterial genetics lies is its ability to provide clear and definitive proof that
a particular protein is involved in a given function. The case of magnetite is only one example
of where genetic analysis can guide our interpretation of the biogenicity of ancient samples.
As stated above, in addition to morphological fossils, rocks preserve chemical fossils. These,
in turn, come in two varieties: organic and inorganic. It is fair to assume that all organic fossils
are of biological origin (the likelihood that prebiotic organic synthesis left preservable traces
is extremely small), but it is much harder to know what they mean when we find them, as
discussed in the chapter by Brocks and Pearson (2005). Here too, genetics can help. For
example, hydrocarbon molecules known as 2-methylhopanes in the sedimentary record can
unambiguously be recognized as the molecular fossils of 2-methyl bacteriohopanepolyols (2-
MeBHPs) that are found in selected modern bacteria. Because cyanobacteria—the only bacteria
that engage in oxygenic photosynthesis—are the only known, quantitatively important, source
of 2-MeBHPs in the modern environment, it has been inferred that 2-methylhopanes can be
used as biomarkers for oxygenic photosynthesis itself (Summons et al. 1999). Thus, Brocks
et al. (1999, 2003) interpreted the presence of 2-methylhopanes in sediments of the Archaean
Fortescue Group as evidence that photosynthetically-derived O, first appeared on Earth at least
2.7 billion years ago. However, there is presently no evidence that 2-MeBHPs and oxygenic
photosynthesis are functionally related. Our confidence in this critical assumption, as well as in
the use of 2-methylhopanes as biomarkers for cyanobacteria (or any other organism in which
they exist), would be significantly improved by an understanding of the biochemical function
of 2-MeBHPs.

Keeping to the theme of O, evolution, the second class of chemical fossils—inorganic
biosignatures—also can be used to shed light on when this critical event occurred. Recently,
through the work of Farquhar et al. (2000), mass independent sulfur isotopic signatures from
sulfide and sulfate in Precambrian rocks were used to date a major change in the change in
the sulfur cycle between 2090 and 2450 million years ago, likely attributable to the rise of O,.
Canfield and colleagues have provided additional support for this conclusion, through their
work on sulfur isotopic fractionation by archaea and bacteria (Canfield et al. 2000; Shen et
al. 2001; Habicht et al. 2002). Central to these studies is the knowledge that sulfur isotope
fractionation responds to metabolism—for example, uptake and reduction of sulfate involves
kinetic isotope effects that result in the lighter isotope of sulfur being enriched in the sulfide
product. The extent of enrichment depends on the growth rate of the organism, which can be
controlled by temperature, the nature of the electron donor, and the concentration of sulfate
among other factors (Jones and Starkey 1962; Kemp and Thode 1968; Shen et al. 2001)). While
great strides have been made in this area without the involvement of genetics, knowledge of
the biochemical pathway responsible for sulfate reduction has greatly facilitated interpretations
of microbial sulfur isotopic fractionation by bacteria. It is thought that the majority of isotopic
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fractionation occurs when S-O bonds are broken, such as during reduction of adenosine 5'-
phosphatosulfate (APS) to sulfite by the enzyme APS reductase, with subsequent enzymatic
reduction of sulfite to sulfide (Canfield et al. 2005). Genetics affords a means to identify such
pathways for more recently discovered geomicrobial organisms that might leave an imprint in
the rock record, where the mechanism(s) of isotope effects are not yet fully understood.

For example, iron-oxidizing anoxygenic phototrophs have been implicated in the direct
deposition of Banded Iron Formations, but at present is it difficult to distinguish their activities
from those of cyanobacteria on the basis of iron isotopic fractionation alone (Croal et al.
2004b). Knowledge of what enzymes or molecular components catalyze iron oxidation, where
they are localized, and other details of how anoxygenic phototrophs traffic in iron, will position
us to better interpret the mechanism of iron isotope fractionation by these bacteria, and thereby
develop criteria with which to identify the products of their metabolism in ancient rocks. Even
if iron isotopes prove not to provide a unique signature for a particular microbial metabolism,
genetic analysis can still be very useful in pointing to potentially novel biosignatures. For
example, recent genetic and biochemical results from our laboratory indicate that the enzymes
that catalyze iron oxidation are soluble proteins that are localized inside the cell (Croal et al.
unpub. data). If true, this implies that the cell has a mechanism for preventing the intracellular
precipitation of iron oxide, possibly by chelating ferric iron with an organic molecule that
helps release it to the outside where it then precipitates. In the event such a molecule were to
exist, and it were shown to be preservable over geologic time scales, this would be an example
of a metabolically-specific biomarker discovered through genetics.

