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INTRODUCTION

Bacteria and archaea have been distinguished by the term prokaryotes from
eukaryotes, which comprise algae, protozoa, fungi, plants, and animals. Prokaryotes were originally defined as those organisms whose nucleus, respiratory,
and photosynthetic machinery were not separated from cytoplasm by membranes; where nuclear division occurred by fission rather than mitosis; and
whose cell walls contained mucopeptide. In fact, the mitochondria and chloroplasts of eukaryotic cells originated as endosymbiotic prokaryotic cells. Ribosomes in prokaryotes are smaller (70S) than those of eukaryotes (80S), and no
eukaryote is able to fix atmospheric N2 or produce methane. There are many
exceptions to this early definition, and subsequent attempts to distinguish
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prokaryotes and eukaryotes in terms of morphological and physiological characteristics and boundaries between the two domains are blurred. Although bacteria and archaea may resemble each other in their microscopic size, in many
other ways they are as different from each other as they are from eukaryotes.
Despite the apparent relative simplicity of prokaryotes as a group, they have
substantially greater phylogenetic and functional diversity than eukaryotes and
possess the most efficient dispersal and survival mechanisms of all organisms.
They also vastly outnumber eukaryotes. Global organic C in prokaryotes
is equivalent to that in plants; soil bacteria and archaea contain 10-fold
more N. As a consequence, prokaryotes play an essential role in all global
biogeochemical cycles and other important ecosystem functions, including
the creation, maintenance, and functioning of soil. This chapter describes the
phylogeny and physiological characteristics of soil bacteria and archaea in
the context of soil ecosystems and shows how major recent discoveries are
changing our view of their ecology. There is considerable debate regarding
use of the term prokaryote, rather than specifying bacteria and archaea
(Doolittle and Zhaxybayeva, 2013), but the term will be used in this chapter
for brevity, while acknowledging the considerable differences between bacteria
and archaea.

II PHYLOGENY
A Cultivated Organisms
Traditional classification of prokaryotes was based on a large number of phenotypic characteristics (e.g., morphology, motility, biochemical characteristics,
antibiotic sensitivity). In the 1980s, the potential to establish evolutionary relationships through differences in gene sequence and the development of early
sequencing techniques led to phylogenetic studies based on sequences of 16S
rRNA and 18S rRNA genes, which are present in all prokaryote and eukaryote
cells, respectively. These genes possess regions of highly conserved sequence,
facilitating alignment, and variable and hypervariable regions, which enable
discrimination between different organisms. Quantification of genetic distance,
by comparing sequence differences between organisms, allows estimation of
evolutionary distance. These studies showed that the archaea and the bacteria
are, in terms of phylogenetic or evolutionary distance, as distinct from each
other as they are from eukaryotes (Fig. 3.1; Woese et al., 1990). Rather than
two domains of life, prokaryotes and eukaryotes, there are three: archaea,
bacteria, and eukarya. Figure 3.1 also illustrates the remarkably high diversity
of bacteria, archaea, and eukaryotic microorganisms compared to that of plants
and animals.
Evidence suggests that archaea are, in many ways, more similar to eukaryotes than they are to bacteria. In fact, there is now a return to a two-domain view
of life, but the two domains are archaea and bacteria, with eukaryotes branching
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FIG. 3.1 The universal tree of life constructed by sequence analysis of single subunit rRNA genes.
(Redrawn from Wheelis et al., 1992.)

from within the archaea. The major distinction in life is therefore between
archaea and bacteria, and not between prokaryotes and eukaryotes (Williams
et al., 2012). These developments influence the way that we consider the term
prokaryote and, indeed, whether it should be used at all (Doolittle and
Zhaxybayeva, 2013). Molecular phylogeny also led to reanalysis and reappraisal of classification within the bacteria and archaea. These major divisions are
presented in Tables 3.1 and 3.2.

B

Uncultivated Organisms

Cultivation-based studies indicated that soil prokaryotes were highly diverse,
but there was increasing evidence that only a small fraction of cultivated organisms could grow on laboratory media (Torsvik et al., 1996). This was confirmed
by use of the polymerase chain reaction (PCR) to amplify 16S rRNA genes
directly from DNA extracted from soil, thereby avoiding the requirement of laboratory cultivation (Pace et al., 1986). Analysis of these sequences demonstrated the presence and abundance of novel, high-level taxonomic groups
with very few or no cultivated representatives (Fig. 3.2). There was tremendous
16S rRNA gene-sequence diversity within these uncultivated groups and previously unsuspected diversity within representatives of cultivated soil prokaryotes that had been studied extensively in the laboratory for many years.
The impact of these molecular studies is illustrated by phylogenetic analysis
of bacterial 16S rRNA gene sequences from cultivated organisms and
sequences amplified directly from environmental DNA performed just a few
years after introduction of these molecular techniques (Hugenholtz et al.,
1998). The analysis identified 40 high-level groups within the bacterial domain.
Almost 50% of these groups contained sequences from bacteria that had never
been seen in culture. In addition, several of the remaining groups contained very
few sequences from cultivated organisms and were dominated by environmental sequences. In just a few years, this approach had nearly doubled the number

Metabolism

Other Characteristics

Examples

Aquificales

Extreme environments
(hot, sulfur pools,
thermal vents)

Microaerophilic;
chemolithotrophic; can
oxidize hydrogen and
reduce sulfur

Thermodesulfobacterium

Thermal vent

Sulfate reducers;
autotrophic or
organotrophic;
anaerobic

Motile rods; Gramnegative cell wall

Thermodesulfobacterium
hydrogeniphilum

Thermotogales

Hot vents and springs;
moderate pH and
salinity

Sulfur reducers;
organotrophic; some
produce hydrogen

Prominent cell envelope

Thermotoga maritima

Coprothermobacter

Anaerobic digestors,
cattle manure

Heterotrophic,
methanogenic, sulfate
reduction

Rod-shaped cells

Coprothermobacter
platensis

Dictyoglomus

Hot environments

Chemoorganotrophic

Degrade xylan

Dictyoglomus
thermophilum

Green non-sulfur
bacteria and relatives

Wide range, but few
cultured

Anoxygenic
photosynthesis
(Chloroflexus);
organotrophic
(Thermomicrobium)

Actinobacteria (high G
+ C Gram-positives,
including actinomycetes)

Soil, some are
pathogens

Aerobes,
Heterotrophic—major
role in decomposition

Aquifex aeolicus

Chloroflexus,
Herpetosiphon
Thermomicrobium roseum

Gram-positive, includes
mycelial forms
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TABLE 3.1 Characteristics of Bacterial Phylogenetic Groups with Cultivated Representatives

Planctomycetes

Soil and water

Obligate aerobes

Flagellated swarmer cells;
budding bacteria, ovoid,
holdfast, cell wall lacks
murein

Planctomyces, Pasteuria,
Isocystis pallida

Chlamydia

Intracellular parasites

Heterotrophic

No peptidoglycan

Chlamydia psittaci,
Trachomatis

Verrucomicrobia

Freshwater and soil

Spiral shaped

Nitrospira

Few cultured
Soil and aquatic
environments

Autotrophic nitrite
oxidizers, facultative
heterotrophs

Acidobacterium

Wide range of
environments,
including soil

Acidophilic or
anaerobic (very few
cultured)

Synergistes

Anaerobic
environments (termite
guts, soil, anaerobic
digestors)

Anaerobic

Flexistipes

Animals

Cyanobacteria

Aquatic, but found in
soil

Oxygenic,
photosynthetic; some fix
N2

Gliding; unicellular,
colonial, or filamentous

Aphanocapsa,
Oscillatoria, Nostoc,
Synechococcus,
Gleobacter, Prochloron

Firmicutes (low G + C
Gram-positive)

Soil, water, some are
pathogens

Aerobic or anaerobic
(rarely photosynthetic)

Cocci or rods; includes
endospore formers

Clostridium Peptococcus,
Bacillus, Mycoplasma

Anaerobic and sulfurcontaining muds,
freshwater and marine

Photosynthetic;
anaerobic; autotrophic
(S oxidation) or
heterotrophic

Non-motile

Chlorobium,
Chloroherpeton

Spiral shaped

Green sulfur bacteria

3

Fibrobacter
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TABLE 3.1 Characteristics of Bacterial Phylogenetic Groups with Cultivated Representatives—Cont’d
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Environmental
Origin

Other Characteristics

Examples

Aerobic,
microaerophilic or
facultatively anaerobic,
organotrophs, some
strict anaerobes
(Bacteroides)

