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Preface

This book was conceived following the completion of Microbiology of Extreme
Soils in this Soil Biology series. That volume was characterized by the remarkable
diversity of the microorganisms it considered, and by the wide range of extreme soil
environments that they inhabited. As bacteriologists with a special interest in the
taxonomy of Bacillus and its relatives, this set us thinking that, while soils are
generally considered to be the main habitats of the aerobic endospore-formers, our
understanding of their behaviour in soil environments seems to be greatly out-
weighed by our knowledge of individual species as studied, exploited, or combated
by human activities. Most laboratory-based studies of the properties and behaviour
of aerobic endospore-forming bacteria have been in-depth studies of single species
or strains — especially Bacillus subtilis, which is the most extensively studied Gram-
positive bacterium and probably the best understood prokaryote after Escherichia
coli — and it seems that the diversities of these various organisms’ habitats and
natural existences have often been given scant attention by investigators.

While a small number of aerobic endospore-forming species are opportunistic or
obligate pathogens of animals — including humans, other mammals and insects —
most species are saprophytes widely distributed in the natural environment. Their
habitats are soils of all kinds, ranging from acid through neutral to alkaline, hot to
cold and fertile to desert, and the water columns and bottom deposits of fresh and
marine waters. It is well known that endospores confer special properties of
dormancy, survival and longevity upon their owners in their natural environments,
play dominant parts in their life cycles and dispersal and influence our detection
and cultivation of the organisms. We no longer believe that these organisms simply
exist in soil as dormant spores, or that their vegetative forms are free-living
organisms; we recognize that they are active and dynamic members of the soil
flora and that they may interact with other soil inhabitants such as fungi, the roots of
plants, insects and nematodes.

Much has been written about these bacteria, on their spores, their genetics, their
importance in medical and food microbiology and their industrial applications;
some individual species such as B. subtilis, B. cereus and B. anthracis merit their
own books or reviews. Much has also been written about soil ecology, including the
contribution of microbes to soil fertility, interactions of soil microorganisms with
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plants, the control of pests and diseases, the floras of extreme environments and the
impacts of heavy metals — and these and other such topics have been the subjects of
several notable titles in the Soil Biology series. There is, however, little literature
that brings together the different aspects of behaviour and character of aerobic
endospore-formers with their contributions to the lives of soils and the lives of the
plants and animals that occupy them.

This book is an attempt to fill that gap to some extent, in a volume having four
broad and loosely defined themes (1) diversity, (2) growth, spores and survival, (3)
interactions and (4) contributions to soil ecosystems. When considering diversity,
we need to appreciate the huge expansion there has been in the number of aerobic,
endospore-forming taxa in the last 20 years, and our opening chapter outlines these
developments in classification and nomenclature, in order to bring the reader up
to date, and provides a listing of the new genus names that we have to learn.
Chapter 2 is focused on endospore-former diversity and community composition in
soil and the mechanisms that contribute to the diversity. Notwithstanding the many
novel species cultivated from soils in recent years, it is clear that many further taxa
await detection and cultivation, and Chap. 3 gives an account of approaches to
studying endospore-former diversity in soil without cultivation and describes some
current protocols for such studies. However, Chap. 4 emphasizes that cultivation-
based methods continue to be of value, and it reviews such approaches — both with
and without spore selection — including immunocapture or selective media in
combination with molecular techniques. Turning to growth, spores and survival,
Chap. 5 considers the life cycles of Bacillus species, especially B. cereus, in soil,
and these organisms’ parts in the horizontal gene pool, while Chap. 6 is devoted to
the methods available for undertaking such studies, including the use of soil
extracts, artificial soil microcosms and proteomics. Given that endospores can
survive dispersal from soils to a wide variety of other habitats, Chap. 7 looks at
their contamination of foods, drinks and animal feeds, and the implications for food
safety and quality. The next three chapters examine interactions of aerobic endospore-
formers with other members of the soil flora. Chapter 8 describes a positive
contribution of these organisms to agriculture, describes the protection of plants
from fungal diseases and includes protocols for the study of these effects. Further
interactions with eukaryotes are considered in both Chap. 9, with a timely review of
the remarkable nematode-parasitic organism Pasteuria penetrans and the potential
for its exploitation in the protection of plants, and Chap. 10, which gives an account
of endospore-formers as members of the intestinal microbial communities of soil
invertebrates. The subject of Chap. 11, the diversity of Bacillus thuringiensis in soil
and phylloplane, straddles several of our themes. The remaining five chapters look
at the roles of some aerobic endospore-formers in soil ecosystems. While the
presence of spores in a soil may not indicate that the organisms are growing
there, isolations of organisms showing special adaptations to extreme environments
in which they are found implies that they are metabolically active in these niches.
However, spores of such organisms are often to be found in non-extreme soils.
Chapter 13 considers the surprisingly widespread presence of thermophiles in tem-
perate soils and reviews the potentials of Geobacillus species in the bioremediation
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of oil contamination. Most of our knowledge of halophiles and haloalkaliphiles has
emerged from studies of aquatic habitats, but Chap. 16 surveys the presence of
these organisms in soils and sediments and also notes their unexpected frequency in
non-saline soils. With another example of bioremediation, Chap. 12 describes the
potential applications of Brevibacillus species as plant growth-promoting rhizo-
bacteria (PGPR) in metal-polluted soils, their associations with arbuscular mycor-
rhizal fungi and how these phenomena may be studied. Our remaining two chapters
deal with two opposed aspects of the nitrogen cycle and methods for their study:
Chap. 15 covers the nitrogen-fixing activities of Paenibacillus species and their
roles as PGPR and contributors to soil fertility, while Chap. 14 examines denitrifi-
cation by species of Bacillus and related genera, a process that deserves much
further study.

It is clear from these chapters that many questions in the field remain unan-
swered, and we hope that this book will stimulate further studies into aerobic
endospore-forming bacteria as important members of the soil microbiota. We
take this opportunity to record our warmest thanks to the book’s contributors, for
their chapters, cooperation and patience. We also extend our special gratitude to
Dr Jutta Lindenborn at Springer, for her generous support during the book’s
gestation, and Prof. Ajit Varma, Editor of the Soil Biology series, for inviting us
to prepare this book.

Glasgow, Scotland Niall A. Logan
Gent, Belgium Paul De Vos
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Chapter 1
Developments in the Taxonomy of Aerobic,
Endospore-forming Bacteria

Niall A. Logan and Gillian Halket

1.1 Introduction

The genus Bacillus was of key importance in the early history of microbiology, for
with observations upon Bacillus subtilis and its spores Cohn was finally able to
discredit the theory of spontaneous generation, and Koch'’s study of the life history
of B. anthracis marked the genesis of clinical bacteriology. Aerobic endospore-
formers have been and continue to be important in many fields of basic research,
and long-term research into the sporulation process in B. subtilis has led to its being
probably the best understood developmental system.

The term ‘““aerobic endospore-forming bacteria” is used to embrace Bacillus
species and related genera, and the production of resistant endospores in the
presence of oxygen has long been their defining feature. They may be aerobic or
facultatively anaerobic, and are also expected to possess Gram-positive cell wall
structures (but staining reactions, even in young cultures, may be Gram-variable or
frankly Gram-negative). These characters formed part of the definition of the group
for some 75 years, following the final report of Winslow et al. (1920) on the
classification of bacterial types. Recently, however, some exceptions have
emerged, and the genus Bacillus now contains strict anaerobes, non-sporulating
organisms and cocci.

The erosion of the definition has occurred because 16S rRNA gene sequence
analysis has permitted the recognition of genus boundaries whereas previously
genera were defined phenotypically, as pragmatic collections of species sharing
key (i.e., diagnostic) features. It is important that genera should not be defined by
levels of 16S rRNA gene sequence relatedness alone, regardless of levels of shared
phenotype. Species, however, often tend to be delineated on the basis of 16S rRNA
gene relatedness and DNA-DNA relatedness, and phenotypic descriptions may be
brief — often limited to observations of a single isolate — and so of little practical
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2 N.A. Logan and G. Halket

value. Thus, although developments in detection, isolation and characterization of
bacteria mean that we can now better reflect the natural diversity of the microbial
world overall, current approaches to classification allow the proposal of single-
strain taxa that do not reflect within-species diversity, and our understanding of the
roles of these organisms in the natural environment is therefore restricted.

The problem is exacerbated by a huge expansion in the number of valid taxa, and
discoveries of strains from novel, and often exotic, environments have helped to
fuel this explosion in the recognition of bacterial diversity. There are over 150
species currently allocated to Bacillus, and strains of about half of these have been
found in soil. Since 1990, 14 further genera have been proposed to accommodate
species previously assigned to Bacillus, and with the addition of new species these
genera now comprise over 220 species. Furthermore, 37 other new genera of
aerobic endospore-formers containing organisms not previously assigned to Bacil-
lus have also been proposed since 1990. Of these 51 genera, 37 (73%) contain
species that have been found in soil or soil-associated environments such as
sediments and composts. Notwithstanding the many novel species cultivated from
soils in recent years, it is clear that many further taxa await detection and cultiva-
tion, and De Vos (2011) gives an account of approaches to studying endospore-
former diversity in soil without cultivation.

1.2 Habitats and Dispersal

Most aerobic endospore-forming bacteria are widely distributed in the natural
environment as saprophytes, and their most frequent habitats are soils of all kinds,
ranging from alkaline through neutral to acid, cold to hot, and desert to fertile, and
the water columns and bottom deposits of fresh and marine waters. Many of them
will degrade biopolymers, with versatilities varying according to species, and it is
therefore assumed that they have important roles in the biological cycling of carbon
and nitrogen.

Several factors are known to affect endospore formation (growth temperature,
environmental pH, aeration, presence of certain minerals and carbon, nitrogen and
phosphorus sources and their concentrations) but two kinds of environmental fac-
tors, nutritional deprivation and population density are of particular importance in
the induction of sporulation. Endospores are metabolically extremely dormant, and
this dormancy is the key to their resistance to many agents, including heat, radiation
and chemicals, and so their survival over long periods. These spores can survive
distribution in soils, and in dusts and aerosols from soils, to a wide variety of other
habitats (such as food, as described in Heyndrickx (2011), and aerobic endospore-
formers may dominate the floras of air and airborne dust samples (Harrison et al.
2005; Kellogg and Griffin 2006). The wide distribution of endospore-formers is, of
course, in large part owing to the extraordinary longevity of their spores; indeed,
there is much interest in the potential for viable endospores to travel between
terrestrial planets such as Earth and Mars (Fajardo-Cavazos et al. 2007). It therefore
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seems remarkable that a metabolically dormant spore can monitor its external
environment in order to trigger germination within seconds of finding suitable
conditions, and that this triggering mechanism can escape the constraints of dor-
mancy while being resistant to damaging agents. Germination can be induced by
exposure to nutrients such as amino acids and sugars, by mixtures of these, by non-
nutrients such as dodecylamine and by enzymes and high hydrostatic pressure.