Whether or not genetic analysis will ultimately lead to the discovery of physiologically-
specific biomarkers, identification of the genes involved in geobiological processes will provide
insight into their evolutionary origin. In this respect, DNA itself is a fossil, as phylogenetic
relationships between sequences can provide information about their evolution. A good example
of this is the interpretation of the antiquity of anoxygenic photosynthesis based on phylogenies
of proteins involved in bacteriochlorophyll biosynthesis (Xiong et al. 2000). Although it is very
difficult to date the divergence of groups of proteins, it is reasonable to use phylogeny in tandem
with the rock record to infer the relative temporal evolution of different metabolisms (House
et al. 2003; Kirschvink et al. 2000). Again, the role genetics plays in this process is to provide
the proof that specific genes encode proteins that perform specific functions. Only after this is
understood can phylogenetic comparisons be meaningful. As stated above, we caution against
the danger of inferring function on the basis of phylogeny alone. Evolution is rife with instances
where small sequence changes in an active site of a protein change its substrate specificity (such
as in the case of the directed evolution of a fucosidase from a galactosidase; Zhang et al. 1997),
thus we cannot be certain that a putative protein actually performs the function we think it does
until we do an experiment to prove it. Moreover, there are cases where different proteins have
independently evolved that catalyze a similar reaction, yet on the basis of their sequence, they
appear to have little in common. A good example of this are the serine proteases, subtilisin and
trypsin (Kelly et al. 2005). Thus the absence of a particular gene in the genome of an organism
should not be taken as evidence that it cannot perform a certain function. Even for organisms
such as Escherichia coli and Salmonella, upon whose DNA the science of bacterial genetics
was built, there remain a large number of genes of unknown function.

Finally, genetic analysis can provide insights into the conditions that regulate a particular
process. As described below, it is straightforward to use molecular reporters to assay for the
expression of a gene of interest by exposing the bacteria that harbor the gene to different
chemicals, temperatures, or pressures. This has the potential to be useful in making inferences
about the paleoenvironment. For example, if evidence were found in the rock record that a
particular biomolecule was present that was known only to be produced under conditions
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when oxidized molybdenum [Mo(VI)] was available, this would suggest that the pH of that
environment must have been greater than five and the redox potential greater than zero because
these are the conditions where Mo(VI) exists in significant quantities (Anbar 2004).

PRACTICAL CONSIDERATIONS FOR CREATING GENETIC SYSTEMS

As explained in the previous section, genetics has the potential to be a powerful tool for
geobiology, offering insights into: i.) what structures to look for in the rock record, ii.) what
they mean when we find them, iii.) what enzymes catalyze their production, and iv.) what
conditions regulate their expression. To be able to convert this theory into practice, it is helpful
to know where to begin in the laboratory. In this section, we outline the key steps that would
need to taken to make an organism genetically tractable.