Gliding (Cytophaga),
Gram-negative, rods, some
pleomorphic, some helical,
unbranched filaments

Flavobacterium,
Sphingobacterium,
Cytophaga, Saprospira
Bacteroides, Prevotella,
Porphyromonas

Coccoid, rods;
radioresistant or
thermophilic; thick cell
wall

Deinococcus
radiodurans, Thermus
aquaticus
Spirochaeta, Treponema,
Borrelia, Leptospira,
Leptonema

Bacteroides-CytophagaFlexibacter group

Wide variety,
including soil, dung,
decaying organic
matter

Thermus/Deinococcus

High temperature
environments,
nuclear waste

Spirochetes and relatives
(spirochetes and
leptospiras)

Wide range

Chemoheterotrophic

Motile with flagellum;
long, helical, coils; Gramnegative

Fusobacteria

Pathogens

Anaerobic

Gram-negative cell wall

Proteobacteria

“Classical” Gramnegative bacteria

Heterotrophs;
chemolithotrophs;
chemophototrophs;
anaerobic (most) or
aerobic; some
photosynthetic; some fix
N2

Often motile (flagella or
gliding); Gram-negative
cell wall structure

Rhizobacterium,
Agrobacterium,
Rickettsia, Nitrobacter,
Pseudomonas,
Nitrosomonas,
Thiobacillus, Alcaligenes,
Spirillum, Nitrosospira,
Legionella, (some)
Beggiatoa, Desulfovibrio,
Myxobacteria,
Bdellovibrio

Some groups are represented by many cultivated organisms. In general, these are found in a wide range of habitats and exhibit a diversity of physiological and morphological
characteristics. Other groups are represented by very few cultivated strains. The range of environments and physiologies listed here are likely to expand as additional
environments are explored and isolation techniques improve.
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TABLE 3.2 Characteristics of Archaeal Phylogenetic Groups
Environmental
Origin

Metabolism

Other Characteristics

Examples

Require salt for growth, cell
walls and enzymes
stabilized by Na+

Halobacterium,
Natronobacterium

Euryarchaeota
Extreme
halophiles

Salt lakes

Heterotrophic; aerobic; nonphotosynthetic phosphorylation

Methanogens

Swamps, marshes,
marine sediments,
guts, sewage treatment

Anaerobic; generate methane;
fix CO2; electrons from
hydrogen

Sulfurmetabolizing
thermophiles

Hydrothermal vents

Anaerobic sulfur oxidizers,
thermophiles, heterotrophs,
methanogens, sulfate reducers

Polar flagella

Thermococcus
Pyrococcus
Archaeoglobus

Hot sulfur rich
environments (hot
springs, thermal vents)

Oxidize elemental sulfur,
aerobic or anaerobic

Some lack cell wall, e.g.,
Thermoplasma; group
includes Thermus aquaticus

Thermoplasma
Sulfolobus,
Acidothermus
Pyrodictium occultum

Ammonia
oxidizers

Soil, marine

Autotrophic/mixotrophic;
oxidize ammonia to nitrite

Korarchaeota/
Xenarchaeota

Hot springs

None cultivated

Nanoarchaeota

Hot vents

Symbiont of archaea

Methanobacterium,
Methanospirillum,
Methanococcus

Hypothermophiles

Thaumarchaeota
Nitrososphaera
viennensis,
Nitrosotalea
devanaterra
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Nanoarchaeum
equitans
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Coccoid; <400 nm in diam
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FIG. 3.2 Phylogenetic analysis of  38 genes from genomes of cultivated and uncultivated (in red)
archaea and bacteria. Superphyla are indicated by different colors. (From Rinke et al., 2013, with
permission.)

of known bacterial high-level taxonomic groups and revolutionized our view of
diversity within cultivated organisms.
Soil bacterial and archaeal communities are now routinely characterized by
analysis of 16S rRNA genes due to avoidance of the requirement for laboratory
cultivation, although this approach does have some limitations. Comparison of
environmental sequences with those in ever-expanding databases enables putative identification of organisms and comparison of communities in different
environments. Bacteria that were previously considered to be “typical” of soil
(bacilli within the phylum Firmicutes; pseudomonads, e.g., Pseudomonas aeruginosa, P. fluorescens, P. putida; actinobacteria, including the former actinomycetes) are often rare, whereas many novel, “yet-to-be-cultured” organisms
are ubiquitous and dominant (Rappe and Giovannoni, 2003). Similarly, archaea
were considered to be extremophiles, adapted to conditions atypical of most
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soils (high temperature, salt concentration, acidity, or anaerobicity), but one
group, the crenarchaea, typically represent 1-2% of temperate soil prokaryote
communities (Buckley and Schmidt, 2003).
The development of modern sequencing methods and associated technologies has increased the depth and detail with which we can characterize natural
communities and has decreased reliance on cultivation for phylogenetic studies.
It is now possible to isolate a single bacterial or archaeal cell, to amplify and
sequence its DNA, and to reconstruct its genome without cultivation. This
approach (single-cell genomics) enables investigation of the metabolic potential of uncultivated organisms, and information from genomes already obtained
by this process has provided a much more detailed and robust phylogeny than
that obtained using a single gene, such as the 16S rRNA gene (Fig. 3.2; Rinke
et al., 2013). This is a rapidly developing area of research, and as a result, regularly updated interactive web sites are now available to facilitate viewing of
current phylogenies (e.g., http://tolweb.org/tree/, http://itol.embl.de/).

C

Phylogeny and Function

Molecular characterization of microbial communities would be of enormous
value if the presence of a particular sequence or organism provided information
on its function in the soil. In some cases, phylogenetic groupings are informative. For example, bacilli form resistant spores and rhizobia fix N2. However,
individual phylogenetic groups can display considerable physiological versatility, and many functional characteristics are distributed among varied and evolutionarily distant groups. In addition, we know little of the physiological
characteristics of novel groups and subgroups.
The scale of this problem is illustrated by analysis of cultivated prokaryotes.
Traditional phenetic classification of prokaryotes led to the ordering and naming of hierarchical groups as for plants and animals, with the species as the basic
unit of classification. For higher organisms, the species is defined through the
Biological Species Concept as the ability of members within a species to interbreed and not breed with members of other species (Cohan, 2002). Prokaryotes
do not have sexual reproduction mechanisms, preventing application of this
species concept. This has led to many attempts to define species in other ways
and the absence of a reliable, universal species definition. Prokaryotes can
transfer genes by horizontal (or lateral) gene transfer, HGT, which bypasses
standard evolutionary processes. The most obvious example is the spread of
plasmid-borne antibiotic resistance. HGT influences community structure
and activity enormously, further reducing the relevance of “species” in ecological studies.
Sequencing of complete genomes of cultivated prokaryotes has increased,
rather than decreased, the importance of these issues. Comparative genomics
has shown HGT to be much greater than previously thought, such that evolutionary relationships must be represented as complex webs or networks, rather
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than the dichotomously branching trees illustrated in Figs. 3.1 and 3.2. In addition, genomes of different members of the same species contain a “core” of
genes, common to all, but comprising only a minority of the species “pangenome” (Koonin, 2012). For example, the core genome of seven Escherichia coli
strains contained 2800 genes, from a pangenome of approximately 6000
genes (Chen et al., 2006). Most genes, including those responsible for metabolism and substrate uptake, form a “shell” and each will be present in only a
proportion of species members. The remaining genes (10-30%) form a
“cloud,” each present in a small minority of members. The functions of some
of these genes are unknown, but many encode functions important for bacterial or archaeal ecology (e.g., response to environmental stress). There is
therefore considerable diversity, even within a single species, no reliable “unit
of diversity,” much weaker links between phylogeny and function, and other
methodological and conceptual implications for our understanding of evolution and diversity.
The continuing decrease in sequencing costs facilitates molecular characterization of soil prokaryotes, and complete coverage of 16S rRNA gene sequences
is being approached in soils. Weak links between function and phylogeny and
the lack of availability of cultivated representatives of soil organisms deny us
knowledge of associated physiological characteristics and potential; thus we
can only speculate on the role of most soil prokaryotes. There is a need to
improve methods for enrichment, isolation, and cultivation of these organisms
and/or to develop further molecular, or at least cultivation-independent,
approaches to establish their ecosystem function in situ. As a consequence,
soil bacterial and archaeal community ecology is dominated by descriptive
studies and correlations between community composition and soil characteristics rather than studies that increase the understanding of the mechanisms
driving community composition and the significance of prokaryote diversity
for soil ecosystem function.