Aerobic endospore-formers are often isolated following heat treatment of speci-
mens in order to select for spores, but of course the presence of spores in a particular
soil does not necessarily indicate that the organisms are metabolically active there.
However, it is reasonable to assume that large numbers of endospores in a given soil
reflect former or current activities of vegetative cells in it (see, for example, Banat
and Marchant (2011). Isolations of organisms showing special adaptations to the
environments in which they are found, such as acidophily, alkaliphily, halophily,
psychrophily and thermophily, also suggest that these organisms must be metaboli-
cally active in these niches, but they give us little information about the importance
of their roles in the ecosystems, and no information about their interactions with
other members of the flora. It is clear, however, that endospore-formers form an
important part of the active soil microbiota and so influence soil fertility. Some
species, such as B. cereus and B. subtilis, are very widely distributed worldwide and
are often isolated; B. thuringiensis has been found growing in soils in all continents,
including Antarctica (Forsyth and Logan 2000). Airborne carriage seems the most
likely explanation for such wide dissemination, but the Antarctic isolates show
some phenotypic and genotypic distinctions from temperate strains, and their
arrival in the frozen continent does not appear to have been very recent. Although
some other species are apparently quite restricted in their distributions, endospores
undoubtedly permit widespread dispersal. For example, B. fumarioli was originally
isolated from geographically isolated volcanic locations on continental Antarctica,
and from Candlemas Island which lies some 5,600 km distant in the South Sand-
wich archipelago; birds are not known to visit these places, and there are no records
of any human travels between the sites, and so airborne dispersal seems likely to
have occurred (Logan et al. 2000). Furthermore, strains with similar phenotypic
behaviours and substantial genotypic similarities to the Antarctic isolates have been
isolated from gelatine production plants in Belgium, France and the USA (De
Clerck et al. 2004).

1.3 Species and Ecovars

As Rossello-Mora and Amann (2001) point out, the prokaryote species concept has
evolved with a series of empirical improvements that have followed developments
in characterization techniques. Presently, prokaryote taxonomists favour the poly-
phasic approach, in which a consensus is achieved after extensive investigation of
genomic information and phenotype. Comparison of 16S rRNA gene sequences is
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routinely used to classify bacteria to genus level and to give some guidance of
identity at species level, but it has insufficient resolution to identify reliably at
species level. Species delineation relies upon DNA-DNA relatedness studies, but
these are time-consuming and demanding, and rely on pair-wise comparisons of,
usually, small numbers of strains. Unless the reference strains are carefully chosen,
and are authentic representatives, erroneous conclusions may easily be reached.
Phenotype remains important for routine identification purposes, and phenotypic
description is a mandatory element of a valid species proposal. The principal and
practical purposes of microbial classification and nomenclature are to facilitate the
identification of novel isolates and allow efficient access to information about the
taxa to which they belong.

When molecular studies began to influence bacterial classifications in the late
1980s and early 1990s, it was hoped that a unified classification might be con-
structed that would reflect phylogenetic (natural) relationships and also allow
routine identification based upon phenetic (phenotypic and genetic) methods. The
second edition of Bergey’s Manual of Systematic Bacteriology (publishing in five
volumes between 2001 and 2010) arranges the taxa on the basis of perceived
evolutionary (i.e., natural) relationships, while providing phenetic information
intended to allow routine identification without the necessity for extensive molecu-
lar analysis. Phenetic approaches do not attempt to imply evolutionary relation-
ships, and so may be regarded as artificial, but they particularly serve the purpose of
facilitating routine identification, and so for practical purposes they are intended for
general-purpose use and are based upon many characters.

We are now entering a new era in characterization methods for microbial
taxonomy. 16S rRNA gene sequencing analysis is now normally automated and
is routine in many laboratories for classification. With nearly two decades of
experience, the shortcomings of 16S rRNA gene sequencing analysis for classifica-
tion at the species level, and therefore for identification as well, are better appre-
ciated. Newer methods, such as multilocus sequence analysis, genome sequencing
and microarray analyses, promise useful information for informing classification at
the species and subspecies levels, and for assisting identification work. Alongside
this increase in discriminatory power, it is often pointed out that the number of
recognized bacterial species is very small (around 5,000 species) in comparison
with the numbers of plant and animal species recorded — especially given the much
longer period of evolution that micro-organisms have enjoyed — and that many soil
bacteria have yet to be cultivated or described. It may be argued that the bacterial
species definition as presently applied is far broader than the definition applied to
animal species, and that if the present 70% DNA relatedness threshold were to be
strictly applied, then many thousands of bacterial species might be recognized
within a single gram of soil (Staley 2006).

It has been suggested that speciation may occur at the subspecies level within
ecological niches (ecovars, Staley 2006; ecotypes, Koeppel et al. 2008) and that it is
at such a level that a more natural concept of bacterial species may lie. Staley
proposed a genomic—phylogenetic species concept that would recognize the speci-
ation that may occur within ecological niches (leading to the development of
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ecovars) and become reflected in the geographical distributions of species (or
geovars), and encompass an organism’s evolution as revealed by genomic analysis
such as multilocus sequence analysis. Cohan and Perry (2007) observed that
various ecological studies in recent years have shown that a named bacterial species
may typically be an assemblage of closely related organisms that represent ecolo-
gically distinct populations. They use the term “ecotype”, which is defined as “a
group of bacteria that are ecologically similar to one another, so similar that genetic
diversity within the ecotype is limited by a cohesive force, either periodic selection
or genetic drift, or both”. Koeppel et al. (2008) introduced the concept of ecotype
simulation, which models the ecotype as an ecologically distinct group of organ-
isms whose diversity is limited by a cohesive force such as periodic selection or
genetic drift. On this basis, it was suggested that a bacterial ecotype would be closer
to the species concept that is widely used outside microbiology — ecologically
distinct groups that belong to genetically cohesive and irreversibly separate evolu-
tionary lineages. Ecotype simulation, they argued, would enrich bacterial system-
atics by acknowledging previously unrecognized bacterial groups, and provide a
long-needed natural foundation for microbial ecology and systematics.

These proposals clearly need to be tested extensively in order to investigate their
utilities, because if a single system is desired, then a bacterial classification that
effectively serves routine identification should not be subservient to one that more
accurately reflects ecological and evolutionary relationships. The application of a
new bacterial species concept that embraces these ecological and biogeographical
considerations, and that is informed by the abovementioned characterization meth-
ods of greater discriminatory power, is likely to result in a massive increase in
species numbers; yet these species must be identifiable in routine laboratories
worldwide if such a classification is to gain acceptance.

As Cohan and Perry (2007) point out, the concept of the ecotype has long been
applied in medical bacteriology, as with the distinction of B. anthracis from
B. cereus and also, of course, from B. thuringiensis. Horizontal DNA transfer
between members of the B. cereus group has been demonstrated not only in soil
and the rhizosphere (Thomas et al. 2001; Saile and Koehler 2006) but also in
insects, mammals and foodstuffs (Andrup et al. 2008). In all three species, virulence
factors are borne extra-chromosomally on plasmids, and when such plasmids are
lost, rendering a strain avirulent, the species become indistinguishable from one
another; their chromosomes are extremely similar (Rasko et al. 2005). The current
concepts of the species define B. anthracis as having pX01 and pX02 plasmids that,
respectively, encode the tripartite toxin and the capsule, and B. thuringiensis as
having a variety of plasmids that encode isoforms of the 6 toxin. Although B. cereus
has a very variable plasmid profile that lacks well-defined, conserved members that
could delineate the species, Rasko et al. (2007) found a group of pXOl1-like
plasmids that may define subgroups associated with different pathogenic presenta-
tions among B. cereus isolates. In such circumstances, the term pathovar may be
regarded as synonymous with ecovar. It would be perfectly acceptable in taxonomic
terms to describe both B. anthracis and B. thuringiensis as varieties of B. cereus.
Indeed, over 50 years ago Smith et al. (1952) reported that virulent and avirulent
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strains of B. anthracis were indistinguishable from B. cereus by routine characteri-
zation tests, and they classified B. anthracis as B. cereus var anthracis. Gordon et al.
(1973) maintained this view, and subsequently many molecular studies have sup-
ported it (Rasko et al. 2005; Tourasse et al. 2006), but it never gained wide
acceptance, and it is widely recognized that for medical, economic and social
reasons it is still not appropriate to propose any change to the nomenclature of
the B. cereus group species.

The current taxonomy of the B. cereus group thus represents the maintenance of
the status quo. That of the B. subtilis group is in stark contrast with it, as several taxa
have been proposed on the basis of the smallest of differences, with no easily
determined characters for species distinction being given; B. subtilis has been split
into two subspecies and three new species: B. atrophaeus (Nakamura 1989),
B. mojavensis (Roberts et al. 1994), B. vallismortis (Roberts et al. 1996), B. subtilis
subsp. spizizenii and B. subtilis subsp. subtilis (Nakamura et al. 1999). These
proposals were based principally upon DNA-DNA relatedness studies, with the
70% relatedness threshold for species having been rigorously applied, and distinc-
tions between these “cryptic” individual taxa were supported by a miscellany of
approaches that included small differences in profiles of fatty acid composition,
multilocus enzyme electrophoresis, restriction digest analysis of selected genes and
transformation resistance. The only distinctive phenotypic character cited among
these proposals was the production of brown pigment by B. atrophaeus on media
containing tyrosine, and so the recognition of the four new taxa is of little practical
value. Another example is B. sonorensis (Palmisano et al. 2001), a soil ecovar of
B. licheniformis from the Sonoran Desert, Arizona, and distinguishable from
B. licheniformis mainly by pigment production on tyrosine agar, certain gene
sequences, enzyme electrophoresis and DNA relatedness.

Problems with identification were created by the proposal of B. vallismortis, a
desert soil ecovar of B. subtilis; recently the VITEK2® (bioMérieux Inc. USA),
a leading automated bacterial identification system, has been forced to incorporate a
note into the identification of B. vallismortis that reads: “the taxonomic status of
B. vallismortis appears to be in flux since it can only be differentiated from
B. subtilis by molecular methods or by geographic source. As strains of B. vallis-
mortis were isolated from Death Valley, California, USA, this should be taken into
account for their differentiation”. In this example, elevation of an ecovar to species
status has hindered and confused many diagnostic bacteriologists that need to
identify B. subtilis routinely.

Subsequently, B. axarquiensis and B. malacitensis were proposed (Ruiz-Garcia
et al. 2005a) as further members of the B. subtilis group, each upon the basis of a
single isolate showing less than 47% DNA-DNA relatedness with phylogenetic
relatives, and yet Wang et al. (2007a) reported homologies of greater than 83%
between these two strains and B. mojavensis, and found few phenotypic features to
separate the three species; they proposed that B. axarquiensis and B. malacitensis
were heterotypic synonyms of B. mojavensis. Similarly, B. velezensis (Ruiz-Garcia
et al. 2005b) was proposed for two river-water isolates that were reported to have
less than 20% DNA relatedness with members of the B. subtilis group, but
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Wang et al. (2008) found 74% relatedness with the type strain of B. amyloliquefa-
ciens and declared B. velezensis to be a later heterotypic synonym of B. amyloli-
quefaciens.