To briefly summarize, the first step is to isolate an organism that will be amenable to genetic
analysis; this strain will serve as the standard (or “wild-type”) to which all subsequent mutants
will be compared. This of course imposes a limitation on what genetics can offer geobiology, as
not all strains can easily be coaxed into growing in the laboratory, much less be straightforward
to mutagenize once isolated. Nevertheless, with perseverance and creativity, these difficulties
can usually be overcome, leading to the second step: mutagenesis of the strain. Various methods
for mutagenesis exist, offering the potential to eliminate/delete genes entirely, introduce point-
mutations into specific genes, or introduce genes into an organism. The effects of these different
types of mutations can be far ranging, from altering the amino acid composition of a protein and
thereby affecting its substrate specificity, to eliminating the ability to make a set of proteins, to
changing the regulation of an entire network of genes. After mutagenesis is performed, the third
step is to identify the mutants either through a selection or a screen. A selection permits only
those mutants that have the desired properties to grow, whereas a screen requires characterizing
the behavior of thousands of mutants to identify only rare ones that have the properties/behavior
of interest. Depending on the manner in which one has identified candidate mutants, secondary
screens may be required to narrow the pool of candidates down to only those that are interesting.
For example, if one performs a screen to find genes that control various steps in a biochemical
reaction, if the assay for mutant identification involves looking at the rate at which a reaction
proceeds, “false” mutants could be identified by the screen that are simply slow to grow but
which do not have a specific defect in the reaction of interest. These mutants could be sorted out
by measuring the growth rate of all candidates and only continuing to study those whose growth
is normal with respect to the parent strain. Once interesting mutants are identified, the fourth
step is to determine the nature of the mutation through sequencing and genetic verification.
Sequence analysis can help generate hypotheses to explain why the mutant behaves the way it
does, and thus infer what affects the process of interest. To test these hypotheses, however, the
final step requires physiological, biochemical, or cell biological experiments to be performed in
order to study the phenotype of the mutant in detail.

Step 1: Isolation and growth

Developing a genetic system in an organism can be a tedious, albeit rewarding process.
Development can be greatly enhanced when the organism of interest is a close relative to a
microbe with an established genetic system. This was the case for the arsenic-respiring Gram-
negative bacterium Shewanella sp. strain ANA-3, which resulted from a targeted-isolation of
a strain that could grow strictly anaerobically on arsenate in minimal medium and also make
single colonies overnight on Luria-Broth (LB) plates on the bench top. LB is a widely used
rich medium in bacterial genetics, as it supports rapid growth and is easy to make. Because
this enrichment strategy imposed a strong selection for bacteria that had respiratory versatility,
it was not surprising that it resulted in the isolation of a new strain of Shewanella, a genus
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renowned for this property (Nealson and Scott 2004). Since this organism is closely related
to other strains of Shewanella that have established genetic systems, Saltikov et al. adapted
strategies that had been successfully used in S. oneidensis strain MR-1 to their new isolate
(Saltikov et al. 2003; Saltikov and Newman 2003). Several years prior to this, one of the
authors had isolated a bacterial strain (Desulfotomaculum sp. strain OREX-4) that could also
respire arsenate (Newman et al. 1998; Newman et al. 1997). However, because attempts to
grow this strain on plates failed, a genetic system could never be established. Two main lessons
regarding the development of a genetic system are illustrated by this example: 1.) Enrich
for an organism in a targeted fashion so that a strain can be isolated that exhibits the desired
properties and 2.) The ability to readily form colonies on plates is a highly desirable trait, for
reasons that will be discussed below.

One major benefit of growth on agar plates is facilitating strain isolation. Bacterial
colonies on an agar plate typically form from a single cell, meaning that every cell that
comprises the colony is identical at the genetic level, or of the same genotype. If a single
colony is picked from a solid-surface medium, streaked across a new plate with the purpose
of dispersing cells so that individual cells are isolated from their neighbors, and allowed to
incubate, all subsequent colonies arising should be both morphologically and genetically
identical to the original colony (Fig. 1). This process is typically called ‘colony purification’
and can yield pure cultures of the bacterial strain of interest. Using solid surfaces to culture
bacteria is, for all practical purposes, essential for the isolation of mutant strains after they are
generated. Solid or liquid medium then can be used to perform basic physiological studies,
such as determining optimal growth temperature, nutritional requirements and sensitivity to
antibiotics or some other selectable marker.

Characterizing the susceptibility of a strain to a selectable marker, such as a heavy metal
(e.g., tellurium) or an antibiotic (e.g., kanamycin) is important for many genetic techniques.
These techniques require the ability to isolate individuals within a population that carry a
genetic difference from the overall population. Often, transposons (or “jumping genes”) that
carry resistance determinants for a particular toxic compound are used to make mutants by