III GENERAL FEATURES OF PROKARYOTES
The majority of prokaryotes are smaller than eukaryotes, and cell size per se has
significant influences on their ecology, methods of study, and perceptions of
importance. Prokaryotic cells are in the order of portions of microns to several
microns in length or diameter, although there are notable exceptions (Schulz
and Jorgensen, 2001). Microscopic size makes observational studies difficult
and leads to the study of populations or communities, rather than individuals,
and to estimation of characteristics (e.g., cell concentrations) on the basis of
properties of samples.
Small size is associated with high surface area: volume ratio, which
explains, in part, the ability of prokaryotes to sequester nutrients at extremely
low concentrations. Cells are in intimate contact with their physical and chemical environment. Although homeostatic mechanisms exist for maintenance of
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internal solute concentrations and pH, prokaryotes respond much more rapidly
to, and are influenced more by, changes in environmental conditions than
complex eukaryotic cells. This, in turn, demands greater consideration of microenvironments or microhabitats and the physicochemical characteristics of the
environment immediately surrounding the cell. The 1-10 μm scale will be of
greater significance for growth and activity of unicellular prokaryotes than bulk
soil properties. This introduces technical challenges, but also conceptual issues.
Cell size will influence the distribution and movement of organisms. For example, prokaryotes are able to penetrate and colonize small soil pores, potentially
protecting them from predation. Spatial heterogeneity, coupled with limited
transport of soluble nutrients and cells through soil, has enormous implications
for biological interactions, including competition, with consequent impact on
evolutionary processes and diversity.

IV CELL STRUCTURE
A

Unicellular Growth Forms

Cell shape depends on an interaction between generation of internal turgor pressure and variation in the elasticity of cell wall components during cell growth.
These interactions can be used to explain the differences between rod-shaped
and coccoid cells and some of the more detailed aspects of cell shape and morphology. In addition, there is increasing evidence for the involvement of an
actin-like skeleton controlling cell growth and shape in bacterial cells
(Carballido-Lopez and Errington, 2003; Daniel and Errington, 2003). Unicellular bacteria exhibit a wide range of cell forms, including spiral, vibrioids, pleomorphic cells, stalked cells, bacteroids, and even square bacteria. Archaea also
exhibit a range of unusual growth forms, although the mechanisms involved are
unclear.
The shape, form, and size of prokaryotic cells are important characteristics
when considering the ecology of bacteria in the soil. Nutrient uptake will be
determined, to some extent, by the surface area: volume ratio for a cell. This
factor has been shown to contribute to the ability of spiral-shaped bacteria
(e.g., Spirillum) to outcompete rod-shaped pseudomonads under conditions
of substrate limitation. Shape and size may also be important in susceptibility
to predation, with evidence that protozoa and flagellates choose prey partly on
the basis of these factors.
Bacterial shape and size are not fixed, and for E. coli, cell volume can vary
27-fold depending on growth rate. In addition, many bacteria take on different
forms depending on environmental conditions. A striking example is the N2fixing Rhizobium that forms nodules on the roots of leguminous crops. Initial
contact with the plant root is through attraction to the root of flagellated, motile,
rod-shaped bacteria. After infection, flagella are shed and bacteria form
swarmer cells. Rapid division of these cells leads to formation of nodules that
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contain masses of Rhizobium cells, the majority of which are misshapen “bacteroids,” with bulging cell walls and unusual morphologies. Another example is
Arthrobacter, commonly isolated from the soil, which grows as rod-shaped,
blue-pigmented cells at high growth rates and as coccoid purple cells under
nutrient limiting conditions.
These effects are accentuated in starving cells, with the transition from
growth to starvation frequently associated with a significant decrease in cell
size, changes in cell characteristics (Fig. 3.3), rapid turnover of cell material,
a decrease in ribosome number, and expression of a suite of starvation genes,
including those involved in the “stringent response” (Boutte et al., 2013;
Kjelleberg, 1993). Many of these genes encode for high affinity, nutrient uptake
systems with broad substrate specificity. They enable cells to sequester a wider
range of substrates at low concentrations, giving them an advantage over organisms that, under conditions of nutrient excess, have much greater maximum specific growth rates. Starvation forms are resistant to environmental stress, and
although vegetative cells, they can have greatly increased survival capability.
Direct observation of prokaryotic cells in soil indicates that many are much
smaller than typical laboratory-grown organisms, with significant proportions
of cells passing through 0.4-μm-pore-size filters. There is evidence that these
cells have a low ability to grow in laboratory culture.
A limited number of microbial groups, notably bacilli and clostridia, produce internal spores, termed endospores (Fig. 3.4). These structures are highly
resistant to extremes of temperature, radiation, pressure, and other forms of
environmental stress. They are the most resistant biological structures known,
and although the environmental extremes to which they are resistant are rarely

FIG. 3.3 Changes in morphology (A), viability (B), and RNA synthesis (C) (in the presence and
absence of chloramphenicol) in Vibrio during starvation for combined and individual starvation for
C, N, and S. The different forms of starvation lead to significant changes in cell size and/or cell
morphology and have different effects on changes in RNA content and in biomass and cell concen€
trations. Chloramphenicol was added to inhibit protein synthesis. (Redrawn from Ostling
et al.,
1993.)
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FIG. 3.4 Major characteristics of a bacterial spore.

encountered in soil, they are responsible for the persistence and survival of these
organisms over many years and even centuries.

B

Filamentous and Mycelial Growth

Even though prokaryotes are typically considered unicellular, a number of
groups exhibit filamentous growth. For example, some bacteria (e.g., streptococci) and cyanobacteria (e.g., Nostoc) grow filamentously, not as continuous
hyphae, but as chains of cells. In some cases, this is due to incomplete separation
of dividing cells, but in others, it provides some of the advantages of true
mycelial organisms, with regard to compartmentalization and differentiation.
In N2-fixing cyanobacteria, anaerobic conditions required for N2-fixation can
be localized in some cells, whereas others carry out oxygenic photosynthesis.
Chemical communication between cells allows for a two-way flow of nutrients
and signaling processes that lead to regular distribution of N2-fixing cells along
filaments.
The actinobacteria exhibit the greatest variety of growth forms, ranging
from single-celled rods and cocci to mycelial structures (Prosser and Tough,
1991). For example, arthrobacters and some rhodococci grow as unicells and
do not form true mycelia, but develop filamentous cells, which may
subsequently fragment. Others, such as Nocardia, are dimorphic and form true,
branching hyphal structures during early growth, which then fragment as conditions become less favorable. The hyphal form facilitates colonization of soil
particles and, potentially, movement across barren regions to new nutrient
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sources. Fragments may subsequently develop centers of mycelial growth, and
their major function may be in dispersal.
The most highly developed mycelial structures are formed by streptomycetes, which grow as branched hyphae forming a true mycelium, similar to those
of filamentous fungi (Chapter 4). Hyphal fragmentation may occur under certain conditions, but the major means of dispersal is through exospores borne on
aerial hyphae. Exospores do not exhibit the high levels of resistance to environmental extremes of endospores, but are very resistant to desiccation. This
enables their survival in the soil, but is also an important factor in their effective
dispersal through the atmosphere. On solid medium, spores develop at the
center of actinobacterial colonies, fuelled by lytic products of substrate
mycelium that have stopped growing through nutrient limitation. These organisms therefore achieve growth over short distances through hyphal extension
and branching and dispersal through production of high numbers of singlecelled spores.