While DNA-DNA relatedness rightly remains most important in bacterial tax-
onomy, such data lack transparency because, unlike the 16S rRNA gene sequences
that are deposited in public databases and examinable for quality, DNA relatedness
values cannot be scrutinized by others and the qualities of the DNAs used in their
production cannot be ascertained. Given the danger of error being inherent in the
technically demanding methods for DNA-DNA hybridization, the recently pro-
posed minimal standards for describing new taxa of aerobic, endospore-forming
bacteria (Logan et al. 2009) “strongly recommended” that the Athermostability
(AT,,) of hybrid DNAs be determined and that it is “essential” for researchers to
establish the qualities of the DNAs they use and to include reciprocal values and
relevant controls.

It has long been recommended (Wayne et al. 1987) that, “a distinct genospecies
that cannot be differentiated from another genospecies on the basis of any known
phenotypic property not be named until they can be differentiated by some pheno-
typic property”. If microbial classification is to serve a practical diagnostic purpose,
it is most important that we continue to adhere to this tenet and that a consensus
approach to taxonomy be adopted by scientists. The suggestion of Koeppel et al.
(2008), that ecotypes be recognized and named by adding an “ecovar” epithet to the
species binomial has much to recommend it. It would allow systematists to feel the
way to developing a revised definition of bacterial species that properly utilizes
advanced methods of characterization, allows the construction of a practically
useful taxonomy, and better reflects the true diversity of bacteria.

1.4 Taxonomic Progress

As mentioned earlier, the genus Bacillus and certain of its species hold important
places in the history of bacteriology. Christian Ehrenberg described Vibrio subtilis
in 1835, so that “subtilis” is one of the earliest bacterial species epithets still in use
(although “vibrio” may bring a picture of curved rods to a bacteriologist’s mind,
the name derives from a Latin word meaning “to shake’). Ferdinand Cohn proposed
the genus in 1872, for three species of rod-shaped bacteria: B. subtilis (the
type species), B. anthracis and B. ulna. The identity of B. ulna is obscure but,
despite the extensive taxonomic splitting that followed the introduction of 16S
rRNA gene sequencing in the 1990s, the other two species remain within the genus,
and are probably its best-known representatives. Cohn, who is generally regarded as
the founder of bacterial classification, proposed the genus at a time when bacterial
taxonomists were still constrained by the small number of differential characters
available to them; when assigning the three species to Bacillus he was primarily
considering cell shape and, as the inclusion of the non-motile B. anthracis attests,
he did not consider motility to be an important character.
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Although Cohn illustrated the spores of B. subtilis in a later taxonomic publica-
tion of 1875 and was soon to demonstrate their importance as resistant forms in
1876, he did not take sporulation into account as a generic character. Given his
interest in bacterial classification this may seem surprising, because Cohn certainly
considered spore properties to be of significance in the epidemiology of anthrax.
Endospores were discovered independently of Cohn, by Koch and in 1877 by
Tyndall, and it is Robert Koch who is usually credited as the founder of medical
bacteriology. He recognized the significance of spores in the epidemiology of
anthrax and his demonstration of the life history of B. anthracis in 1876 confirmed
that this bacterium was the agent of anthrax in animals and man; he thus proved the
germ theory of disease. It should be noted, however, that others had been investi-
gating anthrax for many years. It was shown to be a contagious disease in 1823, and
Casimir Davaine was convinced by 1863 that the “bacteridia” he found in the blood
of animals with anthrax were, alone, the cause of this distinct disease, and that
anthrax resulted when blood containing them was injected into healthy animals; he
later named the organism responsible — Bacteridium anthracis —in 1868. We should
remember that at this time some workers considered that classification of the
“fission fungi” was of no scientific value, and many still believed that all bacteria
existed in several morphological and physiological forms — in 1882 Buchner
claimed that shaking cultures of B. subtilis at different temperatures could yield
B. anthracis!

Through the 1880s and 1890s, authors of bacterial classifications differed in their
opinions of the importance of spores as a key character of the genus. The term
Bacillus has consequently been employed in two senses — as a genus name and as a
general reference to shape — and the latter has, unfortunately, become the most
widely accepted definition of the term, especially by medical bacteriologists, and
considerable confusion has resulted. Indeed, as early as 1913 Vuillemin considered
that the name had become so vulgarized by varied applications that it should lose
nomenclatural status; however, he proposed that it should be replaced with the
generic name Serratia!

The Committee of the Society of American Bacteriologists on Characterization
and Classification of Bacterial Types came up with, in the early volumes of the
Journal of Bacteriology (Winslow et al. 1920), satisfactory and largely uncontested
definitions of bacterial groups. The family Bacillaceae was defined as “Rods
producing endospores, usually Gram-positive. Flagella when present peritrichic.
Often decompose protein media actively through the agency of enzymes” and
Bacillus was described as “Aerobic forms. Mostly saprophytes. Liquefy gelatine.
Often occur in long threads and form rhizoid colonies. Form of rod usually not
greatly changed at sporulation”. The Committee also used the requirement of
oxygen and sporangial shape for differentiation between Bacillus and Clostridium,
the other genus in the family Bacillaceae, and this description was applied in the
first and second editions of Bergey’s Manual of Determinative Bacteriology.

There existed another problem around this time — confusion had emerged about
the identity of the type species of the genus as two very different type strains
seemed to exist. One from the University of Marburg bore small spores and
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germinated equatorially, and the other from the University of Michigan (originating
from the laboratory of Koch in 1888) formed much larger spores with germination
occurring at the pole. Following extensive studies, Conn suggested in 1930 that the
Marburg type should be called B. subtilis Cohn, and this strain was finally officially
adopted as the generic type in 1936.

Some 70 years on, the phenotypic definition of Bacillus as a genus of aerobic
endospore-forming rods has been weakened by the introduction of a phylogenetic
approach to bacterial classification. There followed the proposals of the strict
anaerobes B. infernus (Boone et al. 1995), B. arseniciselenatis (Switzer Blum
et al. 1998) and B. macyae (Santini et al. 2004), and the non-sporulating species
B. infernus, Bacillus thermoamylovorans (Combet-Blanc et al. 1995), B. selenitir-
educens (Switzer Blum et al. 1998), B. subterraneus (Kanso et al. 2002),
B. saliphilus (Romano et al. 2005), B. foraminis (Tiago et al. 2006), B. okhensis
(Nowlan et al. 2006) and B. gingdaonensis (Wang et al. 2007b). Furthermore, only
coccoid cells have been observed in the single available strain of B. saliphilus, so
that Bacillus is no longer exclusively a genus of rods, and the genus Sporosarcina,
established in 1936 to accommodate aerobic endospore-forming cocci, now con-
tains 12 species, most of which are rod-shaped.

Nearly 120 Bacillus species were proposed after 1990 and many of these were
based on the study of a single isolate. The descriptions of a further nine species were
based upon only two strains, so that nearly 40% of the species in this genus (and
about 50% of those published since 1990) are poorly represented, and we have little
or no information about their within-species variation. Also, since 1990, 16 further
genera have been established to accommodate species previously assigned to
Bacillus. With the merger of two genera and the addition of new species these
genera now comprise 223 species, while Bacillus, with 153 species, has acquired
more species than it has lost to new genera. Furthermore, 38 other new genera of
aerobic endospore-formers containing organisms not previously assigned to Bacil-
lus have also been proposed since 1990; in 35% of these there is only one species in
the genus, and, again, most of the species are poorly represented. Lack of knowl-
edge of the between-strain variation of a species will nearly always lead to
difficulties in identification, and further isolations regularly result in emendations
of descriptions and, not infrequently, in taxonomic and nomenclatural changes.
Table 1.1 lists the currently valid genera and shows numbers of species and
percentages of poorly represented species.

Overall, therefore, we have 54 new genera (51 following mergers) of aerobic
endospore-formers containing 461 new or revived species that have been proposed
in the 23 years since the 1986 edition of Bergey’s Manual, and yet only nine
proposals for merging species have been made in that time (B. galactophilus as a
synonym of B. agri, Shida et al. 1994; Bacillus gordonae as a synonym of
B. validus, Heyndrickx et al. 1995; B. larvae and B. pulvifaciens as subspecies of
Paenibacillus larvae, Heyndrickx et al. 1996; merger of P. larvae and P. pulvifa-
ciens as P. larvae, Genersch et al. 2006); reclassification of Paenibacillus durum
[formerly Clostridium durum] as a member of the species P. azotofixans, Rosado
et al. 1997 [but correct name, with gender adjusted, is P. durus according to
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priorityl; B. kaustophilus and B. thermocatenulatus as members of B. thermoleo-
vorans, Sunna et al. 1997, but not validated; reclassification of B. axarquiensis and
B. malacitensis as later heterotypic synonyms of B. mojavensis, Wang et al. 2007a,
and three proposals for merging genera (Virgibacillus and Salibacillus, Heyrman
et al. 2003; Terribacillus and Pelagibacillus, Krishnamurthi and Chakrabarti 2008;
Jeotgalibacillus and Marinibacillus, Yoon et al. 2010).

16S rRNA gene sequence analysis has also allowed the proposal of a clearer
phylogenetic structure at higher taxonomic levels, although it is important to appreci-
ate that changes will occur as new data become available and as methods for analysis
improve. This “road map” and its revisions were used to guide the arrangement of the
Second Edition of Bergey’s Manual of Systematic Bacteriology (5 volumes, with the
first published in 2001; Volume 3 (De Vos et al. 2009) includes the aerobic endospore-
formers). The revision used for Volume 3, The Firmicutes, was based upon the
integrated small-subunit rRNA database of the SILVA project (Pruesse et al. 2007).
It has been proposed that the phylum Firmicutes contains three classes: “Bacilli”,
“Clostridia” and “Erysipelotrichia”, and Clostridium clearly no longer lies within
the family Bacillaceae. Within the class “Bacilli” the order Bacillales contains nine
families, seven of which include genera of aerobic endospore-formers: Bacillaceae,
“Alicycobacillaceae”, “Paenibacillaceae”, Pasteuriaceae, Planococcaceae, “Sporo-
lactobacillaceae” and “Thermoactinomycetaceae”; the other two families are
“Listeriaceae” and “Staphylococcaceae”. The relationships that led to these proposals
are not all clear-cut, however; for example: Bacillaceae accommodates misassigned
genera, within Bacillaceae a large genus group that includes Amphibacillus,
Gracilibacillus, Halobacillus, Virgibacillus and 12 other recently proposed genera
may warrant elevation to family status (Ludwig et al. 2007), and some subclusters of
Bacillus may warrant elevation to generic status.

1.5 Identification Schemes

However, the taxonomic progress outlined above has not usually revealed readily
determinable features characteristic of each of the new genera, and they show wide
ranges of sporangial morphologies and phenotypic test patterns. Identification can
be very challenging.