Figure 1. Streak plate. Example of
astrain of S. oneidensis streaked for
single colonies on solid medium.
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disrupting the chromosome at random, but mutants in specific loci can also be generated
by replacing the wild-type gene with a resistance determinant. Regardless of the method of
mutagenesis, when these resistance determinants are inserted into the chromosome, they confer
upon the resulting mutant strain resistance to the toxic compound. With the appropriate solid
medium containing this compound, these mutants can be spatially separated and selected from
a population that also contains the wild-type (the wild-type, lacking the resistance determinant,
will die, so only the mutants will grow). When possible, it is helpful to make low endogenous
resistance to several antibiotics a requirement in the isolation of an organism for genetic
analysis. If the isolate is naturally resistant to many of the typical antibiotics (e.g., ampicilin,
gentamycin, kanamycin, chloramphenicol and tetracycline), however, other strategies can be
devised to make mutants—such as employing resistance to heavy metals (Gupta et al. 2002).

Two additional properties are also beneficial to establishing genetics in an organism. First
is the ability to introduce foreign DNA into the strain, which can be accomplished through
transformation, transduction, or conjugation (Madigan et al. 2003). Transformation is when
the cell takes up DNA directly—this can be facilitated by electroporation (using electric
current to transform DNA into bacteria) or by generating chemically-competent cells (using
high concentrations of salt, typically calcium chloride, and inducing the transformation via
heat-shock). Transduction is the process whereby phage (i.e., viruses) infect bacterial cells and
inject DNA into them which is then incorporated into the chromosome. Finally, conjugation
if the process of transferring DNA from one bacterium to another by means of matings that
involve the transfer of mobilizable plasmids. Introduction of foreign DNA is important for
many targeted and random methods of mutagenesis, and critical for verifying the causality
of the phenotype. The second beneficial property is speed of growth. When choosing a new
strain for genetic work, the faster the organism grows, the faster its secrets will be unraveled
(assuming the creativity of the scientist is not the limiting factor)!

Step 2: Methods of mutagenesis

There are three types of mutagenesis that are common in bacterial genetics: chemical,
transposon, and targeted. Chemical and transposon mutagenesis typically generate random
mutations that are useful when one has no preconceptions about how a system works and seeks
to cast a wide net to identify all possible genes involved in a process. In contrast, targeted gene
“knockouts” are made when one has an idea of what gene(s) might be involved in a process
and wants to test them specifically. We briefly review these methods here, discussing their
strengths and weaknesses.

I. Chemical and UV mutagenesis. This method of generating mutants is rapid,
inexpensive and fairly easy. Cells are treated with a mutagenic agent (e.g., ethyl or methyl
methanesulfonate, nitrosoguanidine or ultraviolet light (Madigan et al. 2003)), grown briefly,
and then plated for isolated colonies. A balance must be struck in how much to mutagenize
the cells: too little treatment results in few mutants in the population and makes it difficult to
find them among the remaining wild-type cells, while too much treatment frequently results in
multiple mutations in a single cell which complications determinating causality later. Critical
parameters to consider are mutagen concentration, mutagen type (some mutagens are stronger
than others) and exposure time to the mutagen. In the case of UV mutagenesis, significant
killing typically occurs, but this is a necessary side effect of achieving a sufficiently high
frequency of mutation in the remaining viable population. The major downside to this type of
mutagenesis is the difficulty in identifying the gene, or genes, disrupted by the mutation. This
means that more cells must be screened for the defect of interest because a large proportion
will be both phenotypically and genotypically wild-type. On the positive side, however,
this method of mutagenesis enables subtle phenotypes (such as residues on proteins that
affect their substrate specificity, or interactions with other proteins), as well as conditional
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phenotypes (e.g., temperature sensitive mutations) or partial defects to be identified. This is
particularly useful in the identification of essential genes, as they mutants can be generated
under a condition that permits them to grow, and then shifted to a different condition that
renders the mutation lethal. Another benefit of chemical/UV mutagenesis is that it does not
depend on introducing foreign DNA into the strain, as the other techniques do (although later,
this will be necessary to verify the nature of the mutation—see below).

