Introduction

1.1 Exploring the Microbial World

Microorganisms shaped the geochemical evolution of our planet throughout
its history, and they continue to play a key role in the modern world. In deep
time they oxygenated Earth’s atmosphere and set the stage for life as we
know it. Today, microbes mediate global biogeochemical cycles, influence
the speciation and fate of pollutants, and modulate climate change through
production and consumption of greenhouse gases. The field of geomicrobi-
ology and microbial geochemistry (GMG), which studies the interplay bet-
ween microbes and the Earth system, has roots in the 19th century (Druschel
& Kappler 2015; Druschel et al. 2014). However, only recently has the
breadth of microbial geomicrobiological processes and extent to which they
shape geological, geochemical, and environmental processes become clear.
Many methods and concepts central to GMG are also relevant to environ-
mental engineering (e.g., drinking water and wastewater treatment) and
medicine (e.g., human microbiome), including the omics approaches that
are the focus of this book.

How to study this microbial world? Inherent challenges abound; micro-
organisms are small. Their cellular morphology is typically not informative of
their phylogeny, physiology, or role in biogeochemical or ecological processes.
Microbes often live in highly diverse microbial communities where it is hard
to decipher the activities of different microorganisms or to trace specific
microbial processes. Traditional microbiological approaches revolve around
the cultivation of bacteria and archaea, which enables powerful laboratory-
based methods of dissecting microbial physiology, biochemistry, and genetics
as they relate to geochemical processes (Newman et al. 2012). Yet most micro-
organisms in nature are resistant to cultivation owing to symbiotic lifestyles or
unknown nutritional requirements (Staley & Konopka 1985). Further, it can
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be impractical to grow pure cultures due to the extremely slow growth of
many microorganisms, which in the environment is perhaps more akin to
stationary phase than to growing cultures (Roy et al. 2012). Comprehensive
culturing is also impractical because of the stunning complexity of natural
microbial communities (thousands of species). Finally, the results from pure
cultures may not be representative of in situ processes (Madsen 2005).

Traditional geochemical methods of measuring process rates and
products and using biological poisons or inhibitors of specific microbial
enzymes offer critical quantitative data and some mechanistic insights
(Madsen 2005; Oremland et al. 2005). However, these approaches provide
little information with regard to the identity or nature of the microorgan-
isms that underpin processes of interest. Exciting advances in microscopy
and spectroscopy that provide opportunities to link microorganisms to
biogeochemical processes are described and reviewed elsewhere (Behrens
et al. 2012; Newman et al. 2012; Wagner 2009).

Recent advances in DNA sequencing technologies open up entirely new
avenues to study geomicrobiology by circumventing the cultivation step and
providing extensive information on microorganisms as they exist in natural
settings. This data comes from the sequence of macromolecules (Box 1.1)

Box 1.1 Definitions of key macromolecules studied by omics approaches

Deoxyribonucleic acid (DNA): DNA consists of four nucleotide bases — guanine (G), adenine (A), thymine (T), and
cytosine (C) - that are joined together in a sequence to form genes.

Gene: a unit of genetic information encoding protein, tRNA, or ribosomal RNA. Genes are about 1000 bases long, on
average.

Genome: the genome is the collection of all genetic information in an organism, including the genes as well as ele-
ments between genes that are involved in regulating gene expression. Microbial genomes range in size from approxi-
mately 400000 to 10 million bases and from 400 to 10000 genes.

Ribonucleic acid (RNA): There are several major forms of RNA, including messenger RNA (mRNA), transfer RNA
(tRNA), and ribosomal rRNA (rRNA). mRNA is an intermediate between DNA and protein (see Fig. 1.1); rRNA is a
structural and catalytic component of ribosomes, the machinery that translates mRNA into protein. tRNA are small
molecules that recognize the three-base code of mRNA and translate it into amino acids during protein synthesis.

Protein: proteins are polymers (long chains) of amino acids. The two main roles of proteins are (1) to provide struc-
ture or scaffolding, e.g., in cell wall or protein synthesis; (2) to catalyze biochemical reactions in the cell, including
those required for energy metabolism, biosynthesis of macromolecules, transport of elements into and out of the cell,
and generation of biogenic minerals (“biomineralization”). Proteins can also “sense” the environment and transduce
signals that elicit cellular responses.

Lipids: hydrocarbons, often with polar head groups, that are the primary constituents of cell membranes. In some cases,
specific lipids are diagnostic of specific microbial groups or metabolisms. Unlike other biological macromolecules, lipids
may be preserved in sediments over geological time (millions to billions of years), so they have great value in potentially
providing information on ancient ecosystems. Like other macromolecules, the synthesis of lipids is conducted by proteins
that are encoded by genes. Hence, the “lipidome” can theoretically be predicted from the genome.

