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Abstract

Core geosciences concepts are being fundamentally revised as the result of breakthroughs in geomicrobiology.
Revolutionary discoveries have resulted from increased effort devoted to study of microorganisms in the context of
their environments. Much recent progress has been made possible by genetic data, particularly those that allow the
description of microbial populations in situ. New gene and genome sequences are elucidating previously unexpected
or unexplained interactions between microorganisms and Earth materials, with implications for key geological
phenomena such as the formation of ore deposits and the regulation of global climate and surface oxidation state.
Genetic data have also led to extensive revision of our understanding of the pace and mechanisms by which evolution
occurs. Yet, the field of molecular geomicrobiology remains in its infancy. In the foreseeable future, merging of
modern biogeochemistry with molecularly resolved ecological studies will inspire the development of integrated
models for the processes that shape the Earth.
/ 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

What does ‘molecular geomicrobiology’ mean?
Although this could be interpreted as ‘molecular
biology applied to geologic systems’ we use the
term to describe the search for molecular-level
understanding of coupled biological and geo-
chemical processes. Geoscientists have moved
from describing complex mineral surface reactions

using empirical rate laws to analyzing molecular
interactions at a fundamental level to determine
kinetic parameters with predictive value [1]. Sim-
ilarly, it is necessary for geoscientists seeking to
understand biogeochemical processes to go be-
yond modeling microorganisms as black boxes.
Access to complete microbial genome sequences
(Fig. 1) and methods to monitor gene activity
within organisms, as well as improvements in
techniques for measurement of elemental compo-
sition, isotopic ratios, and mineral surface chem-
istry, make this possible. Genomes simultaneously
convey information about metabolic capabilities
and gene regulation and enable us to probe life’s
origins and to explore the molecular mechanisms
by which evolution occurs.
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Rapid progress in genomics is due to simulta-
neous innovations in DNA sequencing capabil-
ities, technologies to monitor gene activities, and
statistical and mathematical approaches for ana-
lyzing genetic data. To date, the genomes of
about 100 organisms have been sequenced. A
project is underway to sequence the genomes of
thousands of prokaryotic organisms maintained
in microbial culture collections within the next
¢ve years.

From a geoscience perspective, the new genome
sequences will represent a gold mine. The proteins
encoded by the genes include all of the biochem-
ical machinery that transforms molecules impor-
tant in natural environments. These enzymes have
mediated, on a molecular level, global elemental
cycles for the past 3^4 Gyr. Gene sequence
analysis has the potential to reveal the order in
which biological processes evolved, and whether
proteins with a given function have evolved only
once or multiple times in Earth history. Genes
that code for proteins involved in lipid biosyn-
thesis and transformations involving elements
such as C, N, S, Fe, and other metals have direct
relevance for the interpretation of lipid bio-
markers and isotopic signatures in both modern
environments and in the geologic record. Given
the predominance of microorganisms over most
(if not all) of Earth history, and in view of the
fact that they are estimated to comprise the ma-
jority of the Earth’s biomass [2], genomics and
related technologies will teach us a great deal
about biology, geology, and the coupling between
these.

2. Fossils, genes, genomes, and evolution

2.1. Putting microbes into the evolution picture

Geology has been connected to biology from
the very beginning of these sciences. The fossil
record was central to the development of the geo-
logic timescale, and stratigraphic correlations
based on fossil inventories have de¢ned the scope
and timing of major periods of biological innova-
tion and extinction. Microorganisms are highly
under-represented in this picture due to their
poor fossil record. This may have led to consid-
erable bias in how we think about natural selec-
tion and biological evolution. Evolution of macro-
organisms by random mutation and natural
selection is perturbed by major events such as
meteorite impacts, climate change, volcanic erup-
tions, and alteration of ocean chemistry, and is
closely followed by new species radiations. It is
unclear, however, whether microbial evolution ex-
hibited the same pattern of extinction and rapid
speciation documented in the rock record for
macroscopic eukaryotes.

Genes have emerged as a key to unraveling
the history of life. Analysis of genes in modern
microorganisms partially circumvents their lack
of a fossil record. Methods have been developed
to analyze di¡erences between DNA sequences
(and their translated amino acid sequences; Fig.
2) so as to identify genes that were derived from
a common ancestral sequence (homologs). For
homologs, it is possible to use the pattern of
di¡erences to reconstruct the order of events

Fig. 1. A simple representation of a microbial genome. Bars around the circle represent genes; the gene type is indicated by col-
or. A small section of the genome is enlarged to show a sequence of genes that code for proteins (in this case enzymes involved
in energy generation), as well as genes of unknown function. Genes are constructed from nucleotides (A,T,C,G), groups of which
can code for speci¢c amino acids that are assembled into the proteins. The genome shown contains 1 950 000 nucleotides (1.95
megabases, mb).