The commonest spore-forming bacteria were accurately described in papers
published early in the twentieth century, and the number of species recognized at
the time was small, but even then identification of fresh isolates was problematic.
Ford and coworkers had difficulty in identifying their collection of milk isolates,
and so in 1916 they published one of the first practical schemes for Bacillus
identification, based on an extensive investigation of many strains from various
environments. With the resolution of the type strain controversy, the discovery that
many pathogenic “B. subtilis” strains were in fact B. cereus stimulated N. R. Smith
and colleagues to conduct a large taxonomic study of the genus followed by a
grouping of the mesophilic species in the form of a diagnostic key in the 1930s.
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Smith’s team meticulously characterized their cultures and then emphasized the
similarities rather than the differences between their strains, so that they “lumped”
their taxa rather than splitting them. In a report published a decade after the study
began, and later revised (Smith et al. 1952), they recognized three groups of species
on the basis of spore morphologies, and the first truly workable diagnostic key for
Bacillus emerged; its effectiveness was soon confirmed by Knight and Proom — in
their study of 296 strains all but 51 could be allocated to the species or groups
previously described. The studies from Smith’s laboratory shaped the future of
Bacillus taxonomy, and various research groups began applying existing techniques
and new methods to the taxonomy of the genus Bacillus.

Numerical taxonomic methods were firstly applied to Bacillus by Sneath in the
early 1960s, using the data of Smith et al. (1952), and a phenogram was constructed
that “largely agreed” with the 1952 classification. One of the most influential and
significant schemes for the genus was published by Gordon et al. (1973), after
protracted study of 1,134 strains. It is perhaps surprising that these authors did not
employ numerical analysis, but the scheme was widely and successfully used for
many years. During the 1970s several new approaches to characterization such as
serology, enzyme and other molecular studies, and pyrolysis gas—liquid chroma-
tography began to emerge as potentially useful taxonomic tools in bacterial taxon-
omy as a whole, but despite this the taxonomy of Bacillus remained relatively
untouched, with few new species or subspecies being described and validated. The
emphasis at that time was on identification.

A decade later, increasing incidence of Bacillus isolations from clinical and
industrial environments emphasized the need for a rapid identification scheme, and
that could only follow an improved taxonomy of the genus. Consequently, Logan
and Berkeley (1984) developed a Bacillus identification scheme with a large
database for 37 clearly defined taxa (species) based upon miniaturized tests in the
API 20E and S0CHB Systems (bioMérieux, Marcy 1’Etoile, France).

It was also the classification of Gordon et al. (1973) with support from the work
of Logan and Berkeley (1981) that formed the basis of the list of Bacillus included
in the Approved Lists of Bacterial Names published by the International Committee
of Systematic Bacteriology (Skerman et al. 1980). These lists marked a new starting
date for bacterial nomenclature, the previous date being that of Linnaeus’ monu-
mental classification work, Species Plantarum, which was published in 1753. Since
that time, many synonyms had inadvertently been proposed and, as mentioned
earlier, the number of Bacillus species described fluctuated greatly through succes-
sive editions of Bergey’s Manual.

However, since the development of the Gordon et al. and Logan and Berkeley
schemes, mainly for neutrophilic and mesophilic species, Bacillus has been
divided, and the genus and new genera derived from it also encompass many
acidophiles, alkaliphiles, halophiles, psychrophiles and thermophiles. The task of
identification became more complicated, owing to:

1. The proposal of many new species (frequently from exotic habitats, and often
primarily on the basis of molecular analyses).
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2. The allocation of strict anaerobes (B. arseniciselenatis, B. infernus) and organ-
isms in which spores have not been observed (B. infernus, B. thermoamylovor-
ans, etc.) to Bacillus.

3. The transfer of many species to new genera, without revealing readily determin-
able features characteristic of each genus.

4. Many recently described species being proposed on the basis of very few strains
so that the within-species diversities of such taxa, and so their true boundaries,
remain unknown.

5. Many recently described species being based on genomic groups disclosed by
DNA-DNA pairing experiments, with routine phenotypic characters for their
distinction often being very few and of unproven value.

The identification schemes of Gordon et al. (1973) and Logan and Berkeley
(1984) embraced 18 and 37 species, respectively, and in both cases only about half
of the species remain in Bacillus; such methods can no longer be expected, even
with substantial modifications and expanded databases, to allow recognition of all
or even most species of aerobic endospore-formers. Identification with routine
phenotypic tests must therefore call upon a variety of characterization methods,
and a unified approach is no longer possible. Despite this, the traditional characteri-
zation tests used by Gordon et al. retain their place in Bacillus identification,
because the most commonly encountered species are still distinguishable by these
methods. Fritze (2002) recommended a stepwise approach to identification of the
aerobic endospore-formers, using the characterization tests of Gordon et al., and
many of the same characters are included in the Proposed minimal standards for
describing new taxa of aerobic, endospore-forming bacteria (Logan et al. 2009).

However, further problems have emerged with the splitting of well-established
(but not necessarily homogeneous) species or groups into large numbers of new
taxa over a short period. For example, Bacillus circulans was long referred to as a
complex rather than a species, but the revision of the taxonomy of this group, and
consequent proposals for several new species to be derived from it, have led to
difficulties in identification. Although the proposals were mostly based upon
polyphasic taxonomic studies, initial recognition of the new taxa depended largely
upon DNA relatedness data. A DNA:DNA re-association study of B. circulans
strains yielded B. circulans sensu stricto, B. amylolyticus, B. lautus, B. pabuli and
B. validus and evidence for the existence of five other species (Nakamura and
Swezey 1983; Nakamura 1984). Bacillus amylolyticus, B. lautus, B. pabuli
and B. validus are now accommodated in Paenibacillus, and these species and
B. circulans are difficult to distinguish using routine phenotypic tests. Such radical
taxonomic revisions have left many culture collections worldwide with few repre-
sentatives of B. circulans sensu stricto, but with numerous misnamed strains of this
species, which may or may not belong to one of the newly proposed taxa. The
curators will normally not be able to know which are which without considerable
expenditure in scholarship and experimental work, and in many cases a collection
will hold only one authentic strain, the type strain, of a species — be it an old or new
species. If microbial classification does not serve a practical diagnostic purpose, it is
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of little interest, and it is essential that if a new species is to be proposed it should be
identifiable by readily available phenotypic and/or genomic methods.

The written description of a species or genus must therefore be seen as a
practically essential, integral part of any taxonomic proposal, and care needs to
be taken to ensure that it is as comprehensive and practically useful as possible; the
diagnostic characters should not be seen merely as adjuncts to the delineation of a
taxon that has been recognized primarily on the basis of genomic data. Phenotype,
along with genotype, “continues to play a salient role in the decision about cut-off
points of genomic data for species delineation . . . [and] . . . description of species. . .
should be based on the use of well-documented criteria, laboratory protocols and
reagents which are reproducible” (Stackebrandt et al. 2002). Unfortunately, com-
parisons of related species are often made by reference to descriptions given in the
literature, rather than by laboratory study of reference cultures. It needs to be
remembered that characterization methods and their interpretation vary, and typo-
graphic errors in the compilation of descriptions are bound to occur (many were
encountered by NAL in the preparation of sections on Bacillus and other genera for
the second edition of Bergey’s Manual of Systematic Bacteriology), so compilations
as well as original descriptions should never be relied upon entirely.

Current schemes for identifying aerobic endospore-formers may be roughly
divided into four categories effectively based upon (1) traditional biochemical,
morphological and physiological characters, (2) miniaturized versions of traditional
biochemical tests (e.g., API kits, VITEK cards and Biolog plates), (3) chemotaxo-
nomic characters (such as PAGE of whole cell proteins, and fatty acid methyl ester
[FAME] profiles) and (4) genomic characters (16S rRNA gene sequencing,
DNA-DNA relatedness, etc.). As early as the work of Smith et al. (1952), it was
becoming clear that no one phenotypic technique would be suitable for identifying
all species of aerobic endospore-former. Identification problems have mounted up
as further species from all kinds of niches have subsequently been proposed.
Chemotaxonomic analyses and studies of nucleic acids have resolved only some
of these problems, as it is impossible to devise standardized conditions to accom-
modate the growth of all strains of all species for chemotaxonomic work, and it
remains unknown to the taxonomist if differences between taxa are consequences
of genetic or, as discussed earlier, environmental factors. The need to substantiate
each characterization method by other techniques (be they phenotypic or genotypic)
has become increasingly important as new techniques emerge. This need is satisfied
by the polyphasic approach now usual for serious classification studies, and the
same approach may sometimes be necessary in order to identify strains from some
of the less familiar species.

The International Committee on Systematics of Prokaryotes (ICSP) is an inter-
national committee within the International Union of Microbiological Societies,
and it is responsible for matters relating to prokaryote nomenclature and taxonomy.
The ICSP has a number of subcommittees that deal with matters relating to the
nomenclature and taxonomy of specific groups of prokaryotes. One of the main
remits of these subcommittees is the proposal of minimal standards for describing
new taxa within their fields of expertise (Recommendation 30b of the
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Bacteriological Code (1990 Revision), Lapage et al. 1992), and the Subcommittee
on the Taxonomy of the Genus Bacillus and Related Organisms has recently
proposed its own such standards. These give guidance on the preparation of
proposals of new genera and species of aerobic, endospore-forming bacteria; they
recommend that such proposals be based upon more than one isolate, that cultiva-
tion conditions be given in detail, and that microscopic characters be clearly
described, and the phenotypic, chemotaxonomic and genotypic characters that are
essential or highly desirable for the establishment of a new species or genus, and its
subsequent recognition, are listed (Logan et al. 2009).

1.6 Current Taxonomy

Table 1.1 summarizes the present classification of the aerobic endospore-formers,
and highlights the genera that contain species isolated from soil; Fig. 1.1 shows the
relationships of many of the aerobic endospore-forming genera, based upon com-
parison of 16S rRNA gene sequences. Although Bacillus species have long been
regarded as primarily soil organisms, it seems that soils are not the main sources for
many of the newer (albeit poorly represented) taxa. The following paragraphs give
a little more information about some of the larger genera.