C Cell Walls
Prokaryotic cells are surrounded by a rigid cell wall, protecting the cell from
osmotic lysis (Figs. 3.5 and 3.6). The cell wall is important in diagnosis and
phenotypic classification of bacteria, providing a major division between Gr+
and Gr- bacteria. The cell wall of Gr+ cells consists of a single layer of

FIG. 3.5 Illustration of the major characteristics of prokaryote cell structure. See Fig. 3.6 for
detailed structure of the bacterial cell wall.
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FIG. 3.6 Detailed structure of gram-negative and gram-positive bacterial cell walls.

peptidoglycan, surrounding the cytoplasmic membrane. Peptidoglycan is a
polymer consisting of a backbone of alternative N-acetylglucosamine and
N-acetylmuramic acid residues connected to cross-linked peptide chains of four
amino acids. Gram-positive cell walls also usually contain teichoic acids, polymers of glycerol or ribitol, linked by phosphate groups, and containing amino
acids and sugars. In the more complex Gr+ cell wall, the peptidoglycan layer is
much thinner and is surrounded by an outer membrane enclosing a periplasmic
space, which contains enzymes involved in nutrient acquisition, electron transport, and protection from toxins.
Archaeal cell walls differ from those of bacteria and provide a major exception to the original definition of prokaryotes. They lack an outer membrane, and
peptidoglycan is replaced by a range of compounds, including pseudomurein
(similar to peptidoglycan) or other polysaccharides. Many archaeal cell walls
contain paracrystalline protein or glycoprotein, the S-layer, which is also found
in some bacteria. In addition, some prokaryotes do not possess a cell wall (e.g.,
intracellular mycoplasmas and the archaeon Thermoplasma, which have
strengthened membranes).
The cell walls of many bacteria are encased within extracellular material
(Fig. 3.5), ranging from apparently rigid and distinct capsules of specific thickness to more diffuse (chemically and physically) extracellular polymeric substances. Many roles have been assigned to this material, including protection
from predation, adhesion to solid surfaces, and biofilm formation. In the
free-living, N2-fixing bacterium Azotobacter (a member of the Pseudomonadales), limited O2 diffusion through extracellular material creates anaerobic
regions required for N2 fixation. Biofilm formation is particularly important,
with suggestions that the majority of the soil microbial community is attached
to particulate matter (clay minerals, soil organic matter [SOM], plant roots,
and animals). Adsorption of nutrients to particulate material provides
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concentrations necessary for microbial growth. Surface attachment can increase
survival of bacteria and protect them from environmental stress, including low
pH, starvation, and inhibition by antibiotics and heavy metals. An example is
the production by nitrifying bacteria in soil model systems of copious amounts
of extracellular material that effectively form a blanket over colonies. This
occurs despite the fact that these autotrophic organisms barely gain sufficient
energy from oxidation of ammonia or nitrite, use much of this energy to generate reducing equivalents, and then require more reducing equivalents because
of the requirement to fix CO2. However, once formed, biofilms of these organisms are protected from a wide range of factors to which suspended cells are
susceptible (Prosser, 2011). Attachment of cells to surfaces is also facilitated
by short, hair-like fimbriae, whereas similar structures, sex pili, are involved
in cell-to-cell contact associated with plasmid transfer.

D Internal Structure
Prokaryotes are defined as cells that lack internal, membrane-bound organelles,
but exhibit diverse internal structures and primitive differentiation (Fig. 3.5). In
bacteria, the cytoplasm is enclosed by a membrane consisting of ester-linked,
straight-chained fatty acids. The lipids comprising the membrane form a bilayer
with non-polar hydrophobic ends associating with each other and externalized
polar hydrophilic ends. Cytoplasmic membranes in archaea contain only a
single lipid layer consisting of ether-linked, branched aliphatic acids. The
cytoplasmic membrane provides both a permeability barrier and an important
link between the cell and its environment. It contains many proteins required
for the import of nutrients, export of waste products, and production of extracellular enzymes for breakdown of high-molecular-weight compounds. It is
also involved in energy generation in respiring cells through oxidative
phosphorylation and can provide protection through toxin or antibiotic degrading enzymes.
Bacterial and archaeal chromosomes are generally present as a single, circular, double-stranded DNA molecule forming a nucleoid, but some (e.g., streptomycetes) have linear chromosomes. The molecular biology of archaea is, in
many ways, more similar to that of eukaryotes than bacteria. In bacteria, DNA is
condensed within the cell by the enzyme DNA gyrase. The same mechanism
operates in many archaea, but in others, DNA is folded around clusters of
histones, as in eukaryotes. Some archaea have several origins of replication, like
eukaryotes, whereas bacteria have just one. The mechanisms for gene transcription of archaea are also closer to those of eukaryotes than bacteria.
Additional extrachromosomal genetic material is often present as one or
many small DNA molecules, termed plasmids. These can be transmitted vertically (from generation to generation) and horizontally between different strains.
Other mechanisms of genetic exchange in prokaryotes are transformation,
which involves direct uptake of DNA and incorporation of genes into the host
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chromosome, and transduction, in which genes are transferred by bacteriophage. HGT is also mediated by gene transfer agents (GTA), which are
phage-like elements that package and transfer random pieces of chromosomal
DNA (Lang et al., 2012). GTAs and transduction highlight the potential importance of phage and phage-like particles in prokaryote ecology. Many genes in
prokaryote genomes appear to be of viral origin, and the “virome” is thought to
be of major significance for gene transfer in marine environments. Very little is
known of the soil virome. Spatial heterogeneity will influence the extent and
location of HGT activity, but HGT may represent an important driver of phylogenetic and physiological diversity in soil communities. It also represents an
important difference between prokaryotes and eukaryotes, in that genetic
exchange between the former is unidirectional.
Transcription and translation are closely coupled in bacteria and archaea,
unlike eukaryotes, where transcription occurs within a membrane-bound
nucleus. Proteins are synthesized within the cytoplasm by thousands of
ribosomes often forming structures termed polysomes and attached to mRNA.
Storage products can also accumulate in cells, forming microscopically visible
inclusion bodies, including storage compounds, such as poly-βhydroxybutyrate (a glucose polymer), polyphosphate, and glycogen. The sulfur
oxidizer Beggiatoa stores elemental sulfur, which can be seen as yellow granules within the cell. Another example is magnetosomes, which are magnetite
particles (Fe3O4) that enable magnetotactic responses.
Some intracellular structures are associated with specific metabolic processes.
Autotrophic bacteria possess carboxysomes, which are particulate bodies involved
in fixation of CO2. Photosynthetic bacteria possess complex intracellular membrane structures, which are the site of energy-trapping photosynthetic processes.
They show relatively close evolutionary relationships to other functional groups
with similar complex membrane structures involved in other reactions, including
ammonia, methane, and iron oxidation. Membranes can occur in distinctive patterns (e.g., by forming a layer within the cytoplasmic membrane or in an equatorial
plane), and are diagnostic for some groups.
Prokaryotes are distinguished from eukaryotes by the lack of a unit
membrane-bound nucleus and other organelles, but again, there are exceptions.
The Planctomycete, Verrucomicrobia, and Chlamydia (PVC) superphylum is a
collection of species from the Planctomycetes, Verrucomicrobia, Chlamydiae,
and Lentisphaerae phyla and the Candidate Poribacteria, Candidate phylum
OP3, and Candidate division WWE2. These organisms are found in a range
of environments and possess a variety of functions, but fall within the same
16S rRNA gene group. Many members of this group possess internal membranes that appear similar to eukaryotic endomembranes, but evidence suggests
that they have arisen through convergent evolution (McInerney et al., 2011).
Some planctomycetes are involved in anaerobic ammonia oxidation (the anammox process), in which ammonia is oxidized using nitrite as an electron
acceptor to form N2. These organisms possess unit-membrane-bound
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anammoxosomes, which are believed to contain enzymes involved in the anammox process and in protecting the cell from the toxic intermediate hydrazine.

E Motility
Many prokaryotes are motile, with the most obvious mechanism being “swimming” by rotation of one (polar), two, or many (peritrichous) flagella, or archaella in archaea. The bacterial flagellum consists of a long, helically shaped
protein (flagellin) anchored in the cytoplasmic membrane and extending
through the cell wall. Rotation of the flagellum is powered by proton motive
force generated across the cell membrane and leads to movement of the cell.
Archaella consist of archaellins and have different structure. Movement in
the soil environment is important for unicellular organisms searching for
new sources of nutrients. Flagellar motility is unlikely to be useful for transport
over significant distances, as rates of movement are not great. Nevertheless, flagellar motility can be linked to chemotaxis (movement toward a chemical
attractant), which appears to be important for communication between cells
and plants in the soil environment (e.g., in movement of rhizobia toward roots
prior to nodule formation). Movement over long distances is more likely to be
achieved through suspension of cells in water channels and bulk flow of water
or carriage on roots or soil animals. Lack of motility is probably important in the
formation of microniches occupied by microcolonies of organisms, reducing
competitive interactions, reducing selective sweeps, and increasing soil bacterial diversity. Other mechanisms exist for bacterial motility. For example, spirochetes possess an axial filament that enables the cell to move by flexing and
spinning. Other organisms, including cyanobacteria, Cytophaga (a member of
the Bacteroidaceae), and mycobacteria (a member of the Actinobacteria) can
move by gliding over surfaces (Harshey, 2003; McBride, 2001).