C

C

Fig. 2. Diagram showing key cell components and illustrating transcription (copying) and translation (conversion of the nucleo-
tide sequence into proteins) by ribosomes. Two possible archaeal membrane lipid types are shown. The analogous bacterial lipids
are ester linked and consist of fatty acid rather than isoprenoid chains.
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that led to appearance of the modern genes (Fig.
3). This approach is referred to as molecular phy-
logeny. Molecular phylogeny is routinely prac-
ticed using gene sequences coding for ribosomal
RNA, a functional RNA that is not translated
into protein (Fig. 2). Because ribosomal RNA is
a slowly evolving molecule that has the same
function (Fig. 2) in all cells, ribosomal genes
have been extensively used to construct represen-
tations of the tree of life (Fig. 4). As genomic
data have become more readily available, it is
now possible to view evolution through the phy-
logeny of genes coding for a wider diversity of
functions.

2.2. The tree of life and where it all began

Some of the most intriguing discussion of evo-
lution involves the concept that the tree has a
single origin, i.e., a root. This idea has fueled
speculation about the characteristics of this ear-
liest organism, referred to as the last common
ancestor (LCA). The early hope was that the hab-
itat (temperature, pressure, pH, etc.) and metabol-
ic attributes of lineages that branch near the base
of the ribosomal gene tree would point toward the
characteristics of the LCA, and even provide clues
about the origin of life. For example, in ribosomal
gene trees the organisms nearest the ‘root’ are

thermophiles, leading to the suggestion that life
evolved at high temperature. This hypothesis is
made more convincing by the observation that
many of these thermophilic microorganisms are
lithoautotrophs (Table 1). Phylogenetic trees
based on large groups of genes [3] also support
the idea that the ¢rst cells were heat-loving. Ther-
mophiles near the root of the tree could be ex-
plained either by a thermophilic origin of life, or
by the survival of thermophiles through a mete-
orite impact bottleneck. However, the simple pic-
ture constructed from early ribosomal gene data-
sets has become cloudier with the increase in
number of organisms represented. Phylogenetic
trees based on ribosomal genes now resemble
shrubs with a poorly resolved branching order
(Fig. 4), bringing into question correlations be-
tween physiological characteristics of the LCA
and modern representatives of deep-branching lin-
eages. Some methods for analyzing ribosomal
genes do not support the placement of thermo-
philic lineages nearest the root [4]. Furthermore,
if genes other than those involved in ribosomes
are used, the tree topology sometimes di¡ers
from that of the ribosomal tree [5,6]. These dis-
crepancies have highlighted the phenomenon of
lateral gene transfer (LGT, the acquisition of
genes from unrelated organisms), which may
have been extremely prevalent early in life history.

6

Fig. 4. Phylogenetic tree based on 16S ribosomal RNA genes, showing the root and the separation of life into three domains:
bacteria, archaea (prokaryotes), and eukarya (modi¢ed from [85]). Lineages with known autotrophs (Table 1) are shown in green,
and the distributions of eight CO2 ¢xation pathways are indicated with colored dots. The resulting phylogenetic pattern is sur-
prisingly complex and does not follow the evolutionary pattern predicted by ribosomal genes. RuBisCO is the key enzyme in or-
ganisms using the Calvin^Bassham^Benson cycle, including cyanobacteria and other photosynthetic bacteria, some archaea, and
photosynthetic eukaryotes. The serine and ribulose monophosphate (RuMP) pathways are unique to methylotrophic bacteria
within the K,L,Q Proteobacteria lineage. The reverse TCA (rTCA) cycle is found in the photosynthetic bacterial genus Chlorobium
and in certain other bacteria and archaea. The acetyl-coA (Ljungdahl^Wood) pathway is found in a variety of anaerobic, non-
photosynthetic bacteria and archaea, especially methanogens. Anaerobic, photosynthetic bacteria such as Chloro£exus and some
archaea in the group Sulfolobales (Thermoprotei lineage) use the 3-hydroxypropionate pathway. Not all species within lineages
contain the indicated pathways. Lineages surrounded by boxes with question marks include autotrophs that use unknown CO2

¢xation pathways. Lineages in bold have no isolated (cultured) representatives available for study.

Fig. 3. An example of an alignment of DNA sequences from three organisms (Org1, Org2, and Org3) and the associated phylo-
genetic tree. Phylogenetic trees are interpreted based on two features. The horizontal branch length between two nodes of the
tree re£ects the number of nucleotide positions that di¡er between the two sequences, and is a measure of the ‘evolutionary dis-
tance’ between two genes. The branching order re£ects the pattern of common ancestry and the sequence of evolutionary diver-
gences that produced the genes at the fringe of the tree. For educational purposes we have included the sequences for the hypo-
thetical ancestor (hyp) and for branch points in this tree.
6
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The lack of resolution of branching order of ma-
jor lineages and recognition of the possible impor-
tance of LGT led to the notion that the LCA was
actually a community of pre-cellular gene com-
plexes (last common community, LCC) that ‘crys-
tallized’ into a diverse group of organisms that
represented the last common ancestors of the
modern lineages [7,8].