II. Transposon mutagenesis. Transposons are genetic elements that can move in
either random, or non-random fashion into and out of chromosomes (Madigan et al. 2003).
Facilitating this movement is an enzyme called transposase. These elements are believed to
play a role in influencing evolution and can be found in all forms of life. Researchers have
modified these elements to be used as tools to generate random mutations. Often times
these modifications streamline the element to one or two genes, with one typically encoding
resistance to an antibiotic. Plasmids used for transposon mutagenesis will contain both the
transposon sequence, and a separate gene encoding the specific transposase. When the plasmid
is transformed into a strain, the transposase can be made, which will then facilitate integration
of the transposon on the plasmid into the chromosome in a random fashion. The optimal
plasmids used for such a procedure are unable to replicate without specific genes, therefore
subsequent selection of the population for strains resistant to the antibiotic will eliminate the
parent strain. This leaves only mutant strains that have successfully integrated the transposon
into their genome. A downside of transposon mutagensis is that genes that are essential for a
process under the conditions where the transposon insertion is selected will be missed. This
either requires the growth conditions for the selection of the transposon insertion to be different
from those where the mutants will be identified, or the use of chemical or UV mutagenesis that
permits the study of conditional/partial phenotypes.

When a transposon mutant with the desired phenotype is identified, several methods exist
to determine the disrupted gene. One way is by cloning the transposon from purified, digested
(or sheared) genomic DNA using the antibiotic resistance property. This method will yield
genomic DNA flanking the transposon. Primers designed to the transposon can then be used
to generate sequence into the flanking region. Alternatively, a process called arbitrary PCR can
identify a small portion of sequence adjacent to the transposon directly from genomic DNA
without cloning (Caetano-Anolles 1993). If working with a fully sequenced strain, as little as
20 base pairs of sequence is sufficient to identify the location of the transposon. The process of
identifying the transposon-mutated gene in an unsequenced strain is more cumbersome, but still
straightforward. Two approaches are possible. One can make a genomic library from the mutant
strain (a library comprises either plasmids or cosmids or fosmids, the latter holding significantly
more DNA than plasmids), introduce this library into an appropriate host, and select for growth
of cells that carry the transposon. Alternatively, the sequence identified through arbitrary PCR
can be used to probe a genomic library of the wild-type. Using hybridization techniques, a
probe consisting of DNA flanking the transposon can identify plasmids in the genomic library
containing homologous sequence. Once these have been identified, the plasmids themselves
can be sequenced, open reading frames (genes) identified, and the genomic region surrounding
the transposon reconstructed.

I11. Targeted gene knockout. In situations where a particular gene is suspected of being
involved in a process (for example, when the genome of an organism of interest has been
sequenced, and one can perform genomic analysis on it), it is often helpful to mutagenize that
gene to test its involvement. This is called making a targeted gene “knockout.” Several methods
exist to specifically eliminate a gene of interest. However, to take advantage of this technique,
the sequence of the both the gene, and its surrounding region must be known (Fig. 2A). Simple
inactivation of a gene can occur by inserting an antibiotic resistance gene into the gene targeted
for knockout. This can be accomplished by cloning the gene, and some flanking sequence, if
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Gene of Interest

Figure 2. Diagram of targeted gene knockout using a suicide vector. Refer to text for description of figure.

required, into a plasmid that will only replicate in a specific genetic background (Fig. 2B).
Good examples of this class of plasmids are those that require the m protein (encoded by the pir
gene, derived from the R6K plasmid (Kolter 1981) to replicate. By engineering the plasmid in
an E. coli strain that contains the pir gene, one can construct such a vector. The idea is to clone
the gene of interest, then modify the gene by inserting an antibiotic resistance cassette into the
gene (which can be accomplished either by cloning or by fusion PCR, Fig. 2C). Ideally, this
antibiotic resistance cassette will have at least 1,000 base pairs of sequence from the host strain
on either side. This is important to facilitate homologous recombination into the genome of the
strain of interest.

Once the plasmid is constructed that contains the disrupted gene, the next step is to
transform the strain with the newly constructed plasmid using a method described above.
Strains that become resistant to both of the antibiotics encoded by the antibiotic resistance
genes in the plasmid (anti* and anti®) have undergone a single crossover event (Fig. 2C),
resulting in the integration of the plasmid into the genome (Fig. 2D). The strain cannot
maintain the plasmid itself because it does not produce the m protein. By growing the strain
without selecting for the endogenous plasmid resistance (anti*, Fig. 2), a second recombination
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event can occur in some individuals within the population, resulting in the elimination of the
plasmid DNA from the genome, along with the wild-type gene of interest (Fig. 2D, result 1).
If selection for resistance to antibiotic B is maintained, the second recombination event (Fig.
2D, result 2) that reverts the strain back to wild-type, cannot occur. Variations on this technique
can yield mutations such as total gene replacements, or even in-frame (non-polar) deletions of
the gene of interest.