In the family Bacillaceae, Bacillus continues to accommodate the best-known
species such as B. subtilis (the type species), B. anthracis, B. cereus, B. licheni-
formis, B. megaterium, B. pumilus and B. thuringiensis. It still remains a large
genus, with over 150 species, as transfers of species to other genera have been
balanced by proposals for new Bacillus species (and several species await transfer
to Geobacillus and Paenibacillus). The pathogenic members of the B. cereus group,
B. anthracis, B. cereus and B. thuringiensis, are really pathovars of a single species,
and along with B. mycoides, B. pseudomycoides and B. weihenstephanensis, these
species form the B. cereus group, as this phylogenetic subcluster is informally
known. Another such subcluster contains B. amyloliquefaciens, B. licheniformis,
and other close relatives of B. subtilis — the B. subtilis group. Most of the obligate
thermophiles originally allocated to Bacillus have been transferred to Geobacillus,
with the former “Bacillus stearothermophilus” as the type species; the genus now
comprises 16 species including G. kaustophilus, G. thermodenitrificans, G. thermo-
glucosidasius and G. thermoleovorans, but several species probably warrant merg-
ing. The distinctiveness of the spherical-spored species B. sphaericus and
B. fusiformis had long been recognized, as they are unreactive in routine character-
ization tests and possess distinctive petidoglycans containing lysine. They have
accordingly been transferred to a new genus, Lysinibacillus, with a new species
L. boronitolerans as the type. Most of the remaining genera contain small numbers
of species that were not originally accommodated in Bacillus, and many of these
species are halophilic or halotolerant, and often alkaliphilic.
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AB264529 Halalkalibacillus halophilus
AJ238041 Alkalibacillus haloalkaliphilus
AY319933 Tenuibacillus multivorans
AB194046 Piscibacillus salipiscarius
AJ238042 Filobacillus milosensis

AF036922 Gracilibacillus halotolerans
D82065 Amphibacillus xylanus
AB196783 Halolactibacillus halophilus
AB087828 Paraliobacillus ryukyuensis
AB107894 Cerasibacillus quisquiliarum
AY057394 Lentibacillus salicampi
D16275 Virgibacillus pantothenticus
AB010863 Oceanobacillus iheyensis
AM114102 Paucisalibacillus globulus
Y13066 Ornithinibacillus bavariensis
AY321436 Salinibacillus aidingensis
AM292417 Salirhabdus euzebyi

- DQ519571 Pelagibacillus goriensis
AB243847 Terribacillus saccharophilus
AY553296 Pontibacillus chungwhensis
AJ717299 Thalassobacillus devorans
X90834 Salimicrobium album
X94558 Halobacillus litoralis

AF074970 Bacillus subtilis
AJ276351 Bacillus subtilis
EU364818 Falsibacillus pallidus
AF281158 Jeotgalibacillus alimentarius
AJ237708 Marinibacillus marinus
AF144750 Planomicrobium koreense
X62172 Planococcus citreus
DQ333897 F i isquili
AJ292316 Filibacter limicola
AF202057 Sporosarcina ureae
AB271740 Kurthia zopfii

L AJB27211 Viridibacillus arvi
X70314 Caryophanon latum
AJ310084 Lysinibacillus sphaericus

AB021193 Pullulanibacillus naganoensis
AB374521 Sporolactobacillus inulinus
AB231786 Tuberibacillus calidus
EU621361 Aeribacillus pallidus
726932 Anoxybacillus flavithermus
AB021196 Geobacillus stearothermophilus
L09227 Saccharococcus thermophilus
AM492160 Salsuginibacillus kocurii
X90835 Marinococcus halophilus
DQ168584 Sinococcus qinghaiensis

— AM050346 Vulcanibacillus modesticaldus
AB239529 i phil
AB049939 Shimazuella kribbensis
AF138735 Seinonella peptonophila
AF138739 Thermoactinomyces vulgaris
AJ251779 Laceyella sacchari
AB088364 Planifilum fimeticola
AF138733 Tl i [

Y14578 Ammoniphilus oxalaticus
Y14581 Oxalophagus oxalicus
AB271756 Brevibacillus brevis

X94194 Aneurinibacillus aneurinilyticus
AY753654 Caldalkalibacillus thermarum
AB101594 Ureibacillus thermosphaericus
AJ005795 Thermobacillus xylanilyticus
AJ971483 Cohnella thermotolerans
AJ320493 Paenibacillus polymyxa
AB030219 Coprobacillus cateniformis
AJ496806 Alicyclobacillus acidocaldarius
AB089859 Alicyclobacillus acidocaldarius

Fig. 1.1 Neighbour-joining phylogenetic tree of aerobic endospore-forming bacteria based on
16S rDNA gene sequences, showing accession numbers, genera and species. Cluster analysis was
performed using BioNumerics 5.10 (Applied Maths, Sint-Martens-Latem, Belgium)
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At present only one genus of thermoacidophiles, Alicyclobacillus, most of whose
species possess m-alicyclic fatty acids, is allocated to the proposed family “Alicy-
clobacillaceae”. Tumebacillus permanentifrigoris, a facultatively chemolithoauto-
trophic and mesophilic neutrophile isolated from permafrost soil, shows some
phylogenetic relationship with Alicyclobacillus.

In the family “Paenibacillaceae” , Paenibacillus, with 110 species, is the largest
genus of aerobic endospore-formers after Bacillus. It was proposed to accommo-
date species formerly allocated to Bacillus, such as B. polymyxa (the type species),
B. macerans, B. alvei, and the honeybee pathogen B. larvae. Many species are
highly active in tests for acid production from carbohydrates, and share other
phenotypic characters with B. circulans; 16S rRNA gene sequence studies revealed
that many strains formerly allocated to that species actually represent several taxa
within Paenibacillus. Members of this genus are widely distributed in soil, often in
association with plants, and several species can fix nitrogen. Aneurinibacillus and
Brevibacillus species are also particularly associated with soil, but members of both
genera are unreactive in routine laboratory characterization tests, unlike Paeniba-
cillus species. The other genera in this family also show associations with soil
and plants.

Pasteuriaceae contains the single genus Pasteuria, which contains four species
of endospore-forming, obligate endoparasites of phytopathogenic nematodes and
crustaceans, with P. ramosa as type species; none of the species have been grown
axenically, and several further species have been described and await validation
(see Bishop 2011).

Planococcaceae contains genera of endospore-formers and non-endospore-formers.
Sporosarcina was proposed in 1936 to accommodate the motile, spore-forming
coccus S. ureae, and its relationship to Bacillus pasteurii was recognized in the
early days of 16S rRNA gene sequence comparisons. It remained a single-species
genus for 48 years. In 1984 Sporosarcina halophila was added, but 12 years later it
was removed to the new genus Halobacillus (in Bacillaceae); subsequently 11
other, rod-shaped, round-spored species, including B. pasteurii, B. globisporus and
B. psychrophilus were placed in the genus.

“Sporolactobacillaceae” is another single-genus family, although some Bacillus
species show a relationship to it, as do the recently proposed genera Pullulaniba-
cillus and Tuberibacillus. Following its proposal in 1963, Sporolactobacillus com-
prised a single species for over 30 years, until four new species and two subspecies
were proposed in 1997. The type species, Sporolactobacillus inulinus, was at one
time regarded as a “Bacillus—Lactobacillus” intermediate on account of its homo-
lactic fermentation and microaerophily, and some more recent attention has been
stimulated by current interest in probiotics. The sharing of a lineage with Bacillus
laevolacticus had been recognized for some years (Stackebrandt and Swiderski
2002), and Hatayama et al. (2006) proposed the transfer of B. laevolacticus to
Sporolactobacillus.

Thermoactinomyces was proposed in 1899 to harbour a thermophilic organism
with Actinomyces-like mycelial growth, but its spores are true endospores, it lies
within the evolutionary radiation of Bacillus and related genera, and shows a close
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relationship with Pasteuria. The family “Thermoactinomycetaceae” comprises
seven genera of endospore-formers: Laceyella and Thermoflavimicrobium, which
contain species formerly within Thermoactinomyces, and Mechercharimyces,
Planifilum, Seinonella and Shimazuella.
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Chapter 2
Diversity of Endospore-forming Bacteria in Soil:
Characterization and Driving Mechanisms

Ines Mandic-Mulec and James 1. Prosser

2.1 Introduction

Aerobic endospore-formers have long been considered to be important components
of the soil bacterial community. Inoculation of standard nutrient media with soil
that has been heat-treated, to kill vegetative cells, leads to growth of high numbers
of endospore-formers and the availability of isolates has facilitated detailed taxo-
nomic and physiological studies. Both taxonomic and physiological diversity of soil
isolates is high and extrapolation of this metabolic capability and diversity implies
important roles in a wide range of soil ecosystem functions and processes. Their
heterotrophic life style suggests an obvious role in the carbon cycle but, as a group,
aerobic endospore-formers are also important in the soil nitrogen cycle, as deni-
trifiers, nitrogen fixers and degraders of organic nitrogen; in the sulphur cycle as
sulphur oxidizers; and in transformation of other soil nutrients, e.g., through
manganese reduction. Their abilities to break down cellulose, hemicelluloses and
pectins suggest major roles in mineralization of plant material and humic material,
while chitinase activity facilitates degradation of fungal cell walls and insect
exoskeletons. Thermophilic bacilli dominate the high-temperature stages of com-
posting and they produce a wide range of commercially valuable extracellular
enzymes, including thermostable enzymes. Endospore-formers are important in
soil bioremediation, through their ability to degrade BTEX (benzene, toluene,
ethylbenzene and xylene) compounds and to methylate mercury. They produce a
wide range of antiviral, antibacterial and antifungal compounds, which may be
important in interactions with other soil microorganisms and have significant
commercial potentials in agriculture and medicine. Many have phosphatase
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activity, releasing phosphate for plant growth, and they possess a range of other
plant-beneficial properties that have led to commercial applications as plant-
growth-promoting bacteria.

Specific aspects of the ecology of aerobic endospore-formers and their roles in
remediation, plant-growth promotion, biological control and other applications are
discussed in later chapters. Here we focus on their diversity and community
composition in soil, the implications of recent and future methodological develop-
ments on diversity studies, and their contributions to our understanding of the
mechanisms driving microbial diversity in soil. Most of the studies we discuss
preceded recent taxonomic revisions, and aerobic endospore-formers are frequently
referred to using the collective term bacilli; this term will be used here, except
where studies focus on particular genera or species.

2.1.1 Methods for Determining Diversity of Soil Bacilli

Soil bacilli have been investigated since the first isolation of bacteria from soil in
the nineteenth century and methods to study their diversity have followed those
used for all soil bacteria. These began with phenotypic characterization of soil
isolates, the application of numerical taxonomy and the subsequent introduction of
molecular phylogenetic approaches more than 20 years ago. The past 15 years have
seen considerable development of cultivation-independent methods for character-
izing bacterial communities, based on molecular analysis of nucleic acids extracted
directly from the soil, rather than from isolates. These developments will be
discussed in this section, considering specific factors related to endospore-formers,
examples of their use and their benefits and limitations. Results arising from use of
these techniques are discussed in Sect. 2.3.3, while detailed protocols are described
in other chapters.