2.3. Lateral gene transfer in genome evolution

New whole genome sequences provide abun-
dant evidence that microorganisms cannot be
viewed purely as products of tree-like vertical de-
scent. LGT is potentially of great ecological and
evolutionary importance because it permits rapid
acquisition of capabilities needed to colonize new
habitats or respond to new challenges. Examples
that illustrate the scope and range of LGT include
acquisition of up to 24% of the genes in the ge-
nome of the thermophilic bacterium Thermotoga
maritima from thermophilic archaea [9], and
transfer of genes from plants to the radiation-
resistant bacterium Deinococcus radiodurans [10].
Most conservative estimates of the fraction of
‘foreign’ (laterally transferred) DNA in microbial
genomes range from 0 to 17% [11].

Despite the suggestion that LGT may be so
pervasive as to obscure an organismal lineage
[12], recent analyses lend support to the basic con-
cept of evolutionary lines of descent. Genome
trees produced using up to 37 genomes are
broadly consistent with ribosomal gene trees
[13,14,15,16]. This conclusion is strengthened
when obviously foreign (laterally transferred)
genes are removed from the analysis [17]. Similar-
ity between trees based on ribosomal genes and

those constructed based on gene content in entire
genomes (rather than genome sequences) also re-
inforce the evolutionary conclusions derived from
ribosomal gene-based analyses [14]. Support for
the division of all life forms into bacterial, archae-
al, and eukaryal domains [18] is particularly
strong.

3. Ancient environments

3.1. LGT and key biogeochemical cycles

Phylogenetic analysis of ancient genes can pro-
vide important clues about the roles played by
heredity, gene invention, and LGT in evolution
of pathways critical in geochemical cycling. Selec-
tion of genes for analysis can be guided by geo-
chemical data from the geologic record. There is
isotopic evidence for microbial sulfate reduction
at 3.47 Ga [19], indicating that this trait evolved
early in Earth’s history. The root of the phyloge-
netic tree for a key enzyme in sulfate reduction,
dissimilatory sul¢te reductase (dsr), is within the
bacterial domain. Although most modern sulfate-
reducing microbial groups are bacterial, archaeal
Archaeoglobus species are exceptions. Archaeoglo-
bus species contain dsr homologs that appear to
have been acquired via LGT [20]. The observation
that all modern dsr genes have a bacterial origin
suggests that sulfate reduction was not a trait
present in the LCA or LCC. Together, sulfur
isotope data and dsr phylogeny suggest that
the LCA pre-dated 3.47 Ga. Alternatively, there
may be another explanation for the sulfur isotope
signature.

In order to reveal the evolution of important
biogeochemical functions, it is advantageous to
focus directly on phylogeny of genes for the func-
tion of interest rather than on ribosomal genes.
For example, a group of 31 genes involved in
photosynthesis was recently analyzed to show
that the earliest photosynthetic organisms di-
verged from a bacterial lineage called the Proteo-
bacteria [21], a ¢nding which has bearing on the
evolution of photosynthetic pigments and other
machinery for harvesting light energy. Since the
evolutionary model for photosynthesis genes is at

Table 1
The energy and carbon sources de¢ne the microorganism
type

Energy Carbon Terminology

Light CO2 photoautotroph
Light organic carbon photoheterotroph
inorganic chemicals CO2 lithoautotroph
inorganic chemicals organic carbon lithoheterotroph
organic carbon organic carbon heterotroph

Heterotrophs could alternatively be referred to as organo-
heterotrophs.
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odds with the model predicted by ribosomal
genes, it is reasonable to conclude that LGT
played an important role in the evolution of pho-
tosynthesis and photosynthetic organisms.

3.2. Acquisition of genes in response to
geochemical change

Earth’s evolution is intimately linked with the
evolution of new microbial traits and capabilities.
For example, volcanism could increase the tem-
perature, selecting for heat-stable proteins; fault-
ing could modify groundwater £ow paths, se-
lecting for modi¢ed electron transport chain
components in response to alteration of the redox
potential. The rise in oxygen in the Proterozoic
created the need for mechanisms for iron acquisi-
tion, to deal with free radical toxicity, and to
transform oxidized nitrogen and sulfur species.
In modern environments, microbial populations
have been shown to acquire genes that allow
biodegradation of toxic, human-made organic
compounds that they could never have previously
encountered [22]. In fact, changes in microbial
populations may be used as indicators for envi-
ronmental perturbation. These cases illustrate the
strong interplay of microbial activity, geochemical
change, and evolution, and raise questions about
how new biochemical capabilities arise and spread
in response to environmental change.