Genetic polarity in bacteria

Bacteria typically contain a single, circular chromosome. Genes can be arranged in either
direction in the genome and are typically clustered into operons. Genes organized in operons
tend to be involved in the same process, although this is not always the case (Salgado et al.
2000). An operon is defined as multiple genes sharing the same genetic regulatory elements.
A mutation that alters the capacity of the regulatory element to express downstream genes
is called a “polar mutation.” This mutation can be any of the types discussed above, but is
most often associated with transposon mutagenesis. Because of polarity, a gene disrupted by
a transposon may not cause the identified phenotype itself, but a gene (or genes) downstream
may be responsible. To attribute a specific process to a specific gene, the problem of polarity
must be taken into account, and complementation experiments must be done to demonstrate
that a defect can be restored by provision of a particular gene.

Step 3: Identifying mutants

Identification of mutants defective in the process of interest is usually limited only by the
robustness of the selection/screen, meaning that careful planning and thought should go into
its design. We briefly illustrate this with four examples from our laboratory.

I. Screen for mutants defective in reducing anthraquinone-2,6-disulfonate (AQDS) in S.
oneidensis strain MR-1 (Newman and Kolter 2000). The first screen we performed involved
the identification of S. oneidensis mutants that were defective in reducing the soluble humic
acid analog AQDS. Because reduced AQDS is orange in color, wells containing mutants
defective in this process remained clear whereas other wells turned orange. Mutants were
grown overnight, then inoculated into minimal medium containing AQDS in 96-well microtiter
plates (96 independent mutant strains per plate) and covered with mineral oil to limit oxygen
diffusion into the wells. Two classes of mutants were isolated from this screen: mutants that
were completely unable to reduce AQDS, and mutants that reduced AQDS slowly. A screen that
can be visually monitored over time can facilitate identification of several classes of mutants
with varying degrees of defectiveness. An example of this screen is shown in Figure 3. Note the
lighter wells around the outside of the plate are likely due to re-oxidation of AQDS by oxygen
diffusing into the plate. These effects could have been avoided by incubating the plates in an
anaerobic chamber, which illustrates the importance of screen design for maximal efficiency in
identifying potential mutants.

II. Screen for iron hydr(oxide) reduction mutants in Shewanella oneidensis strain MR-1
(Gralnick and Newman, unpublished). To identify mutant strains of S. oneidensis defective in
the ability to reduce insoluble iron hydr(oxide), we grew mutant strains overnight aerobically
in 96-well microtiter plates in LB. These cultures were then transferred to minimal medium
that contained iron hydr(oxide) as the sole electron acceptor for growth. Plates were incubated
without shaking overnight, then a compound (ferrozine) was used to detect the presence of
ferrous iron [Fe(Il)], the product of iron hydr(oxide) reduction. Because this is a colormetric
assay (when ferrozine binds to Fe(Il), a purple color is formed), putative mutants were easily
identified by eye as wells that did not significantly change color. These mutants were retested
by restreaking from the initial overnight culture, then checked again for their capacity to reduce
iron hydr(oxide) to confirm the phenotype. Retesting is very important in this process, as it
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Figure 3. Mutant screen for AQDS reduction-deficient mutants in S. oneidensis. Screen was performed
as indicated in the text. Dark wells represent reduced AQDS, circled well represents a mutant defective in
AQDS reduction. See (Newman and Kolter 2000) for further details.

allows one to be liberal in the initial round of mutant identification, which permits not only false
positives to come through, but also mutants with subtle phenotypes.