2.1.2 Cultivation-Based Methods

Traditional approaches to determination of soil bacterial community composition
and diversity relied largely on cultivation-based methods. Typically, a solid, com-
plex organic growth medium inoculated with dilutions of a soil suspension is
incubated and colonies are removed, subcultured and purified. Identification of
isolates provides information on the relative importance of endospore-formers
within total bacterial communities. More detailed studies exploit the heat-resistance
of endospores and select for bacilli by pasteurization of soil, or soil dilutions, to kill
vegetative cells. Selection for specific taxonomic or functional groups of bacilli
(e.g., nitrogen fixers) is also possible through the use of selective media, based on
nutritional or physiological characteristics of the target group. For example, Seldin
et al. (1998) describe a method for selection of Paenibacillus azotofixans from soil.
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2.1.2.1 Phenotypic Characterization

Isolates may be characterized by a range of methods. Traditionally, morphological
and physiological characteristics were used for classification and identification. For
the large numbers of isolates generated by ecological studies, this process is
facilitated by miniaturized methods, such as API strips. While such techniques
provided the basis for bacterial, and Bacillus taxonomy, additional tests were
necessary for confirmation and for fine-scale resolution. For example, analysis of
protein or enzyme composition, using multiple-locus enzyme electrophoresis
(MLEE), has been used to analyse intraspecific variation in Bacillus cereus and
B. thuringiensis (Helgason et al. 1998; Vilas-Boas et al. 2002) and serotyping,
against flagellar antigens, is well-established for distinguishing strains of B. thur-
ingiensis (Helgason et al. 1998). Bacterial soil isolates can also be characterized by
fatty acid methyl ester (FAME) analysis, which can distinguish bacilli within total
bacterial communities, as well as identifying isolates.

2.1.2.2 Identification Using Molecular Techniques

Bacterial taxonomy was revolutionized by the application of molecular techniques
and, in particular, analysis of 16S rRNA gene sequences to determine phylogenetic
relationships. This approach is much more robust and is now routinely used for
classification and identification of soil isolates, including bacilli. Other genes have
been employed for phylogenetic analysis and identification. Some increase discrim-
inatory power beyond that of 16S rRNA genes while others have potential ecologi-
cal relevance and importance and can be used to determine relationships between
bacilli and other bacteria sharing particular functions.

16S rRNA and functional gene-based phylogenies are generally useful for
delineation to the genus- and, occasionally, species-levels but analysis of chromo-
some-wide differences increases taxonomic resolution and enable intraspecies
discrimination. For example, Meintanis et al. (2008) compared 11 Geobacillus
and Bacillus strains isolated from a volcanic region by rpoB sequence analysis,
repetitive extragenic palindromic-PCR (REP-PCR) and BOX-PCR; da Mota et al.
(2002) compared Paenibacillus polymyxa isolates from maize rhizosphere using
REP-PCR and randomly amplified polymorphic DNA (RAPD) analysis; and Ryu
et al. (2005) used amplified fragment length polymorphism (AFLP) and multilocus
variable-number tandem repeat analysis (MLVA) to characterize soil and clinical
strains of Bacillus anthracis. REP-PCR, BOX-PCR and MLVA are alternative
techniques for analysis of interspersed repeated sequences within the genome,
while AFLP and RAPD, respectively, amplify genomic DNA using random primers
or non-specific primers that are complementary to a number of sites within the
genome.

Taxonomic resolution can also be increased using multilocus sequence typing
(MLST) and analysis (MLSA). This involves sequencing of short regions of several
(typically seven) housekeeping genes distributed throughout the chromosome.



34 1. Mandic-Mulec and J.I. Prosser

Relatedness of strains is determined by comparison of sequence types of all seven
genes. MLST was used by Sorokin et al. (2006) to distinguish 115 B. cereus group
soil isolates and by Bizzarri et al. (2008) to determine relatedness of 22 phylloplane
isolates, comparing results with analysis of plasmid profiles and cry gene
sequences.

2.1.2.3 Benefits and Limitations

Each of these approaches has its advantages and limitations, with regard to taxo-
nomic resolution, ease of use, cost, and availability, and their values will be evident
elsewhere in this volume. An important factor is the amount and type of information
they provide. Several of the techniques are valuable in discriminating and grouping
strains, but give no useful ecological information. For example, 16S rRNA gene-
based methods provide good phylogenetic information to the genus level, but, in
themselves, give little information on function. Importantly, traditional approaches
that group isolates on the basis of common metabolic properties may be limited in
terms of phylogenetic power, but provide clues to environmental factors favouring
and selecting for particular groups and can be strong indicators of potential ecosys-
tem function. Classification often requires a multiphasic approach and the different
approaches may not agree. For example, groupings indicated by FAME and 16S
rRNA gene analysis of rhizosphere communities can differ (Kim et al. 2003). In
addition, while phylogenetic analysis may group isolates with similar physiological
characteristics, many important ecological traits are borne on plasmids.

Cultivation-based analysis of diversity of endospore-formers is facilitated, in
one sense, by the ease with which they can be selected, i.e., through pasteurization
of samples before cultivation. This is appropriate for qualitative studies of diversity,
where the aim is merely to determine “who is there”. However, selection against
vegetative cells will introduce bias towards those bacilli that produce the greatest
numbers of spores, those producing spores that germinate most rapidly on labora-
tory media, and those that may have produced large numbers of spores through
stress, which makes them inactive in the soil. This approach is therefore severely
restricted for studies in which relative abundances of total numbers of bacilli
(vegetative cells and spores) are required, or where information is required on
active, rather than potentially active organisms. Consequently, it is limited in its
ability to link community structure and composition to soil ecosystem processes
carried out by bacilli.

Cultivation studies also suffer from the major disadvantages associated with the
inability of the majority of soil microorganisms to grow on standard enrichment
growth media and under standard laboratory incubation conditions. Selection for
particular functional groups (e.g., nitrogen fixers, denitrifiers) is possible by careful
design of media and growth conditions, but the broad physiological and metabolic
diversity within the bacilli makes it difficult to design media that are selective for
particular phylogenetic groups.
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2.1.3 Cultivation-Independent Analysis of Diversity

Molecular approaches for phylogenetic analysis of cultivated organisms quickly led
to the development and application of similar approaches for analysis of natural soil
communities that avoid prior enrichment or isolation of pure cultures. They have
transformed our view of soil microbial communities and have uncovered vast and
previously unsuspected diversity within groups, such as bacilli, that are well
represented among soil isolates. They have also revealed abundant, novel groups
of bacteria and archaea performing important soil ecosystem functions.

2.1.3.1 16S rRNA Gene-Based Analysis of Prokaryote Communities

Soil prokaryote community composition is now routinely determined by the ampli-
fication of 16S rRNA genes from DNA extracted from soil using primers that are
specific for a particular target group. The presence of regions within the 16S rRNA
gene with differing degrees of sequence variability allows the design of primers
with different resolution. For example, primers are available for amplification of all
bacteria or for specific genera and, occasionally, for different functional groups.
Amplification products can be cloned and sequenced, for phylogenetic analysis or
for identification, by comparison with database sequences obtained from cultivated
organisms and other environmental studies. Sequences can also be used to design
probes for in situ detection using fluorescence in situ hybridization (FISH) or for
probing of nucleic acids. Increasingly, high-throughput sequencing techniques are
being applied for analysis of extracted soil DNA (Roesch et al. 2007). These avoid
the cloning step, and potential cloning bias, and enable sequencing of hundreds of
thousands of amplicons in a single run.

Amplification products can also be analysed using fingerprinting techniques,
such as denaturing gradient gel electrophoresis (DGGE), temperature gradient gel
electrophoresis (TGGE), terminal restriction fragment length polymorphism
(T-RFLP) and single-strand conformation polymorphism (SSCP). DGGE and
TGGE separate amplicons on the basis of heterogeneities in GC content and
sequence, and consequent differences in melting properties, when run on a gel
containing a gradient of a denaturant or temperature, respectively. For T-RFLP,
amplified DNA is digested with restriction enzymes, distinguishing amplicons with
sequence polymorphisms. SSCP involves electrophoretic separation of single-
stranded nucleic acids with differences in secondary structure. All are less expen-
sive than sequencing methods and allow rapid analysis of many samples and
assessment of relative abundances of different phylotypes, but provide less infor-
mation on identity of organisms present. Felske et al. (2003) adopted an alternative
approach, multiplex PCR, to amplify simultaneously 16S rRNA genes using pri-
mers targeting several groups: Acidobacteria, Verrucomicrobia, Bacillus megater-
ium, Paenibacillus and Bacillus RNA groups 1 and 3. Simultaneous detection of
many thousands of organisms can now be achieved using microarrays with probes
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for functional genes and 16S rRNA genes, including many Bacillus representatives
(Andersen et al. 2010).

2.1.3.2 Community Composition of Specific Groups

The relative abundance of bacilli in total bacterial communities can be determined
by identification of Bacillus sequences in 16S rRNA gene clone libraries con-
structed using universal bacterial primers and using DNA fingerprinting methods.
If high numbers of Bacillus sequences are obtained, within-group diversity can also
be studied. Alternatively, primers targeting specific groups can be used, e.g., for
Bacillus (Garbeva et al. 2003) and Paenibacillus (da Silva et al. 2003), although
few have been designed.

Functional genes may also be used to determine the potential contribution of
bacilli to specific ecosystem functions. Nitrite reductase (nirK) genes can be used to
characterize bacteria with potential roles in denitrification (Philippot et al. 2007),
and comparison of sequences with those in databases will indicate which nirK
genes are from bacilli. The value of this approach depends on the number of
functional gene sequences in databases and the extent to which they can be linked
to taxonomic groups. The latter relies on the ability to link 16S rRNA and func-
tional genes, e.g., by sequencing both genes in cultivated organisms, and on the
extent of gene transfer, which is significant for nirK genes. Table 2.1 provides

Table 2.1 Examples of functional genes used to classify and identify bacilli isolated from soil
and/or cultivated and uncultured bacilli, by amplification from extracted soil DNA

Gene Function or target group Reference
*#16S rRNA Bacillus Garbeva et al. (2003)
*16S rRNA Paenibacillus da Silva et al. (2003)
*apr Alkaline metalloprotease Sakurai et al. (2007)
cheA Histidine kinase Reva et al. (2004)
*cbbL Ribulose-1,5-bisphosphate Selesi et al. (2005)
carboxylase/oxygenase (RubisCO)
cry Bt endotoxin Collier et al. (2005)
cspA Cold shock protein A von Stetten et al. (1999)
gyrA Gyrase A Reva et al. (2004)
merA Mercury reductase Hart et al. (1998)
*nifH Dinitrogen reductase Rosado et al. (1998)
*nirk Nitrite reductase Philippot et al. (2007)
*nosZ Nitrous oxide reductase Philippot et al. (2007),

Kraigher et al. (2008),
Stres et al. (2008)

*npr Neutral metalloprotease Sakurai et al. (2007)
panC Pantothenate synthesis Guinebretiére et al. (2008)
rpoB B-Subunit of RNA polymerase da Mota et al. (2004)

*Indicate genes used for cultivation-independent studies
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examples of functional genes that have been used in cultivation-dependent and
-independent studies.