V METABOLISM AND PHYSIOLOGY
A The Diversity of Prokaryotic Metabolism
The availability of molecular and genomic techniques has alerted us to the tremendous diversity of prokaryotes in the soil environment (Delmont et al.,
2011). This diversity is critical to the maintenance of soil health and quality,
driving the many soil functions that underpin ecosystem productivity
(Garbeva et al., 2004). Although phylogenetic diversity is impressive, metabolic diversity provides the key to understanding their importance.
The prokaryotes carry out all the basic types of metabolism that occur in
eukaryotes, but they also operate several other types of energy-generating
metabolism. The diversity of prokaryotic metabolism is expressed by a great
variation in modes of energy generation and metabolism. It is this diversity
that underpins soil function and enables prokaryotes to occupy the widest
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range of soil habitats (Lengeler et al., 2009). For example, eukaryotic soil
microorganisms produce energy through aerobic respiration (e.g., saprotrophic
fungi, protozoa, and other members of the soil micro- and mesofauna) or
oxygenic photosynthesis (e.g., algae, plants). Many prokaryotes generate
energy by these processes, but there are additional mechanisms of energy production and associated metabolism, unique to prokaryotes, which are summarized in Table 3.3.
The application of molecular techniques has demonstrated very high diversity within soil microbial communities and the existence of novel groups at all
phylogenetic levels. It would be surprising if this phylogenetic diversity was not
reflected in physiological diversity. Physiology is best studied in pure, laboratory cultures, yet the majority of the newly discovered organisms have not been
cultivated. However, molecular approaches can provide clues to physiology and
in subsequent assessment of relevance to ecosystem function. This is exemplified by evidence from a metagenomic study that indicated that archaea could
oxidize ammonia. This study identified 16S rRNA genes of non-thermophilic

TABLE 3.3 Uniquely Prokaryotic Forms of Energy Production and Related
Metabolism
Metabolic System

Basis of Metabolism

Anaerobic respiration

Respiration using alternative electron
acceptors to oxygen, such as nitrate and
sulfate

Prokaryotic fermentation

Unique prokaryotic pathways, such as
the Embden-Meyerhof pathway where
glucose is converted into pyruvate

Lithotrophy

Use of inorganic sources of energy, such
as ammonium, iron, and sulfur

Photoheterotrophy

Photosynthesis during which organic
compounds are used as a carbon source

Anoxygenic photosynthesis

Photosynthetic phosphorylation in
absence of oxygen

Archaean methanogenesis and light
driven, non-photosynthetic
photophosphorylation

Unique archaean metabolisms, using H2
as an energy source in methane
production and conversion of light
energy into chemical energy

Alternative autotrophic CO2 fixation

Fixation of carbon dioxide through the
acetyl CoA pathway and the reverse TCA
cycle in bacteria and several other
pathways in archaea

60

Soil Microbiology, Ecology, and Biochemistry

crenarchaea on the same chromosomal DNA as genes homologous to those
encoding bacterial ammonia monooxygenase, which catalyzes the first step
in ammonia oxidation (Treusch et al., 2005). Archaea that contain these genes
are now placed within a separate phylogenetic group, the thaumarchaea.
Coincidentally, an autotrophic archaeal ammonia oxidizer was isolated at the
same time (K€
onneke et al., 2005), demonstrating that the process occurred in
thaumarchaea, but subsequent assessment of the importance of thaumarchaea,
and of bacteria, for soil ammonia oxidation required the use of a range of
molecular techniques and experimental systems (Prosser and Nicol, 2012).
Further developments in molecular techniques, in particular single-cell genomics, are likely to greatly assist in determining the physiological diversity
and potential of uncultivated soil prokaryotes.

B Carbon and Energy Sources
The phylogenetic classification of prokaryotes described earlier in this chapter
provides an indication of evolutionary relationships that will have arisen, in
part, through differences in physiological characteristics. As a consequence,
molecular phylogeny often agrees, to some extent, with traditional classification based on combinations of physiologies. Microbial physiological response
has been linked to ecosystem function (Schimel et al., 2007), and physiological
classification is also valuable when considering the role of prokaryotes in soil
processes. Many physiological processes have evolved at different times in different organisms, with distinct physiological characteristics being found in
many genera and species. This is illustrated in Tables 3.1 and 3.2. For example,
approximately 50% of phylogenetic groups of bacteria contain some members
capable of denitrification.
Physiological classification of soil microorganisms is of great value to those
interested in ecosystem functions, as it provides one of the underpinning bases
for consideration of ecological roles (Fig. 3.7). The first order of such a classification relates to the energy source of the microorganisms; phototrophs use
light, and chemotrophs use chemical energy. The second order usually relates
to the C source. Autotrophs or lithotrophs use CO2, whereas organotrophs or
heterotrophs use organic compounds. Cyanobacteria and green sulfur bacteria
are examples of photoautotrophs, whereas the purple non-sulfur bacteria are
photoheterotrophs. S- and Fe-oxidizing thiobacilli and nitrifiers, which oxidize
reduced forms of N, are examples of chemoautotrophs, whereas Pseudomonas
and Rhizobium are examples of chemoheterotrophs. The phylogenetic affiliations of these two genera based on 16S and 23S rRNA gene sequence data
can be found in Anzai et al. (2000) and Yarza et al. (2010).
Although the standard physiological classification based on energy/C source
described earlier enables links to be made to potential ecosystem function, there
are exceptions to these rules. For example, heterotrophic, bacterial nitrifiers
have a range of complex physiologies that cannot always be readily classified

The Bacteria and Archaea Chapter

Energy
source

3

61

C-source

CO2

Photolithotroph or
Photoautotroph

Organic
C

Photoorganotroph or
Photoheterotroph

CO2

Chemolithotroph or
Chemoautotroph

Phototroph
Light

Chemical
Chemotroph
Organic
C

Chemoorganotroph or
Chemoheterotroph

FIG. 3.7 Physiological classification of soil bacteria in terms of utilization of C and energy
sources.

according to Fig. 3.7, not least because some appear to change their physiological strategy with time and with the availability of energy sources (Behrendt
et al., 2010).

C

Oxygen Requirements

The requirement for the presence or absence of molecular oxygen provides a
useful basis for further classification of soil bacteria and a useful indicator of
ecological niche. Obligate aerobes, such as Rhizobium (a chemoheterotroph),
Thiobacillus/Acidithiobacillus (chemoautotrophs), and many other soil
bacteria, require oxygen, which acts as a terminal electron acceptor. The
phylogenetic characteristics of Thiobacillus/Acidithiobacillus can be found in
Kelly and Wood (2000). Obligate anaerobes, such as Clostridium pasteurianum, require the absence of molecular oxygen, and instead of using inorganic
electron acceptors, they remove hydrogen atoms from organic compounds and
dissipate them through reaction with products of carbohydrate breakdown.
Facultative anaerobes, such as the denitrifying chemoheterotroph Pseudomonas
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aeruginosa or, less commonly, the chemoautotroph Thiobacillus denitrificans,
can grow in both the presence and absence of O2. For these denitrifiers, nitrate
substitutes for O2 as an alternative terminal electron acceptor and is reduced to
either nitrous oxide or free N. The switch from aerobic to anaerobic metabolism
is quite rapid (occurring within a few hours in most cases) and is controlled by
O2 availability. Oxygen concentration can vary significantly over small spatial
scales due to soil heterogeneity. For example, aerobic degradation of an organic
particulate material will lead to localized O2 depletion, but aerobic processes
may continue in neighboring microenvironments. Aerobic and anaerobic
metabolisms and organisms may appear to coexist when measurements are
made on bulk soil samples. Because of the accumulation of incompletely
oxidized products during growth, the energy yields from anaerobic metabolism
in soil are generally low (often only a few per cent) compared to aerobic metabolism. It is becoming increasingly clear that although the classification in
Fig. 3.7 holds true, many aerobic processes are carried out in soil using sparing
supplies of O2 by microaerophiles, which are obligate aerobes that grow best at
low O2 tension.