Using this method, we screened over 8,000 mutants for defects in iron hydr(oxide)
reduction, yielding about 60 mutants. It was only after identifying several mutants that we
realized a flaw in our screen design—any strain that was unable to grow in minimal medium
would be identified as defective in iron hydr(oxide) reduction. Therefore, many of the mutants
we isolated were simply unable to grow in minimal medium because they lacked the capacity
to produce certain essential amino acids or vitamins absent from the medium (this class of
mutants are called auxotrophs). In the next version of this screen, we performed both our initial
mutant selection and our screen in a medium containing amino acids and vitamins. This allowed
auxotrophic strains to appear phenotypically wild-type rather than appear as mutants defective
in iron hydr(oxide) reduction. This example illustrates the importance of screen construction to
maximize the probability of identifying interesting mutants.

III. Screen for mutants defective in photosynthetic Fe(ll) oxidation in
Rhodopseudomonas palustris strain TIE-1 (Jiao et al. 2005). In this screen, we used a
similar approach to that described to identify mutants defective in iron hydr(oxide) reduction;
however, some additional steps were required to maximize the efficiency of the screening
process. Transposon-insertion mutants of R. palustris strain TIE-1 were pre-grown aerobically
in 96-well microtiter plates, then transferred to photosynthetic medium and grown with
hydrogen as the electron donor. Once strains had reached sufficient density (3 days), they were
centrifuged and resuspended in a buffer containing Fe(II). After several hours, ferrozine was
added to visually observe the presence or absence of Fe(II) in each well. In this screen, wells
containing mutants defective in phototrophic Fe(II) oxidation appeared purple (indicating
the presence of Fe(Il)), whereas clear wells revealed strains with wild-type activity. A key
difference from the S. oneidensis screen is that this was a cell suspension assay, because
growth of the strain was not required (i.e., the length of the assay was shorter than the doubling
time of the cells). In this screen, apparent loss of Fe(II) oxidation activity could have resulted
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from a blockage in a step required for Fe(Il) uptake or iron oxidation. To differentiate between
these two possibilities, we performed a secondary screen measuring total iron and Fe(II) for
filtered and unfiltered samples. In this manner, we were able to narrow the pool of candidate
mutants down to only those with defects in Fe(II) oxidation.

1V. Selection/screen for mutants defective in magnetite production in Magnetospirillum
sp. AMB-1 (Komeili et al. 2004). Finally, perhaps our favorite mutant hunt due to its simplicity
was one designed to identify genes required for magnetite formation in Magnetospirillum sp.
AMB-1 (Komeili et al. 2004). Cells were first mutagenized and grown under a condition where
they did not produce magnetite. They then were pooled and transferred en mass to a condition
where they could produce magnetite. Magnets were placed next to the tubes containing the
entire mutagenized population to remove magnetic individuals, thus allowing for “mnm”
mutants (magnetosome mutants) to be enriched. Individuals that passed through this selection,
were screened individually under conditions that promoted formation of magnetite in microtiter
plates. Once strains achieved the proper cell density, the entire plate was placed on top of a set
of 24 magnets. The magnets were arranged so that they were positioned at the intersection of
four individual wells of the microtiter plate. Magnetic strains were pulled toward the edge of
their individual well, whereas non-magnetic (or poorly magnetic) strains remained at the center
of the well.

Step 4: Mutant verification

Regardless of the method of mutagenesis, after identifying a mutant, it is important to verify
that a particular gene is responsible for the mutant phenotype (as opposed to the phenotype being
due to a random mutation elsewhere in the chromosome). The process of “‘complementation”
is used for this purpose. In complementation, the particular gene, or set of genes thought to
be required for a process (usually determined by sequencing around the site of a transposon
insertion), can be cloned from the wild-type into a plasmid that has the capacity to replicate
in the mutant strain. If the plasmid contains sufficient information to promote expression of
the cloned gene, the phenotype of the mutant should be reversed, or complemented, and the
mutant’s phenotype should be restored to that of the wild-type. This experiment demonstrates
causality, verifying the role of the disrupted gene in the process of interest.

Complementing point mutants is a more difficult task. A genomic library must be
constructed from a wild-type background and then plasmids (or cosmids) containing the
library transferred into the mutant strain of interest. Transformants are then screened for
complementation of the mutant phenotype. Once a plasmid is identified that will complement
the mutant defect, it can be sequenced to identify the genes it contains. Individual genes can
then be cloned to test for complementation, or the original plasmid can be fragmented and
sub-cloned to determine the minimal amount of DNA required for complementation. Once the
affected gene is identified, the mutant version of the gene can be amplified and sequenced to
determine the nature of the original mutation.