Many genes providing resistances to toxic com-
pounds such as metals and metalloids have homo-
logs in both the archaeal and bacterial domains,
suggesting that their ancestral sequence pre-dated
the divergence of these domains. Because of their
antiquity, these genes are good targets for studies
of how pathways evolve in response to geochem-
ical change. Arsenic resistance provides a partic-
ularly interesting example because the genes with-
in this pathway are likely to have changed over
time due to shifts in redox conditions. Arsenite
(As3þ) resistance, conferred by an arsenite e¥ux
pump encoded by the arsB gene, evolved early.
Phylogenetic analysis indicates that another gene
in the arsenic resistance pathway, arsA, was cre-
ated by duplication of a gene of unknown func-
tion. Fusion of the two copies enabled the arsA
product to bind arsenite and enhance the activity

of the arsenite e¥ux pump [23]. Arsenate (As5þ)
toxicity would have become increasingly problem-
atic following the rise of oxygen. Arsenate is often
taken up by phosphate transporters but is ex-
ported from the cell as arsenite. It is likely that
the necessary arsenate reductases evolved from
reductases used for other functions. Co-option
of the precursor molecule probably followed a
gene duplication event that permitted one copy
to evolve into an arsenate reductase while the
other was available to carry out the original func-
tion. Phylogenetic analyses of ars genes also re-
veal the considerable importance of LGT via rap-
id exchange of plasmids (small, mobile DNA
elements) that code for the entire arsenic reduc-
tion and e¥ux pathway, as well as plasmid incor-
poration into chromosomal DNA [24].

3.3. Interpreting the rock record

DNA degrades rapidly after organisms die, so it
is impossible to use nucleic acid sequences from
the rock record to date events re£ected in phylo-
genetic trees. Much of what is known about the
timing of major microbial innovations and allied
changes in biogeochemical cycling comes from the
geologic record of lipid biomarkers and isotope
signatures. These anchor points have made it pos-
sible to begin to time-contour the tree of life [25].
At present, conclusions based on these biosigna-
tures are limited by our incomplete knowledge of
lipid biosynthetic and biodegradative pathways
and the phylogenetic distributions of genes for
isotope-fractionating enzymes.

3.3.1. Correlating lipid biosignatures with genes
and organisms

Lipids make excellent molecular fossils because
their hydrocarbon-rich chemical structures are re-
sistant to biotic and abiotic degradation. Lipids
preserve C and H isotope signatures, and some
have structures unique to certain taxonomic
groups. Lipid biomarkers extracted from rocks
as old as 2.7 billion years include 2K-methylho-
panes found in modern cyanobacteria [26] and
steranes thought to be synthesized only in eukary-
otes. The sterane biomarkers extend the fossil rec-
ord of eukaryote-like organisms (or at least their
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lipid synthesis pathways) by 500^1000 million
years [27]. Biomarkers speci¢c for dino£agellates
(single-celled eukaryotes) suggest that they had
evolved by the early Cambrian, pushing the origin
of this important planktonic lineage back by at
least 250 million years relative to the dino£agel-
late fossil record [28]. Archaeal-speci¢c lipid bio-
markers have been used to infer a mid-Cretaceous
expansion of marine lithotrophic (Table 1) ar-
chaea [29].

A recent survey of Holocene sediments has
shown that tetraether-linked lipids once thought
to be unique to thermophilic archaea are ubiqui-
tous in low-temperature environments [30]. We
now know that low-temperature archaea com-
monly produce tetraether-linked lipids. However,
we do not know whether non-archaeal groups
could have generated these molecules. Until we
determine the mechanisms by which diether-
linked archaeal lipids are made and joined to
form tetraether-linked lipids (Fig. 2) we can nei-
ther establish how widespread the ability to make
them is nor infer the past distribution of this
capability. Surprisingly, the Holocene sediments
contained hybrid structures intermediate between
bacterial/eukaryotic membrane lipids and archae-
al membrane lipids [31]. A tantalizing possibility
is that the hybrid lipids were derived from as yet
unknown groups of organisms.

It is also possible that the lipid structures that
cannot be assigned to known organisms are arti-
facts of partial degradation or diagenesis. The an-
aerobic biodegradation of n-alkane and isoprene-
derived hydrocarbons in the same chemical classes
as many lipid biomarkers was unknown until very
recently [32,33]. The anoxic degradation pathways
for saturated isoprenoid compounds (e.g., archae-
al membrane lipids) have yet to be elucidated. It
remains to be seen whether anaerobic lipid bio-
degradation pathways could produce artifactual
lipid structures that could be preserved in sedi-
ments.

3.3.2. Correlating isotope biosignatures with genes
and organisms

Isotope signatures preserved in rocks billions of
years old can re£ect the pathways by which ele-
ments were cycled. In the case of biologically

mediated reactions, the isotopic signature also re-
£ects the speci¢c characteristics of enzymes in bio-
chemical reaction networks [34].