D Substrate Utilization
The degradative and overall enzyme profile of a soil organism determines the
range of substrates it can utilize, although other factors (substrate availability,
competition, environmental factors) considered in subsequent sections also
determine which substrates are being utilized at any given time. This concept
of an enzymatic profile applies to both chemoheterotrophs and chemoautotrophs. Table 3.4 highlights some of the enzymes controlling both intracellular
and extracellular utilization of substrates. The size of many of the substrates

TABLE 3.4 Selected Examples of Enzymes and Associated Bacteria Involved
in Organic Substrate Utilization

Degradative Enzymes Used for
Organic Substrate Utilization

Distribution of Enzymes/Examples
of Soil Bacteria with Ecologically
Significant Activity of These
Enzymes

Cellulase (cellulose ! glucose subunits)

Species of Bacillus, Cellulomonas, and
Pseudomonas

Glucose oxidase (glucose ! CO2)

Ubiquitous enzyme among soil bacteria

Protease (protein ! amino acids)

Widespread among soil prokaryotes, but
species of Pseudomonas and
Flavobacterium are strongly proteolytic

The Bacteria and Archaea Chapter

3

63

TABLE 3.4 Selected Examples of Enzymes and Associated Bacteria Involved
in Organic Substrate Utilization—Cont’d

Degradative Enzymes Used for
Organic Substrate Utilization

Distribution of Enzymes/Examples
of Soil Bacteria with Ecologically
Significant Activity of These
Enzymes

Deaminase/amino transferase; amino acid
decarboxylase (removal of amino and
carboxyl groups to liberate NH3 and CO2
from amino acids)

More common enzymes than proteases,
although major differences in rates
between amino acids

Urease (urea ! ammonia + carbon
dioxide)

About 50% of heterotrophic soil
bacteria are ureolytic

Amylase and glucosidase
(starch ! glucose)

Species of Bacillus, Pseudomonas, and
Chromobacterium

Ligninase (lignin ! aromatic subunits)

Although lignin degradation is primarily
the domain of the white rot fungi,
species of Arthrobacter,
Flavobacterium, and Pseudomonas are
sometimes involved

Pectinase (pectin ! galacturonic acid
subunits)

Species of Arthrobacter, Pseudomonas,
and Bacillus (some species possess all of
the pectinase enzymes—
polygalacturonase, pectate lyase, pectin
lyase, and pectin esterase). Many plant
pathogens possess pectinase to assist in
plant host penetration

Phosphatase (phosphate
esters ! phosphate)

About 30% of heterotrophic soil
bacteria possess phosphatase enzymes

Sulfatase (sulfate esters ! sulfate)

Much fewer possess sulfatase

Invertase (sucrose ! fructose + glucose)

Particularly active in saprotrophic soil
bacteria such as species of
Acinetobacter and Bacillus

Chitinase (chitin ! amino sugar subunits)

The actinomycetes Streptomyces and
Nocardia

Amino acid decarboxylase

Both aromatic and non-aromatic amino
acid decarboxylases are found in a wide
range of soil bacteria synthesizing
amino acids
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(lignin, cellulose) ensures that most depolymerization is extracellular, with only
the final utilization of the simple building blocks being intracellular. The table
is by necessity a simplification as, in a number of cases, there is a suite of
enzymes rather than a single enzyme operating on the substrate in question.
The enzymes listed in Table 3.4 can be classified as oxidoreductases (glucose
oxidase, ammonia monooxygenase, hydroxylamine oxidoreductase, nitrite oxidoreductase, methane monooxygenase), transferases (amino transferases),
hydrolases (protease, urease, amylase, ligninase, pectinase, phosphatase, sulfatase, invertase, chitinase), and lyases (amino acid decarboxylase). Some of the
enzymes highlighted in Table 3.5 are constitutive, whereas others are inducible.
More comprehensive accounts of soil enzymes can be found in recent reviews
(Burns and Dick, 2002; Burns et al., 2013).

E Autochthony and Zymogeny
Identifying a soil bacterium as a chemoheterotroph, according to the preceding
classification scheme for metabolism, provides little information on how competitive that bacterium will be under particular conditions of substrate(s) supply.
The great soil microbiologist Winogradsky addressed this issue through reference to the comparative kinetics of growth, which relate substrate concentration
and specific growth rate. In Fig. 3.8, which illustrates some simple and contrasting growth curves, population Z will outcompete populations Y and Z at high
substrate concentrations. At low substrate concentrations, population X will
outcompete populations X and Z. There is no substrate concentration at which
population Y is the best competitor. Soil bacteria that exhibit the growth
kinetics of population Z, with a relatively high maximum specific growth rate
(μmax) and substrate affinity (Ks), will be more competitive at high substrate

TABLE 3.5 Selected Examples of Enzymes and Associated Soil Bacteria
Involved in Autotrophic Oxidation of Substrates
Ammonia monooxygenase
(ammonia ! hydroxylamine)

Nitrosomonas, Nitrosospira, Nitrosococcus,
Nitrososphaera viennensis, Nitrosotalea
devanaterra

Hydroxylamine oxidoreductase
(hydroxylamine ! nitrite)

Nitrosomonas, Nitrosospira, Nitrosococcus

Nitrite oxidoreductase
(nitrite ! nitrate)

Nitrobacter, Nitrospira

Methane monooxygenase

Methanotrophs
Methylotrophs such as Methylomonas and
Methylococcus

The Bacteria and Archaea Chapter

3

65

FIG. 3.8 Comparative Monod kinetics demonstrating the influence of substrate concentration on
the specific growth rate of organisms with different maximum specific growth rates and substrate
affinities. (Populations X, Y, and Z have maximum specific growth rates of 0.2, 0.3, and 0.5 h-1 and
substrate saturation constants of 2, 15, and 20 mg l-1, respectively.)

concentrations and are termed zymogenous. Not surprisingly, soil microenvironments, such as the rhizosphere, are dominated by zymogenous bacteria,
such as fluorescent pseudomonads, which grow rapidly on simple C-substrates
(primarily glucose).
Soil bacteria that exhibit the growth kinetics of population Z with low μmax
but relatively low Ks (i.e., a high substrate affinity) are termed autochthonous.
The bacterial populations found in some of the less accessible soil microenvironments (the smaller pores inside soil aggregates), where substrate C-flow is
rarely more than a trickle, are generally dominated by autochthonous bacteria
(Killham et al., 1993). The spatial compartmentalization of soil, with regard to
microbial populations, highlights the importance of substrate and nutrient
availability (sometimes referred to as bioaccessibility) as a driver of both the
diversity and function of the bacterial population (Killham et al., 1993).
In reality, there are degrees of autochthony and zymogeny, as indicated by
the growth kinetics of the populations in Fig. 3.8. There is a continuum of growth
kinetics that ensures that the most competitive soil bacteria will change with substrate concentration. Successions will therefore often occur in environments,
such as the rhizosphere where C-flow changes, although the picture is further
complicated by the proliferation of substrates with varying recalcitrance, enzyme
specificity, and availability. It must also be remembered that bacteria grow rapidly and that those with high μmax will rapidly deplete substrates, making conditions more favorable for autochthonous organisms. In addition, a high substrate
concentration may indicate that conditions are unfavorable for metabolism of
that substrate, rather than favorable for those that can metabolize it.
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F Oligotrophy, Copiotrophy, and the r-K Continuum
The physiologically based autochthony–zymogeny classification pioneered by
Winogradsky is often considered analogous to the r-K continuum commonly
used in plant and animal ecology, based on logistic models, and to the scheme
of oligotrophy-copiotrophy. The terms r and K refer to maximum intrinsic
growth rate and carrying capacity, respectively. The K-strategists and oligotrophic bacteria are considered to be adapted to growth under conditions of
C/nutrient starvation (oligocarbotrophy specifies C-starvation, whereas the
terms oligonitrotrophy, or oligophosphotrophy specify other types of nutrient
starvation). Copiotrophs are adapted to nutrient excess. Although the two
schemes are used in similar ways, the contrast in physiological versus logistical
approaches represents a significant conceptual difference, and carrying capacity
(K) and substrate affinity (Ks) are not analogous. Furthermore, oligotrophy is
considered to include unusual forms of C and nutrient scavenging, such as
exploiting gaseous C-sources (e.g., through anapleurotic CO2 fixation) and
volatile organic acids.