A brief note on phage

Phage (bacterial viruses) have played a critical role in not only our understanding of
genetics and molecular biology, but also facilitating genetic work in a number of organisms.
Modified versions of transducing phage that package host genomic DNA at a high frequency
can be used to perform many genetic tasks, from generating isogenic strains (two strains that
differ genotypically in a single locus) to mapping point mutations and even generating mutant
libraries. Because our goal in this chapter is merely to provide an introduction to developing
a genetic system, we will not cover genetic techniques associated with phage beyond noting
that developing a robust and efficient transducing phage system can add an additional level of
sophistication to a genetic system.
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Step 5: Mutant analysis

Once mutants have been identified and the involvement of particular genes in the process
of interest verified, many new avenues become open for exploration. By identifying a variety of
mutants with similar phenotypes, one can begin to construct a model for how a process works
at the molecular level. Specific studies can be initiated to study regulation of genes to determine
the precise environmental conditions that trigger the organism to catalyze the process of interest.
Putative marker genes for this activity may be identified, potentially leading to the design of
molecular tools to monitor when this process is active in a given environment (Malasarn et
al. 2004). Once regulatory elements (e.g., promoters) have been identified for a gene, a strain
can be engineered to “report” when it is expressing that gene. For example, a promoter from a
gene of interest can be cloned into a plasmid and used to drive expression of a protein that can
be detected by fluorescence or colormetric assay (e.g., green fluorescent protein, GFP or beta-
galactosidase; reviewed by Kohler et al. 2000). Manipulating various environmental conditions
in the laboratory can provide precise information regarding when the engineered strain is
expressing the gene of interest by quantifying fluorescence. Finally, the biochemical properties
and subcellular localization of the gene product can be studied, either within the host strain, or
by cloning and over-expressing the gene that encodes it in another organism.

Help in understanding the specific function of genes identified through mutagenesis can
come from analyzing the amino acid sequence encoded by the gene. A tool that can provide
significant clues is the BLAST (Basic Local Alignment Search Tool) search engine available at
NCBI (National Center for Biotechnology Information — www.ncbi.nlm.nih.gov). BLAST can
be used to infer functional and evolutionary relationships between amino acid or nucleotide
sequences. This program compares sequences entered by the user to a selected database,
which can include all known sequences. The program assigns a statistical significance to
matches within the database. If the gene of interest encodes a protein with a significant match
to a protein of known function in the database, this may suggest it has a similar activity. If
the protein has no significant match or is only similar to other proteins of unknown function,
there are several additional analyses that can be performed on the sequence to gain insight
into its function. Other useful types of searches are motif, post-translational modification and
topology. Several programs in each category can be found on the ExPASy (Expert Protein
Analysis System) web server (www.expasy.org/tools/), which is maintained by the Swiss
Institute of Bioinformatics. Programs found here will allow further analysis of the protein
sequence of interest to predict characteristics such as subcellular localization, co-factor
binding and transmembrane domains. For example, if the protein is predicted to bind a redox-
active cofactor such as heme, we may hypothesize that it plays a role in electron transfer.
As we noted previously, however, it is imperative to remember that database predictions are
only suggestive, and must be demonstrated experimentally. However, programs such as these
greatly help formulate testable models for the function of a protein.

CONCLUSIONS

In this chapter, we have focused our discussion on how bacterial genetics can help unravel
the geobiology of the past, and have provided an introduction to basic genetic principles that
we hope will encourage those less familiar with genetics to use it as a tool in their research.
Not only is making a connection between genetics and geobiology a stimulating intellectual
endeavor, but it is also great fun in practice. To close by returning to the analogy with which
we started, when it comes to understanding the biogeochemical evolution of the Earth, we
must accept that we will never know “whodunit” with absolute certainty, short of the invention
of a time machine. But even if after making millions of mutants, we still don’t have a clue
about the past, without question, applying genetics to geobiology affords us an excellent
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opportunity to make fundamental discoveries about how modern microorganisms shape the
geochemistry of their environment.
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