Carbohydrates: macromoleucles consisting of carbon, hydrogen. Carbohydrates decorate the cell surface and are an
important interface between the cells and their environment. Because they are often negatively charged, they can play
important roles in binding cations and influencing biomineralization.
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synthesis. Source: Druschel and Kappler (2015),

that constitute microbial cells (Fig. 1.1). This book focuses on DNA, RNA,
and protein, and also touches on lipids and the pool of small molecules
within a cell (metabolites). The collection of genes that encode an organism
is known as the genome. Genes are transcribed as messenger RNAs, or tran-
scripts, the total pool of which is called the transcriptome. Transcripts are
then translated into protein, which actually performs the structural and
biochemical functions of the cell. The total protein content of a cell is known
as the proteome. The total content of small molecules within a cell is referred
to as the metabolome. These small molecules include metabolites, the sub-
strates, intermediates, and products of biochemical reactions catalyzed by
enzymes. The study of the whole collection of each of these molecules in a
pure culture is referred to as genomics, transcriptomics, proteomics, and
metabolomics. When such information is derived from a whole community
of microorganisms, we say ‘community genomics” or “metagenomics®
(or metatranscriptomics, metaproteomics). Collectively, these approaches,
whether applied to a single organism or a community of organisms, are
referred to in shorthand as “omics”

Whereas genomes encode all the proteins that could possibly be made in
a given cell, a genome does not give any information about which proteins
and RNA are actually being produced at any given time, or about the quan-
tities in which they are produced. Transcriptomics and proteomics provide
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the three main omics approaches. Source: Dick and Lam  Mineralogical Society of America.

this information. DNA, RNA, and protein have different lifetimes based on
the stability of the molecules and the biochemical mechanisms that degrade
them. Thus these molecules provide information at different time scales
(Fig. 1.2). Genomes also provide a “molecular fossil record” of how genes
and organisms have evolved over the billions of years of life on Earth (David
& Alm 2011; Macalady and Banfield 2003; Zerkle et al. 2005).

1.2 The DNA Sequencing Revolution: Historical
Perspectives

The “meta-omics” revolution has its roots in the pioneering work of Carl
Woese and colleagues, who sequenced microbial rRNA genes in order to
uncover their phylogenetic relationships (Woese & Fox 1977). This work
recognized that, because rRNA genes serve critical functions, they are pre-
sent in every organism and are highly conserved at the sequence level. Thus,
they hold invaluable information about the evolutionary relationships of
microorganisms. Through painstaking labor, the sequence of rRNA genes
from a wide range of organisms was deciphered, leading to an astonishing
discovery: methane-producing microorganisms previously assumed to be
bacteria were actually a new and completely separate domain of life — the
archaea (Sapp & Fox 2013). This transformed our understanding of the tree
of life by revealing that it is composed of three domains: bacteria, archaea,
and eukarya (Woese & Fox 1977). The advent of rRNA gene sequencing also
provided a practical and objective tool for classifying microorganisms, a
task which had been declared impossible previously (Woese & Goldenfeld
2009).

Soon after, Pace and colleagues applied sequencing to rRNA genes puri-
tied directly from uncultured communities of microorganisms (Stahl et al.
1984). Subsequent application of polymerase chain reaction (PCR) to the
amplification of rRNA genes (with an explicit focus on one of these genes,
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known as 16S rRNA) directly from the environment increased the
throughput of this approach and revealed startling insights into the micro-
bial world in seawater and other environments (DeLong 1992; Fuhrman
et al. 1992). Spurred by rapidly advancing technologies and the ever
declining costs and increasing throughput of DNA sequencing technologies
(Loman et al. 2012), the culture-independent approach quickly revealed the
staggering diversity of the microbial world (Pace 2009). This work revealed
that only a tiny fraction of microbial groups have been studied in culture
(Baker & Dick 2013; Pace 2009).

In parallel with the explosion of 16S rRNA gene sequencing, faster,
cheaper DNA sequencing also enabled a new era of sequencing whole
microbial genomes (Land et al. 2015). Information on the complete gene
content theoretically provides a picture of the metabolic and physiological
potential of microorganisms (however, see the caveats and challenges dis-
cussed in Chapter 3). The first bacterial genomes were published in 1995
(Fleischmann et al. 1995; Fraser et al. 1995), and the number of microbial
genomes sequenced has expanded exponentially ever since (Fournier et al.
2013).

A major initial finding of these sequencing efforts was that microbial
genomes have startling variability of gene content (Tettelin et al. 2005; Welch
et al. 2002). This led to concepts of the pangenome, core genome, and flex-
ible genome (Cordero & Polz 2014) (see Chapter 2). Genome sequences
from cultured organisms are valuable because they enable studies of the
links between genotype and phenotype and represent taxonomic and
functional anchors in the tree of life for interpreting metagenomic data.
Particularly valuable are genomes from type strains that have been validly
described and named, which are estimated to account for a substantial por-
tion (~15%) of phylogenetic diversity (Kyrpides et al. 2014). However,
despite the microbial genome sequencing revolution, less than 3% of these
type strains have had their genomes sequenced (Kyrpides et al. 2014). Thus,
even the genomic coverage of cultured microbial life remains woefully inad-
equate, and of course, the cultured portion is just a small fraction of the total
microbial world. The Microbial Earth Project (www.microbial-earth.org/)
was recently launched to track the inventory of type strains of bacteria and
archaea and their genome sequencing projects.