In many isotopic studies, fractionation factors
for speci¢c processes have been based on mea-
surements for model organisms. However, kinetic
isotope-fractionation factors sensitively depend on
the speci¢c enzymes involved. Many recent stud-
ies highlight the fact that a greater than expected
diversity of enzymes can carry out the same bio-
chemical transformation. Genomic data will be
essential for cataloging which organisms use
which enzymatic pathways, and thus to link the
activity of speci¢c organisms with the isotopic rec-
ord.

Aerobic methane oxidation, an important de-
terminant of redox and greenhouse gas balances,
is a good example of how the diversity of en-
zymes carrying out the same function can lead
to large di¡erences in isotope fractionations.
Bacteria which oxidize methane at the expense
of molecular oxygen use one of two enzymes.
The ¢rst, called particulate methane monooxyge-
nase (pMMO), is a membrane-bound enzyme
with multiple copper atoms in the active site.
The second, called soluble methane monooxyge-
nase (sMMO), is found in the cell cytoplasm
and contains iron^sulfur clusters and no copper
in the active site. The two enzymes are chemi-
cally and structurally unrelated, and recent work
suggests that pMMO fractionates methane C
more strongly than sMMO (OpMMO =324x vs.
OsMMO =313x) [35]. The phylogenetic distribu-
tion of the two enzymes is somewhat uncertain,
but it appears that genes coding for both enzymes
are widespread in the environment [36^39]. Sur-
veys of the MMO genes and genes coding for
subsequent enzymatic steps in methane oxidation
in natural environments could be used to sort out
where and when each enzyme (i.e., which compet-
itive strategy) would be expected to dominate.

Carbon ¢xation, the biological transformation
of CO2 into cell components (organic matter), is
another example of an important biogeochemical
transformation associated with diverse pathways
(Fig. 4). Most of the carbon ¢xation by the
present-day biosphere involves the enzyme ribu-
lose 1,5-bisphosphate carboxylase/oxygenase (Ru-

EPSL 6452 24-3-03 Cyaan Magenta Geel Zwart

J. Macalady, J.F. Ban¢eld / Earth and Planetary Science Letters 209 (2003) 1^178



BisCO). RuBisCO discriminates strongly against
13C (OV325x). RuBisCO has two major forms
in bacteria and eukaryotes (I and II), and a third
type has recently been identi¢ed in anoxic archaea
[40]. Di¡erences in the RuBisCO enzyme may
lead to di¡erences in isotopic fractionations,
although work on this e¡ect is in the very early
stages. Several RuBisCO forms are abundant in
deep-sea vent and seep environments, where car-
bon-¢xing microorganisms and their symbionts
support a highly productive biosphere derived
from chemical energy. Early evidence suggests
that the isotopic compositions of organisms mak-
ing up some vent communities fall into two clus-
ters (N13CV334x and N

13CV312x), which
may correspond to carbon ¢xation by di¡erent
RuBisCOs [41].

In addition to RuBisCO, carbon ¢xation in
plants may involve enzymes of the Hatch Slack
(C4) pathway, or alternatively may proceed via
Crassulacean acid metabolism (CAM). Both the
C4 and CAM pathways result in less extreme
fractionations than RuBisCO.

The few existing isotopic data on other carbon
¢xation pathways indicate that they are associated
with isotopic fractionations ranging from small
(reverse TCA cycle, 2^10x) to large (acetyl-
coA pathway, 15^35x ; reviewed in [42]). As in
the case of RuBisCO, these carbon ¢xation en-
zymes have variants which may lead to di¡erences
in isotope fractionation. CO dehydrogenase, a
key enzyme in the acetyl-coA pathway, comes in
at least two varieties : an oxygen-tolerant form
containing Mo and Cu, and an oxygen-sensitive
form containing Fe and Ni [43]. Likewise, there
is evidence that the 3-hydroxypropionate path-
way in Chloro£exus di¡ers signi¢cantly from the
chemically analogous pathway in aerobic archaea
such as Metallosphaera, Sulfolobus, and Acidianus
[44].

It is important to note that observed isotope
fractionations at the organismal or ecosystem lev-
el re£ect the combined e¡ects of isotope fractio-
nations and di¡erential £ows within biochemical
networks containing many enzymes and branch
points. These networks are su⁄ciently complex
that isotopic signatures preserved in the rock rec-
ord are not simple recorders of particular enzymes

such as RuBisCO or pMMO. Nonetheless, new
genomic data will facilitate a more complete anal-
ysis of the diversity and distribution of enzymes
involved in methane oxidation and carbon ¢xa-
tion. Information about when and where multiple
biochemical routes for these transformations
evolved will also assist in interpretation of the
isotopic record.

4. Modern environments

Probably 6 1% of all microorganisms have
been cultivated. Previous estimates of biological
diversity based on cultivation methods have
been dwarfed by the number of organisms newly
detected by extraction and ampli¢cation of ribo-
somal genes directly from natural environments
[45^47]. Discovery of this enormous microbial di-
versity has motivated the e¡ort to determine met-
abolic capabilities of the organisms and link their
enzymes with speci¢c functions.