2.1.3.3 Diversity of Active Organisms

DNA-targeted methods demonstrate the presence of particular groups but not,
necessarily, their activity in soil ecosystem processes, which is better achieved by
targeting RNA. Extracted RNA is reverse-transcribed to DNA and RNA genes are
then amplified as described above. Targeting of 16S rRNA gene sequences in this
manner is more sensitive, as cells contain more ribosomes than rRNA genes, but is
also believed to characterize active communities. This is based on the assumption
that active and growing cells will contain more ribosomes than dormant or inactive
cells. This approach was used to target the active soil bacterial community in acidic
peat grassland soils (Felske et al. 2000).

Activity associated with specific processes performed by bacteria can be deter-
mined by transcriptional analysis of genes controlling specific functions. For
example, quantification of nirK expression will indicate denitrifier transcriptional
activity, and sequence analysis of expressed genes may indicate which denitrifiers
are active. Putative activity of uncultured organisms can be assessed by amplifica-
tion of large sections of chromosomal DNA (typically >100 kb), containing many
functional genes and, potentially, several genes encoding a metabolic pathway.
This is achieved by constructing bacterial artificial chromosome (BAC) or fosmid
libraries, screening to target clones containing the target 16S rRNA gene sequence
and full sequencing to determine which functional genes are associated with the
target group. Activity can also be assessed by techniques such as stable isotope
probing, to determine which organisms are utilizing specific '*C- or '’N-labelled
compounds, or BrdU capture, which separates organisms incorporating the thymi-
dine analogue bromodeoxyuridine (Prosser et al. 2010).

2.1.3.4 Benefits and Limitations

The major advantage of nucleic-acid-based techniques is their lack of dependence
on laboratory cultivation of soil bacilli. All growth media and cultivation conditions
are selective, leading to inevitable bias, and only a small fraction of soil bacterial
communities grow on enrichment and isolation plates. However, molecular meth-
ods also have potential biases. (See Prosser et al. (2010) for a discussion of benefits
and limitations of molecular techniques and of developing methods for assessment
of bacterial community diversity and activity.) Nevertheless, there is now a suite of
techniques available to identify soil bacilli, measure changes in their diversities and
community structures and determine their abundance, using quantitative PCR
methods.

Although molecular techniques eliminate the major restrictions of cultivation-
based techniques for analysis of diversity of soil bacilli, spore production will
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introduce bias which may be important for some studies. Molecular techniques are
based on extraction of nucleic acids, which requires lysis of vegetative cells. Lysis
of spores requires more severe conditions and most studies achieve this through
physical disruption by bead-beating. All methods for cell lysis and nucleic acid
extraction require a balance between conditions and lengths of treatment that are
sufficiently rigorous to optimize lysis of cells and spores and minimization of DNA
degradation, that will be increased by length of treatment. This balance is particu-
larly difficult to achieve for bacilli, because of significant differences in the condi-
tions required to lyse vegetative cells and spores. Consequently, many of the
problems associated with cultivation-based analysis of soil bacilli diversity apply
equally to molecular methods.

2.2 Diversity of Endospore-Formers Within Soil Bacterial
Communities

Investigations of the diversity of soil bacilli fall into two classes. In the first, bacilli
are studied as members of the total soil bacterial community. In the second,
diversity within specific groups of bacilli is determined. This distinction is followed
here, combining both cultivation-dependent and -independent approaches. Again,
the term “bacilli” will be used to represent aerobic endospore-formers, particularly
for older studies; in addition, some molecular studies do not distinguish bacilli from
other bacteria within the Firmicutes. Although characterization of isolates provides
clues to the roles of bacilli, and the studies described below provide evidence for the
influence of a range of factors on their diversities, it is rarely easy to link isolates to
soil ecosystem function. For example, Geobacillus is typically isolated from ther-
mophilic environments, but is commonly found in soils from temperate environ-
ments (Marchant et al. 2002). Isolates from these environments can grow at
temperatures up to 80°C, but not below 40°C, calling into question their role in
these environments (see Banat and Marchant 2011).

2.2.1 Bacilli Within Soil Bacterial Communities

The introduction of molecular techniques led to a reassessment of soil bacterial
diversity, mainly through analysis of 16S rRNA gene clone libraries. Libraries
invariably contain sequences closely related to bacilli, but the proportion varies
between studies — not only because of differences in environmental conditions, but
also through the use of different techniques for isolation of nucleic acids, use of
different primers and analysis methods, and differences in timing; sequence data-
bases have developed considerably as molecular methods have generated new
sequence data over the past 15-20 years. Early studies were limited by the resources
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(cost and time) required for sequencing, and involved libraries containing only tens
of clones. The frequency of Bacillus sequences in these libraries was often low. For
example one Bacillus globisporus-related sequence was found in a grassland soil
library with a total of 275 clones (McCaig et al. 1999), but 8 of 52 clones from an
oilseed rape rhizosphere fell within a Bacillus group related to B. megaterium
(Macrae et al. 2000). DGGE analysis also shows the presence of bacilli, for
example, a Bacillus sp. in bulk soil and B. megaterium in barley rhizosphere and
rhizoplane (Normander and Prosser 2000). More recently, DGGE analysis with four
primers targeting the V6 region indicated that Firmicutes constituted between 19%
and 32% of sequences in a grassland soil, and the majority (76%—-86%) of these
were bacilli (Brons and Van Elsas 2008).

Liles et al. (2003) amplified 16S rRNA gene sequences from DNA extracted
from soil using a bead-beating method and from BAC libraries. The latter were
constructed by extracting high-molecular weight genomic DNA using successive
freeze—thaw cycles and cloning into an E. coli vector. Traditional clone libraries
from soil samples indicated that bacilli comprised 3—15% of total clone sequences,
while one of the 28 BAC clones harbouring 16S rRNA genes contained a Bacillus-
related sequence, closely related to Bacillus licheniformis. Thus, the two different
DNA extraction processes led to significant differences in recovery of Bacillus
sequences, presumably because the gentler freeze—thaw method (required for
recovery of high-molecular weight DNA) was less efficient at lysing spores and,
possibly, vegetative cells of bacilli. Kraigher et al. (2006) also extracted DNA
without bead-beating and found that 2.6% of 114 partial 16S rRNA sequences from
a high organic grassland fen soil belonged to Firmicutes with only two, closely
related sequences from the Bacillus group, possibly through poor extraction from
spores.

High-throughput sequencing methods greatly increase the depth of coverage of
soil bacterial diversity. Roesch et al. (2007) used pyrosequencing to obtain
26,140-53,533 16S rRNA gene sequences from each of four soils. This approach
removes potential cloning bias and Firmicutes comprised 2—5% of sequences from
the four soils. Microarray systems also provide the potential to obtain detailed
information on soil diversity and have been used to determine differences in
bacterial community structure between a soil that was suppressive against a plant-
parasitic nematode and an adjacent non-suppressive soil (Valinsky et al. 2002).
Bacilli were tenfold more abundant in the non-suppressive soil, but reliable quanti-
fication was difficult.

Most diversity studies have targeted DNA, providing information on “total”
communities, i.e., assessing active and dormant growth forms, including spores.
Felske et al. (1998) characterized the active soil bacterial community in acidic peat
grassland soils by targeting RNA, rather than DNA. TGGE analysis and sequencing
of clone library representatives indicated dominance of the active community by
bacilli. More than 50% of sequenced clones were related to bacilli, and 20% were
closely related to a previously uncultivated strain, Bacillus benzoevorans, including
one clone which gave the strongest band on TGGE gels, implying high relative
abundance.
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A meta-analysis of 32 soil clone libraries (Janssen 2006) indicated that bacilli
encompassed less than 1% of soil bacterial 16S rRNA gene sequences. In contrast,
bacilli comprised 5-45% of isolates from traditional cultivation-based studies.
Similar patterns were found for other bacterial groups that were traditionally
considered to be “dominant” soil organisms. This may reflect difficulties in culti-
vating truly dominant soil organisms but, for bacilli, this analysis is confounded by
lack of information on contributions by spores and vegetative cells.

2.2.2 Diversity of Plant-Associated Bacilli

Root exudates are the major source of organic matter input to soil and lead to high
microbial biomass in the rhizoplane and rhizosphere, where their compositions are
likely to influence the composition and diversity of the root-associated bacteria,
including bacilli. Several studies have therefore compared bulk soil bacterial com-
munities and rhizosphere communities of different plants, to assess selection and
the influence of plant root exudates as a driver of bacterial diversity. An under-
standing of rhizosphere bacterial diversity is also important for the commercial
development of plant-growth-promoting bacterial inocula and biocontrol agents.

The reported importance of bacilli in the rhizosphere varies significantly
between studies. For example, Chin et al. (1999) characterized nine isolates from
anoxic rice paddy soils using different isolation media with xylan, pectin or a
mixture of seven mono- and disaccharides as the growth substrates. Isolates were
obtained from terminal dilutions of most probable number counts, to obtain the
most abundant organisms; Bacillus was only obtained on the sugar mixture and had
16S rRNA gene sequences similar to sequences from other rice paddy studies.
Garbeva et al. (2001) also found that bacilli were not major components in
endophytic bacterial populations of potato plants, and the only isolate was Paeni-
bacillus pabuli.

In contrast, Smalla et al. (2001) compared bulk soil and rhizosphere commu-
nities of field-grown strawberry (Fragaria ananassa Duch.), oilseed rape (Brassica
napus L.), and potato (Solanum tuberosum L.). DGGE profiles from bulk soil and
potato rhizosphere were dominated by two B. megaterium-related bands, which
were also found in strawberry and oilseed rape rhizospheres. Pankhurst et al. (2002)
found higher Bacillus populations in roots growing within macropores in subsoil
than in bulk soil and Duineveld et al. (2001) found several Bacillus-related DGGE
bands in the Chrysanthemum rhizosphere, with little difference with growth stage
or between rhizosphere and bulk soil. The number of bands amplified when target-
ing RNA was less than that from DNA, suggesting that not all strains present were
active and that active organisms were phylogenetically diverse. Garbeva et al.
(2008) found differences in bacilli under maize (Bacillus sp. and B. thuringiensis),
a commercial grass mix (B. benzoevorans and B. pumilus) and oats and barley
(Bacillus sp. and B. fumarioli). Bacillus-specific primers generated most phylotypes
from grass and maize rhizosphere, while diversity and abundance were greatest in
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permanent grassland and arable land originating from grassland. Reva et al. (2004)
classified 17 Bacillus root isolates on the basis of 16S rRNA, gyraseA (gyrA) and
the cheA histidine kinase sequences. The isolates were closely related to two
Bacillus subtilis strains and B. mojavensis. They were also related to, but distinct
from, Bacillus amyloliquefaciens — which showed greatest rhizosphere colonization
with oilseed rape (Brassica napus), barley (Hordeum vulgare) and thale cress
(Arabidopsis thaliana).

Risk assessment of genetically modified crops requires assessment of impact on
rhizosphere communities and a number of studies have found differences between
Bacillus communities colonizing rhizospheres of wild-type and genetically mod-
ified plants. For example, Tesfaye et al. (2003) found fewer Bacillus clones in
alfalfa when it was over-expressing a nodule-enhanced malate dehydrogenase, and
Siciliano and Germida (1999) found differences in root-associated Bacillus com-
munities of three Canola (rapeseed cultivar) varieties, one of which was genetically
engineered to tolerate the herbicide glyphosate. The significance of these and other
reported differences is unclear, however; both in terms of the mechanisms driving
community composition, and the impact on the colonized plant.