At the confluence of environmental 16S rRNA gene sequencing of micro-
bial communities and whole genome sequencing of cultured microbes is the
direct retrieval of genomes from uncultured microbial communities. Early
metagenomic approaches used cloning of environmental DNA followed by
sequencing and/or screening of expressed products for functions of interest
(Riesenfeld et al. 2004; Stein et al. 1996). The term “metagenomics” was first
coined in 1998, in the context of accessing natural products (e.g., antibi-
otics) from uncultured soil microorganisms (Handelsman et al. 1998). The
power of the functional metagenomics approach lies in the direct connec-
tion of sequence to function and was illustrated beautifully by the discovery
of bacterial light-driven proton pumps as a new form of phototrophy in the
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oceans (Béja et al. 2000). This method can also provide valuable insights by
directly linking phylogenetic marker genes to function (Pham et al. 2008),
which is particularly valuable when the cloned fragments are large, as in
BAC or fosmid libraries. However, because of the cost and labor involved in
constructing and screening such clone libraries, this approach was not
readily scalable. The “functional metagenomic” approach also faces prac-
tical challenges such as genetic and biochemical incompatibility between
environmental genes and hosts (e.g., differences in codon bias, required co-
factors). Some of these issues can be overcome by recent synthetic genomic
approaches, but they still limit the throughput of exploratory, discovery-
driven functional screening.

Shotgun metagenomics, in which community DNA is randomly frag-
mented and sequenced, was then demonstrated as a viable and valuable
approach (Tyson et al. 2004; Venter et al. 2004) and quickly emerged as the
dominant method used in metagenomics studies. For the first time, whole
genomes of uncultured organisms could be reconstructed from microbial
communities, revealing their metabolic potential (Tyson et al. 2004) and
evolutionary processes (Allen & Banfield 2005). Several spectacular discov-
eries, including the linking of ammonia oxidation to archaea (Venter et al.
2004), demonstrated the power and promise of metagenomics. A vision
for the potential advances that metagenomics could bring to science and
society was beginning to come into view (National Research Council 2007).
Hugenholtz and Tyson (2008) recount a brief history and highlights of these
early stages and different approaches of metagenomics. For a more in-depth
historical account see Handelsman (2004) and Gilbert and Dupont (2011).
The rapid decrease in costs and increase in throughput of DNA sequencing
has enabled shotgun sequencing of more complex microbial communities
(Fig. 1.3). Recent papers report the reconstruction of thousands of genomes
from metagenomes (Anantharaman et al. 2016).

While the genomic sequence provides information on the metabolic and
physiological potential of microorganisms, it does not indicate whether
those functions are being carried out at a particular point in time or space.
To address this question, characterizing the expression of mRNA or protein
is required. Metatranscriptomics was applied with great success to surface
seawater microbial communities, revealing that flexible genes are highly
expressed in the environment (Frias-Lopez et al. 2008). Critically, this paper
also used qPCR to independently evaluate the accuracy of RNA amplification,
which is required to obtain sufficient cDNA for many sequencing applica-
tions (see Chapter 9).

Whereas the DNA- and RNA-based analyses described above rely on the
sequencing of nucleotides, proteomic tools use mass spectrometry to accu-
rately measure the masses of small peptide fragments and even individual
amino acids. The matching of these measured masses with calculated pep-
tide masses derived from genomic information enables the identification
of protein fragments. Metaproteomics is challenging because analytical
methods for translating MS/MS spectra into protein sequence are complex
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Source: Modified from Dick and Lam (2015), p. 406,
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America.

and largely reliant on having the corresponding genomic sequence for
interpretation. Similarly, the recovery of total protein from many environ-
mental samples is more challenging than the extraction of DNA and RNA.
Not surprisingly, initial progress on application of proteomics to microbial
communities was accomplished in low-diversity communities for which
genomic sequence was available (Ram et al. 2005; Verberkmoes et al. 2009).
Indeed, with sufficient genomic information, protein expression from very
closely related strains can be differentiated (Lo et al. 2007). These studies
yielded insights into the biochemical mechanisms of iron oxidation, a
central process sustaining primary production and pyrite dissolution in
acid mind drainage, and showed that among the most highly expressed
proteins are “hypothetical” and “conserved hypothetical” proteins (Ram
et al. 2005). With growing databases of genomic sequence and improving
algorithms for interpreting MS/MS spectra, metaproteomics is now a
viable approach for studying more complex microbial communities (see
Chapter 10).
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