4.1. Matching ribosomal gene signatures with
geochemical reactions via cultivation-based
approaches

Signi¢cantly for geoscientists, microorganisms
detected in ribosomal gene surveys often mediate
novel processes or link elemental cycles in unex-
pected ways. In some cases, it has been possible to
isolate and thus characterize these organisms in
terms of their optimal temperature, pH, and solu-
tion chemistry for growth and ability to utilize
speci¢c substrates. Examples include planctomy-
cetes that carry out anaerobic ammonia oxidation
[48], organisms capable of photosynthesis with
Fe(II) as the electron donor [49,50], oxidation of
sul¢de at the expense of nitrate by Thioploca [51],
iron oxidation in acid environments by archaea
and new bacterial species instead of well-studied
Thiobacilli [52], and detection of abundant litho-
autotrophic iron-oxidizing bacteria associated
with ocean crust and soils [53]. Many of these
reports have been reviewed recently [25,54^56].
At present, most of the genes involved in these
geochemical transformations, and their phyloge-
netic distributions, are unknown.
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4.2. Matching uncultivated organisms with
geochemical reactions

Many microbial organisms discovered through
retrieval of their ribosomal genes have not been
isolated, so that their basic biology remains ob-
scure. In anaerobic environments, bacteria in the
WS6 division (for which there are no isolated rep-
resentatives), display high ribosomal gene se-
quence variability, suggesting a large reservoir of
unknown metabolic diversity [57]. Pelagic archaea
are numerically abundant in large regions of the
ocean, yet we do not know how they ¢t into ma-
rine ecosystems [58]. Bacteria in the Verrucomicro-
bia [59,60] and Acidobacteria [61] lineages are nu-
merous in a wide variety of habitats, including
soils and sediments. These examples illustrate
the importance of methods to connect the uncul-
tivated microorganisms to their ecological roles.

Stable isotope measurements can be used to
link microorganisms with processes in the envi-
ronment, bypassing the need for isolation. In the
1950s Meselson and Stahl [86] showed that DNA
molecules can be separated based on their isotopic
content using ultracentrifugation. Because DNA
contains C, N, O, and P, it is possible to use
isotopically labeled compounds as speci¢c tracers
for microbial cells that transform the labeled com-
pound in mixed cultures and in the environment.
The potential of this approach has been demon-
strated using 13C-CH4 and 13C-acetate to link
13C-DNA with the relevant methane-oxidizing
and sulfate-reducing bacteria [62].

A new approach for determination of the met-
abolic potential of uncultivatable organisms is to
correlate spatially resolved isotopic signatures in-
dicative of speci¢c geochemical transformations
with DNA markers (oligonucleotide probes) that
indicate groups or species. This method was used
to identify consortia of methanogens and sulfate-
reducing bacteria mediating anaerobic methane
oxidation [63].

Another increasingly popular approach to link-
ing uncultivated organisms and their physiological
attributes is to recover large genome fragments
from environmental samples and determine gene
function via genetic methods [64,65]. The power
of this approach is illustrated by discoveries of

protorhodopsin-mediated bacterial photosynthesis
in the ocean [66], and aerobic, anoxygenic photo-
synthesis in ocean gyres [67,68]. Ongoing work in
our group is adapting similar cultivation-free ge-
nomics methods to retrieve genes from organisms
in simple microbial communities from extremely
acidic mine-associated environments. The goal is
to recover a su⁄ciently large fraction of the com-
munity gene inventory to permit detailed analysis
of how the community functions. This approach
will provide the data necessary to develop and test
ecological models with molecular-scale resolution
(Fig. 5).

4.3. Treating geochemical systems as ecosystems:
a way forward

New discoveries about speci¢c microorganisms
change the way we think about certain aspects of
elemental cycling. However, the ultimate chal-
lenge is to understand whole ecosystems. We
need to analyze the architecture and rules for as-
sembly of biogeochemical systems in order to
build good models describing the £ow of materi-
als and energy. This requires information about
the full range of metabolic processes and the ways
in which they are regulated and interrelated. The
need for this holistic approach is illustrated by a
simple hypothetical example: the rate of sulfate
reduction by a pure culture of sulfate-reducing
bacteria is unlikely to be the same as that of a
sulfate-reducing microbial community character-
ized by competition for shared resources, preda-
tion, symbioses, and consortia.

Ecologists have thought in detail about how
biological communities are shaped by interactions
among organisms and their environments. These
insights may prove useful for analysis of microbial
systems. For example, arti¢cial ecosystems cre-
ated using culturable microorganisms have shown
that higher species diversity in the communities
results in greater temporal and spatial stability
of overall system characteristics such as biomass
[69] and rates of processes such as respiration [70].
Diversity is therefore considered to confer resil-
ience, and thus represents a form of ‘biological
insurance’ against catastrophic events (e.g., sud-
den geochemical changes). Arti¢cial microbial
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communities have also shown that competition
and predation have direct consequences for pro-
ductivity [71]. New methods for monitoring pop-
ulation size, structure, and organism activity
make it possible to test these concepts in the en-
vironment.