G Facultative Activities
Although formal functional/physiological classification of soil bacteria is a useful foundation, it does not embrace the flexibility exhibited by many organisms.
For example, we know that many soil bacteria that grow readily on “standard”
organic substrates can adapt and continue to metabolize under the harsh
conditions of C-starvation often found in soil. The physiological strategies
and mechanisms utilized by the “facultative oligotrophs” are only partially
characterized and include scavenging of gaseous forms of C, which diffuse
through the soil pore network. The ever-changing conditions in soil also
demand significant physiological flexibility.
Perhaps the best-known example of facultativeness relates to O2 requirements. Facultative anaerobes metabolize most efficiently as aerobes. Indeed,
the denitrifying pseudomonads that often colonize the rhizosphere as aerobic
chemoheterotrophs may seldom experience low O2 concentrations that
induce the nitrate-reductase enzyme system associated with denitrification.
Many microaerophiles also often operate under well-aerated conditions, but
as facultative microaerophiles, they are physiologically adapted to life at the
low O2 concentrations sometimes experienced in wet soils, particularly in
microsites such as water-saturated aggregates beyond a critical radius,
which prevents adequate diffusive resupply after removal by respirational
(roots, animals, microorganisms) demand (Greenwood, 1975). This concept
of critical aggregate radius provides the potential for coupled aerobic (nitrification) and anaerobic (denitrification) activities in soil aggregates (Kremen
et al., 2005).
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Another aspect of flexibility is the capacity to utilize more than one substrate,
often simultaneously (for example, through cometabolism), which may be the
norm rather than the exception. This is reflected in the diversity of catabolic
enzymes, both intracellular and extracellular. Among the most versatile
degraders in the soil are species of the genus Pseudomonas (Timmis, 2002). They
can degrade the most complex aromatic structures through to the simplest sugars
(Powlowsky and Shingler, 1994). Pseudomonas cepacia, for example, can utilize
more than one hundred different C substrates (Parke and Gurian-Sherman, 2001).
Flexibility is also evident from the way the soil microbial population adapts
rapidly to the degradation of new substrates through the contamination of soil
with organoxenobiotics that have been synthesized de novo by industry. The
development of populations with appropriate catabolic genes is one of the greatest phenomena exhibited by the soil microbial community and is discussed
further in Section VI.
One of the most fascinating examples of facultative physiology among the
prokaryotes comes about when bacteria grow and reach population densities at
which functional genes are activated. Some processes can only occur when bacteria act in unison, which does not occur in single cells or at low population
densities. These functional genes are activated by a critical concentration of
a molecule produced by the bacteria called an autoinducer, which is detected
by specialized membrane-borne receptors. This process is known as quorumsensing. Many processes of ecological importance are activated by this type
of cell density-dependent signaling, including production of extracellular
enzymes, biofilm formation, antibiotic resistance, and other secondary metabolic processes. These influence metabolic processes, but are also of potential
significance in microbial interactions. Cell density-dependent signaling has
been recognized in Gr- bacteria for some time (Bassler, 1999), where it is mediated by production and detection of autoinducing signal molecules (N-acyl
homoserine lactones or AHLs). Its relevance to soil has remained mysterious
until recently. This has been largely because of the lack of suitable techniques
and the challenges presented by working with soil. Molecular approaches,
which use whole cell biosensors engineered to fluoresce in the presence of
the AHL signal molecules, are beginning to reveal active, bacterial cell signaling in soil (Burmølle et al., 2003). Even though this technique has only been
applied to resolve questions at the bulk soil level, it has the potential for
in situ resolution of the functional significance of cell signaling between soil
bacteria. Equivalent quorum-sensing mechanisms also exist in Gr+ bacteria.
In Bacillus subtilis, the signaling compounds, termed pheromones, are peptides.
Groups of strains (pherotypes) producing the same compound can communicate
with each other, but not with different pherotypes. This leads to cooperation and
competition within and between different pherotypes that potentially influence
diversity and community composition of bacilli in the soil (Štefanič and
Mandič-Mulec, 2009).
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VI BIODEGRADATION CAPACITY
A Cellulose
Plant residues provide the major source of SOM, and their biodegradation is
critical to ecosystem productivity. Because plants typically contain up to
60% cellulose (K€
ogel-Knabner, 2002), the decomposition of cellulose is a
key activity of soil bacteria and is vital to the energy flow through soils and
the cycling of N, P, and S, where immobilization generally accompanies cellulose decomposition. The decomposition of cellulose is a relatively specialized
depolymerization exercise (involving a restricted number of saprophytes) followed by hydrolysis to glucose, which is rapidly utilized as an energy source by
most heterotrophic soil microorganisms. The cellulose polymer (molecular
weight approximately 1 million) occurs in plant residues in a semicrystalline
state and consists of glucose units joined by β-1,4 linkages, with chains held
together by hydrogen bonding (Fig. 3.9).
The cellulase enzyme complex, which catalyzes cellulose decomposition,
occurs in a large number of cellulolytic bacteria (species of Bacillus, Pseudomonas, Streptomyces, and Clostridium; Coughlan and Mayer, 1992) and fungi
and operates via a two-stage process. The first involves “conditioning,” through
recrystallization of cellulose. In the second stage, the molecule is depolymerized extracellularly into shorter and shorter units, eventually forming double
to single sugar units by the enzyme cellobiase. These depolymerases attack
both the ends and the “body” of the polymer (exo- and endo-depolymerases,
respectively). Although the half-lives and turnover times of cellulose and
hemicellulose in soil are in the order of days and weeks, the utilization of
glucose after cellulose depolymerization is extremely rapid (in the order of
hours to a day; Killham, 1994). The recent review of Wang et al. (2013)
provides a good overview of the structural and biochemical basis for cellulose
biodegradation.
The term hemicellulose describes various sugar (hexoses and pentoses) and
uronic acid polymers that, like cellulose, are decomposed by a relatively specialized depolymerization process, followed by a much more rapid assimilation
and oxidation of the simple monomer. Pectin, a polymer of galacturonic acid
subunits, provides a good example of this process, with specialist pectinolytic
bacteria, such as species of Arthrobacter and Streptomyces, which produce the
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FIG. 3.9 The chemical structure of cellulose, which consists of β-1,4-linked glucose molecules.
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extracellular pectin depolymerases (exo- and endo-). Subsequently, a much
wider range of heterotrophic soil microorganisms uses galacturonic acid
oxidase to exploit the energy bound in the subunit itself (Killham, 1994).

B

Pollutants

With continually expanding industrialization and a global dependence on fossil
fuel hydrocarbons as well as agrochemicals, there are few environments that are
not in some way affected by a spectrum of organic pollutants. These organic
pollutants include the aliphatic hydrocarbons (alkanes from oil spills and petrochemical industry activities), alicyclic hydrocarbons (terpenoid plant products), aromatic hydrocarbons (single aromatics such as the petrochemical
solvents benzene and toluene, and polyaromatics, such as pyrene), the chlorinated hydrocarbons (chlorinated aliphatics, such as chloroform), chlorinated
aromatics (chlorobenzenes and chlorinated polyaromatics, such as PCBs,
DDT, and dioxins), and N-containing aromatics (TNT). Because of the increasing awareness of the adverse effects of these organoxenobiotic pollutants, the
soil microorganisms and associated genes (largely carried on plasmids, which
are extrachromosomal pieces of DNA) involved in their degradation have
become sources of great interest to soil microbiologists focusing on bioremediation of contaminated environments (Crawford and Crawford, 1996).
Some of the organic pollutants entering the soil environment are toxic to
bacteria and are recalcitrant to mineralization. The reasons for the latter are
numerous and include key physicochemical characteristics such as the way in
which the pollutant partitions into the soil matrix—only relevant if related to
metabolic processes. For example, the more hydrophobic polyaromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) tend to bind strongly to
the soil solid phase and limit microbial/enzymatic access (Dick et al., 2005).
Another reason for recalcitrance is the large number of enzyme-regulated steps
and the number of well-regulated genes required for mineralization (Kanaly
and Harayama, 2000). Furthermore, because many of the organic pollutants
under consideration are synthetic, there are often no corresponding genes existing in soil bacteria that can immediately specify the degradation process.
The highly chlorinated organic pollutants have been studied extensively in
terms of their degradation and the evolution of their degradative genes.
Although degradation is generally slow, particularly for the more chlorinated
compounds, gene clusters have evolved for their degradation. Structural and
regulatory genes have high sequence homology, even though they have evolved
as plasmid-borne genes in different soil bacterial genera from across the world
(Daubaras and Chakrabarty, 1992). This evolution of gene-regulated bacterial
degradative pathways (usually involving 4-8 genes in each case) enables complete mineralization of a range of chlorinated pollutants, including chlorobenzenes used in a number of industrial processes and the chlorophenoxyacetic
acids associated with some of the hormonal herbicides used in agricultural weed
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control. The degradation of many of the chlorinated organic pollutants is somewhat complicated by the fact that bacterial removal of chlorine from the molecule (dehalogenation) occurs most readily under anaerobic conditions.
Bioremediation of contaminated environments that contain both chlorinated
and non-chlorinated hydrocarbons can be a complicated process, which
involves management of both anaerobic and aerobic conditions. Although
the anaerobic dehalogenation of PCBs is relatively well understood, obtaining
reliable and useful bacterial isolates is fraught with difficulties (May
et al., 1992).
The soil bacteria and associated genes involved in the degradation of
PAHs have, like the PCBs, been extensively studied and exploited in both bioremediation and the generation of bacterial biosensors for detection of these
complex organic pollutants. For the bacteria that aerobically degrade PAHs
(naphthalene, acenaphthylene, fluorene, anthracene, phenanthrene, pyrene,
benz(a)anthracene, benzo(a)pyrene), attack often involves oxidation of the

FIG. 3.10 Schematic of soil microbial metabolism of polyaromatic hydrocarbons.
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rings by dioxygenases to form cis-dihydrodiols (Fig. 3.10). The bacteria
involved in these oxidative reactions include species of Mycobacterium
(Kelley et al., 1993) and Pseudomonas (Selifonov et al., 1993). The dihydrodiols
are transformed further to diphenols that are then cleaved by other dioxygenases.
In many bacteria, this precedes conversion to salicylate and catechol
(Sutherland et al., 1995). The latter is a rather toxic, relatively mobile
intermediate, and any bioremediation of PAHs must consider and manage issues
such as this both because of possible environmental hazards and because the
catechol may inhibit the bacteria being harnessed for the bioremediation itself!