The conceptual framework for ecological theo-
ries has been based largely on observations of
macroscopic biological systems, despite the fact
that these systems are underpinned by a diverse
microbial biosphere. At present, we do not know
if these ideas apply to the microbial component,
or apply in microbially dominated extreme or an-
cient environments. Microorganisms can occupy
far more diverse niches (pressure, temperature,
pH, energy sources, etc.), potentially increasing
e⁄ciency of resource use and ecosystem resilience.
Speci¢c microorganisms within a large dormant
pool can rapidly reactivate when conditions
change, perhaps shortening timescales for suc-
cession. Microorganism^microorganism signaling,
sharing of genetic information, and resource
interdependence may be fundamentally di¡er-
ent than analogous processes among macro-
organisms. In addition, microorganisms can re-
spond to environmental perturbation via genome
changes so much faster than macroorganisms
that microbial evolution becomes a relevant factor
in ecosystem models. For example, in times of
extreme stress, microorganisms may induce for-
mation of large numbers of mutations within their
genes, each of which has a low probability of
successfully generating a new, advantageous mol-
ecule or pathway [72,73]. However, if only one
cell in billions successfully generates a mutation
that allows the organism to survive, rapid rates
of cell division lead to re-establishment of the
community. For the above reasons, microbial
communities may not be well-described by exist-
ing ecological theories. Alternatively, microorgan-
isms may ¢t ecological theories better than macro-
organims because the observed results sample
billions of individuals rather than small popula-
tions and so are less subject to random e¡ects.

Microbially dominated habitats from some ex-
treme environments should be especially suitable
for molecularly resolved ecological studies be-
cause they contain few species and it will be prac-

tical to monitor the activity of the genes of all
community members via genome-enabled gene ex-
pression arrays (Fig. 5). The potential of this ap-
proach is yet to be realized. Given that many geo-
chemical processes have been fundamentally
impacted by microbial activity over most of Earth
history, the results from such studies may have
far-reaching implications for the study of ancient
biogeochemical cycles.

5. Speculative questions to ponder

In this article we have reviewed the ways in
which genomic data are reshaping our under-
standing of the roles of microorganisms in mod-
ern and ancient biogeochemical cycling. We have
also discussed how genomic data implicate lateral
gene transfer as a driving force for microbial evo-
lution. However, many questions about the cou-
pling between biogeochemical systems and micro-
bial evolution remain.

How do environmental factors impact the rates
of microorganism evolution via lateral gene trans-
fer? We have raised the question of whether peri-
ods of rapid microbial evolution correlate with
periods of rapid macroorganism evolution docu-
mented in the fossil record. Microorganisms may
not undergo rapid speciation following many
catastrophic events because of their widespread
distribution, their ability to rapidly reassemble
into communities to populate new habitats, and
their ability to survive unfavorable conditions in a
dormant state. There may be as yet poorly appre-
ciated connections between environmental pertur-
bations and microbial evolution by LGT. Some
microorganisms possess e⁄cient gene capture sys-
tems (e.g., integrons in Vibrio cholerae [74]),
others are receptive to uptake of plasmids [75],
and yet others are especially prone to take up or
delete foreign DNA[76]. These characteristics con-
tribute to very signi¢cant di¡erences in back-
ground evolutionary rates within modern micro-
bial lineages. These rates might be dramatically
perturbed by environmental stimuli. For example,
pollution by arsenic pesticides stimulates rapid ex-
change of arsenic resistance genes via plasmids,
which may also carry genes for antibiotic resis-
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tance and other functions. Geological phenomena
may also increase rates of LGT. Uptake of DNA
from solution may be accelerated by thermal or
electrical shock or changes in concentrations of
ions that inhibit DNA hydrolysis. Additional
links between major geologic events and microbial
evolution may arise if, as has been proposed, or-
ganisms respond to stress by self-mutation [73].

Is gene-swapping (LGT) an important mecha-
nism for recovery following perturbations in bio-
geochemical systems? LGT may be particularly
relevant in cases where re-colonization by organ-
isms from adjacent habitats is restricted (e.g.,
by extreme conditions). Re-distribution of genes
within a community can occur by uptake of
naked DNA (transformation) and conjugation
(cell-to-cell transfer of DNA via formation of a
cytoplasmic bridge), both of which require rela-
tively close cell proximity. Lateral transfer of

genes from organisms in distant environments
can occur via viruses (transduction; [55]). The
ease with which genes that confer new traits
move within and between habitats may directly
impact the ways in which biogeochemical systems
respond to perturbation and evolve. The role of
LGT in ecosystem recovery will be resolved by
targeted studies of LGT in modern environments.

How much LGT is due to intimate physical
associations between organisms? Symbioses are
important in many microbially dominated biogeo-
chemical systems, especially in bio¢lms and other
layered microbial communities (Fig. 6). There are
intriguing indications that endosymbiosis involv-
ing bacterial and eukaryal partners is widespread.
Examples include the observation that certain
protists (microbial eukaryotes) contain chloro-
plast-derived structures (apicoplasts) with relic ge-
nomes that enable the protists to live as parasites

Fig. 5. An important objective for biogeochemical studies is the development of ecosystem models that explicitly include micro-
organisms. Ideally, these models should incorporate the rates of geochemical and biological processes and specify links between or-
ganisms, transformations, resources, and byproducts. In ‘molecularly resolved’ models, molecule-speci¢c (geochemical species and
substrates) £uxes are de¢ned and pathways are resolved at the level of the enzymes that mediate them. This detailed information
will be essential in order to fully understand the dynamic interactions that de¢ne higher levels of system organization. These in-
clude competition, predation, and symbiosis, and feedbacks between organism activity and rates of geochemical reactions. The
environments where this approach is currently practical are likely to be microbially dominated, geochemically simple, and contain
few organisms. Like many extreme environments, acid environments are excellent candidates. Studies of simple ecosystems may
be applicable to more complex systems to determine how ecosystem perturbation impacts CO2 sequestration, methane consump-
tion, mineral weathering rates, etc. The ¢gure shows an example of £uxes and feedbacks in an acid mine drainage ecosystem
model. Organism 1 is a lithoheterotroph, 2, 3, and 4 are lithoautotrophs, 5 and 6 are heterotrophs (see Table 1). Note that 6 is
an anaerobic heterotroph (using organic carbon as the electron donor and ferric iron as the acceptor), and would only be found
in anoxic niches. The red arrow indicates one of the key feedbacks: increase in the rate of pyrite (FeS2) dissolution due to re-
supply of oxidant via biological-catalysis of iron oxidation. Each microscopic gene array (silicon ‘gene chip’) is used to monitor
the activity of all the genes of all the organisms associated with the transformation of interest, e.g., iron oxidation, carbon ¢xa-
tion, nitrogen ¢xation, sulfur oxidation, etc. Colored spots signify the level of expression of a particular gene. The activity levels
(organism-resolved rates) are key model inputs. Within the master equation, blue boxes signify major ecosystem parameters to be
predicted.
6

6

Fig. 6. Notable examples of intimate physical associations that appear to have metabolic importance. (A) shows a consortium of
sulfate-reducing bacteria (green) and methanogens (red) that carry out anaerobic methane oxidation [79]. (B) L-Proteobacterium
(central cell) surrounded by green-sulfur bacteria [80] (reprinted from FEMS: Microbiology Reviews, Vol. 24, J. Overmann and
H. van Gemerden, Microbial interactions involving sulfur bacteria: implications for the ecology and evolution of bacterial com-
munities, pp. 591^599, 2000, with kind permission from the authors and Elsevier). The consortium carries out photosynthesis uti-
lizing sul¢de as the electron donor. Examples of consortia where the form of the interrelationship is currently unknown are (C)
Thiothrix bacterial ¢laments (red) and unknown archaeal cells (green) [81,82] (reproduced from Applied and Environmental Micro-
biology, Vol. 67, p. 2336 and Vol. 68, p. 933, with kind permission of the authors and the American Society for Microbiology;
photomicrographs provided by Robert Huber and Gerhard Wanner). (D) A protist and unknown surface-attached bacteria [83].
(E) A consortium of two archaea species: Igniococcus (green) and ‘Nanoarchaeum’ [84]. (Images in A, D and E reproduced from
Nature, Vol. 407, pp. 623^626 (http://ww.nature.com) with kind permission of the authors and publisher.)

EPSL 6452 24-3-03 Cyaan Magenta Geel Zwart

J. Macalady, J.F. Ban¢eld / Earth and Planetary Science Letters 209 (2003) 1^17 13



[77], and evidence that some anaerobic protists
contain hydrogenosomes (organelles for anaerobic
energy generation via fermentation) that were ac-
quired as the result of multiple endosymbiosis
events in di¡erent lineages [78]. There is good
evidence for transfers of genes between eukaryote
nuclei and bacterially derived mitochondria or
chloroplasts. At the moment, it is unclear how
much LGT is taking place within these newly dis-
covered endosymbioses. We will be able to eval-
uate the extent to which LGT accompanies close
physical associations when we learn more about
the genetics of microbial communities, including
their microscopic eukaryote members.

6. Conclusions

Discoveries of the past decade reinforce the no-
tion that microbial life has been able to colonize
every habitat where biochemical molecules can
function and to generate energy using virtually
every thermodynamically favorable energy couple.
This accomplishment must be attributed to fun-
damental connections between genome evolution
and the geochemical environment. We have
glimpsed the molecular basis for this coupling,
and see profound implications for our under-
standing of biogeochemical cycling on local, glob-
al, and extraterrestrial scales.
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