VII DIFFERENTIATION, SECONDARY METABOLISM,
AND ANTIBIOTIC PRODUCTION
Differentiation is a change in bacterial activities from those associated with
vegetative growth. This phenomenon is particularly associated with cell
starvation, where intracellular components are often transported and resynthesized into new compounds through secondary (non-growth linked) metabolism. The compounds formed can include antibiotics, pigments, and even
agents such as melanin that are protective against enzymatic attack. Antibiotics are often powerful inhibitors of growth and metabolism of other microbial groups, with varying degrees of specificity. Streptomycin, for example,
produced by certain species of Streptomyces, strongly inhibits a wide range
of both Gr+ and Gr- bacteria. Cycloheximide, on the other hand, inhibits only
eukaryotes and is used as a fungal inhibitor in the bacterial plate count.
Antibiotic production by soil bacteria involving secondary metabolism has
been harnessed for decades for a wide range of medical applications. Although
antibiotic production has long been linked with chemical defense, the factors
determining antibiotic production in soil suggest that antibiosis only occurs
when supply of available C is high (Thomashow and Weller, 1991). These conditions are likely to be met in the rhizosphere, the zone around seeds or “spermosphere,” and relatively fresh plant or animal residues (Whipps, 2001).
Although a considerable number of antibiotic-producing bacteria has been
identified, evidence that antibiosis is a significant chemical defense strategy in
the rhizosphere tends to be indirect. For example, strains of fluorescent pseudomonads can demonstrate high specific rates of antibiotic phenazine production, which is strongly inhibitory against Gaeumannomyces graminis var tritici
(Ggt), the causal agent of take-all in wheat (Freeman and Ward, 2004). When
Tn5 mutants of such pseudomonads have been introduced into the wheat rhizosphere, the removal of antibiotic production has been associated with reduced
control of Ggt (Thomashow and Weller, 1991).
The key genes and associated enzymes involved in antibiotic synthesis
have been characterized in some cases (e.g., for phenazine; Blankenfeldt
et al., 2004) and hence offer new and more powerful approaches to investigating these secondary metabolic, chemical defense strategies of bacteria in soil
by probing for transcripts of antibiotic biosynthesis genes and/or by use of
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stable isotope (13C) probing of the rhizobacterial nucleic acid pool. Questions
of both the activation and significance of antibiotic-mediated chemical defense
can now be resolved.
The potential rewards of applying new molecular approaches in antibiotic
discovery using soil bacteria are exciting, and may be of great significance
in combating the problems of ever-increasing antibiotic resistance in health
care. Recent sequencing of the genome of a Rhodococcus strain bearing
a mega-plasmid (acquired through horizontal gene transfer from Streptomyces)
has revealed an exceptionally large number of genes coding for secondary
metabolic products (antibiotics, toxins, and pigments; Kurosawa et al., 2008).
When the Rhodococcus is stressed by being forced to grow in the presence of
a competing soil streptomycetes (itself an antibiotic producer), it produces its
own, novel antibiotic, rhodostreptomycin (an aminoglycoside), which kills
the streptomycetes. The final two sections of this chapter have considered
two forms of xenobiotics-antibiotics and persistent organic pollutants, such
as PCBs and PAHs. Nakatsu et al. (1991) pointed out that these two forms
of organoxenobiotic have a key role in presenting soil bacteria with a major
selection pressure. The molecular bases for organoxenobiotic resistance and
catabolism are generally located in soil bacteria on extrachromosomal plasmid
DNA, the maintenance of which requires this selection pressure.

VIII CONCLUSION
The structure and physiology of prokaryotes have been studied for more than a
century, and knowledge of their taxonomic and metabolic diversity and relevancy
to their central role and essential activities in soil ecosystems is increasing rapidly. Although this chapter summarizes our current knowledge of the cell structure differences of prokaryotes and eukaryotes, we have also indicated the vast
amount of important information that remains to be discovered. The majority
of phylogenetic groups and strains that are abundant and important for soil processes have yet to be isolated and characterized. The diversity of the prokaryotes
is significantly greater than that of higher organisms, but the lack of clear species
definition limits our ability to apply concepts linking diversity to important ecosystem properties, such as stability and resilience. Elucidation of mechanisms that
generate and control prokaryote diversity within the soil environment and
increase our understanding of the two-way relationships between prokaryotes
and the soil, with spatial and temporal heterogeneity, represent enormous and
exciting challenges. It is essential that these challenges are met to provide a basis
for understanding and potentially predicting the impact of environmental change
on prokaryote diversity. Increased understanding of the links between phylogenetic, functional, and physiological diversity is also essential to determine the
consequences for changes in prokaryote diversity and community structure on
terrestrial biogeochemical cycling processes.
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Štefanič, P., Mandič-Mulec, I., 2009. Social interactions and distribution of Bacillus subtilis pherotypes at microscale. J. Bacteriol. 191, 1756–1764.
Sutherland, J.B., Rafii, F., Kahn, A.A., Cerniglia, C.E., 1995. Mechanisms of polycyclic aromatic
hydrocarbon degradation. In: Young, L.L., Cerniglia, C.E. (Eds.), Microbial Transformation
and Degradation of Toxic Organic Chemicals. Wiley-Liss, New York, pp. 269–306.
Thomashow, L.S., Weller, D.M., 1991. Role of antibiotics and siderophores in biocontrol of take-all
disease. In: Kleister, D.L., Cregan, P.B. (Eds.), The Rhizosphere and Plant Growth. Kluwer
Academic Publishers, Dordrecht, pp. 245–251.
Timmis, K.N., 2002. Pseudomonas putida: a cosmopolitan opportunist par excellence. Environ.
Microbiol. 4, 779–781.
Torsvik, V., Sorheim, R., Goksoyr, J., 1996. Total bacterial diversity in soil and sediment communities—a review. J. Ind. Microbiol. 17, 170–178.
Treusch, A.H., Leininger, S., Schleper, C., Kietzin, A., Klenk, H.P., Schuster, S.C., 2005. Novel
genes for nitrite reductase and amo-related proteins indicate a role of uncultivated mesophilic
crenarchaeota in nitrogen cycling. Environ. Microbiol. 7, 1985–1995.
Wang, M., Liu, K., Dai, L., Zhang, J., Fang, X., 2013. The structural and biochemical basis for cellulose biodegradation. J. Chem. Technol. Biotechnol. 88, 491–500.

76

Soil Microbiology, Ecology, and Biochemistry

Wheelis, M.L., Kandler, O., Woese, C.R., 1992. On the nature of global classification. Proc. Natl.
Acad. Sci. U. S. A. 89, 2930–2934.
Whipps, J.M., 2001. Microbial interactions and biocontrol in the rhizosphere. J. Exp. Bot.
52, 487–511.
Williams, T.A., Foster, P.G., Nye, T.M.W., Cox, C.J., Embley, T.M., 2012. A congruent
phylogenomic signal places eukaryotes within the Archaea. Proc. R. Soc. B 279, 4870–4879.
Woese, C.R., Kandler, O., Wheelis, M.L., 1990. Towards a natural system of organisms—proposal
for the domains Archaea, Bacteria, and Eucarya. Proc. Natl. Acad. Sci. U. S. A. 87, 4576–4579.
Yarza, P., Ludwig, W., Euzeby, J., Amann, R., Schleifer, R.H., Gl€ockner, F.O., Rossello-Mora, R.,
2010. Update of the all-species living tree project based on 16S and 23S rRNA sequence analyses. Syst. Appl. Microbiol. 33, 291–299.