2.2.3 Effects of Fertilizer Application and Removal
on Diversity of Bacilli

Changes in soil nutrients through fertilization, or changes in plant communities
associated with different management strategies, are likely to influence soil bacte-
rial communities. Soil fumigation appears to select for endospore-formers, with
high proportions (81%) of bacilli among isolates (Mocali et al. 2008). In many
studies, however, changes in aerobic endospore-former communities are not great.
Smit et al. (2001) investigated seasonal changes in isolates from a wheat field soil
and only found Bacillus isolates in July, but Bacillus sequences were not detected in
clone libraries. Chu et al. (2007) found some evidence for selection of a Bacillus-
related strain following treatment with organic manure, but not inorganic fertilizer,
and Sturz et al. (2004) found increased diversity in rhizosphere isolates following
sulphate fertilization to control potato common scab, with increased antibiosis of
isolates against Streptomyces scabies.

Studies of soil bacterial diversity focus on changes in community structure; i.e.,
changes in the relative abundances of different groups, but not in actual abundance.
Therefore there is often a need for quantification, using qPCR or alternative
techniques, to understand the effects of environmental change on bacterial com-
munities. Most studies also give no information on bacterial activity, with the
exception of a small number of studies targeting rRNA. Felske et al. (2000)
addressed these issues when investigating the effects of grassland succession on
bacterial communities. Bacterial RNA, quantified by RNA probing (dot-blot hybri-
dization), doubled for several years after cessation of fertilization of a grassland
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soil, probably owing to increased levels of root residues following replacement of
Lolium perenne by other grasses. rRNA levels then decreased, but no changes were
detected in major phylogenetic groups. Multiplex PCR, however, coupled with
TGGE showed changes in the 20 dominant bacterial ribotypes, including several
representing bacilli. Thus, four Bacillus types increased during the final stage of
succession, one increased during the early stage, three showed no clear pattern with
succession but fell to low relative abundances during the later stages, and two
decreased with grassland succession. These results demonstrate an ability to follow
dynamics of soil Bacillus communities in soil. In this study, changes were accom-
panied by changes in plant communities, earthworm activity and soil processes, but
establishment of links between these changes, and of links to physiological char-
acteristics of different ribotypes, was not possible and remain difficult to discern in
most studies.

2.2.4 Links Between Diversity and Ecosystem Function

Several studies have investigated bacterial diversity by the use of growth conditions
selective for particular metabolic processes, or by amplifying functional genes
associated with specific processes. The ability to identify functional genes derived
from bacilli depends on the size and reliability of sequence databases, which are
much smaller than those for 16S rRNA genes. Also, phylogenies of 16S rRNA and
functional genes may not be congruent, making identification difficult, and impor-
tant functional genes may also be plasmid-encoded and subject to gene transfer.
Bacilli have roles in two soil nitrogen cycle processes: denitrification and
nitrogen fixation. Denitrifying bacilli have been targeted either by enrichment on
selective media or by targeting functional genes, rather than by using 16S rRNA
genes. For example, 138 denitrifying isolates from three soils, classified using
ARDRA and 16S rRNA gene sequence analysis, fell within five groups, one of
which comprised bacilli (Chéneby et al. 2000). Bacillus and Paenibacillus strains
have been found among diverse communities of nitrogen fixers associated with
Drosera villosa, a Brazilian carnivorous plant (Albino et al. 2006), wheat rhizo-
sphere (Beneduzi et al. 2008a) and rice rhizosphere and bulk soil (Beneduzi et al.
2008b), where there was evidence of a relationship between different RFLP groups
and soil pH. Most isolates were members of Bacillus or Paenibacillus. Wheat
rhizosphere and bulk soil strains were dominated by Paenibacillus, particularly
P. borealis and P. graminis, the remainder being identified as Bacillus sp.
Communities involved in degradation of proteins were characterized by Sakurai
et al. (2007) in fertilized soils planted with lettuce. Proteolytic activity was greater
following addition of organic, rather than inorganic, fertilizer and was greater in
rhizosphere than bulk soil. Sequences of alkaline (apr) and neutral metalloprotease
(npr) genes associated with DGGE bands were closely related to those of Pseudo-
monas fluorescens and B. megaterium, respectively, with homology of one band to
Bacillus vietnamensis. Fertilizer type affected apr community composition in the
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rhizosphere, but not bulk soil, and affected npr composition in both. Rhizosphere
and bulk soil communities were different for both genes. Multiple regression
analysis of protease activity and DGGE profiles of both genes showed significant
relationships: the apr community was affected by fertilizer treatment and the
rhizosphere, while the npr community was affected mainly by fertilizer. The results
were interpreted as indicating different roles for pseudomonads and bacilli in the
rhizosphere and bulk soil, and showing that community structure has an important
influence on soil protease activity.

Chitinolytic activity contributes to the role of bacilli in mineralization of soil
organic matter and Hallmann et al. (1999) found Bacillus and Arthrobacter to be the
dominant genera in the soil and rhizosphere of cotton; but they were not detected as
endophytes. Addition of chitin to soil, to reduce fungal pathogens, decreased the
frequency of Bacillus among isolates suggesting a role for other organisms in chitin
degradation in this habitat. Degradation of cellulose, hemicellulose and aromatic
compounds by bacilli is also believed to be important in the guts of soil inverte-
brates, which contain a diverse range of bacilli (see Konig 2011).

2.2.5 The Influence of Environmental Factors
on Diversity of Bacilli

One obvious factor favouring selection of endospore-formers is their ability to
survive temperatures that kill vegetative cells. This is of little advantage under
normal soil conditions, but can be important following forest fires. For example,
Bacillus aminovorans-related sequences were detected in a spruce-dominated
boreal forest ecosystem one year after a large wildfire (Smith et al. 2008). Incinera-
tion of municipal solid waste material, before disposal to landfill soil, also leads to
selection (Mizuno et al. 2008). B. cereus and B. megaterium were the most common
isolates from forest and cultivated soils, while buried ash contained B. lichenifor-
mis, Bacillus firmus, Bacillus thioparus and Bacillus krulwichiae, the first two
species also being found in the overlying forest soil. Incinerated ash has high
concentrations of Na, Ca, K and Cl, and a high pH, and phenotypic analysis
indicated that selection was due to ability to grow under anaerobic conditions and
at high pH, in addition to selection of Bacillus during incineration.

Flooding reduces oxygen availability in soil and might be expected to select for
groups carrying out processes such as denitrification, ferric iron reduction, sulphate
reduction or methanogenesis. Graff and Conrad (2005) determined the effects of
flooding on bacterial communities both in bulk soil and soil associated with roots
of poplar trees, grown in microcosms. Bacillus-related sequences represented 16%
of the bacterial community in unflooded bulk soil and the rhizosphere, but this
proportion was reduced following flooding, although a Paenibacillus-related
sequence increased in relative abundance. Rhizosphere soil contained 42% Bacillus
sequences, but sequence types were different to those in bulk soil. Although some



44 1. Mandic-Mulec and J.I. Prosser

of these findings are consistent with other studies, no mechanistic basis for the
changes was proposed. Kim et al. (2005) also found significant effects of flooding in
rice fields, with reduction in biodiversity of bacilli from >10% to undetectable, and
domination by Arthrobacter. Clone sequences were less diverse and contained a
lower proportion of bacilli than isolates.

Lear et al. (2004) investigated the effect of applying an electrical field to soil, to
increase biodegradation of pollutants. Although this had no detectable effect on the
majority of the members of the bacterial community, some effects were seen in the
immediate vicinity of the anode. In control soil, Bacillus mycoides and Bacillus
sphaericus dominated isolates. B. sphaericus was not detected in the electrokinetic
cells and B. megaterium, which was not found in control soil isolates, was the most
abundant Bacillus isolate. This was explained in terms of protection afforded by
production of a cell capsule and greater stress at the anode arising from changes in
soil characteristics, particularly increased acidity.

2.2.6 Effects of Soil Contaminants on Diversity of Bacilli

Mercury resistance in soil bacilli is widespread and is encoded through a chro-
mosomally borne mer operon. Hart et al. (1998) found that 5% of bacilli in a
mercury-contaminated soil were resistant to mercury. RFLP analysis of mercuric
reductase (merA) genes gave 14 RFLP groups from soil isolates and 11 from
directly extracted soil DNA, with three common to both, reflecting difficulties in
cultivation of dominant organisms. Phenotypic analysis indicated significant phys-
iological diversity among isolates, suggesting high levels of genetic exchange.
There is also evidence for selection of a Bacillus strain in auriferous soils (Reith
and Rogers 2008), supporting earlier observation of a 1,000-fold increase in
B. cereus spores (Reith et al. 2005). In contrast, there was no evidence of selection
of members of the Firmicutes following spiking of soil with mercury (Nazaret et al.
2003), in mine tailings, or in cultures grown on media containing cadmium (Zhang
et al. 2007). A lead-enriched community contained both Paenibacillus and Bacillus
sequences, but there are no reports of metal resistance in Paenibacillus (Zhang et al.
2007).

Bodour et al. (2003) screened 1,305 isolates from soil contaminated with metals
and/or hydrocarbons and found greater numbers of Gram-positive, biosurfactant-
producing isolates in metal-contaminated or uncontaminated soils and more Gram-
negative isolates in hydrocarbon-contaminated or co-contaminated soils. Of the 45
isolates, eight were B. subtilis and three B. licheniformis, both of which produce a
range of biosurfactants. A decrease in the proportion of bacilli among isolates was
seen following contamination of soil with toluene (Chao and Hsu 2004) or long-
term contamination with the organophosphate pesticide methylparathion (Zhang
et al. 2006).
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2.2.7 Intraspecific Diversity Within Soil Bacilli

In general, studies of diversity of bacilli within “total” prokaryote soil communities
are descriptive, giving information on which groups are present and, in some
studies, estimates of the relative abundance of bacilli. The physiological character-
istics of bacilli, notably spore formation but also degradative capacities, provide the
potential for an understanding of mechanisms determining diversity and ecosystem
function. This potential is, however, severely limited by inability to distinguish the
relative contributions of spores and vegetative cells and ignorance of which bacilli
are active, and the nature and extent of their activity. In contrast, studies of within-
species diversity of soil bacilli have given clues to mechanisms that control
diversity within this group, and provide model systems with which to investigate
the mechanisms controlling general prokaryotic diversity and community structure.
This section therefore provides descriptions of diversity within species of soil
endospore-formers. For several species, these descriptions link closely with the
mechanistic studies that are described in the following section.

2.2.8 Bacillus benzoevorans and Bacillus niacini

Molecular techniques uncover and demonstrate the potential importance of groups
with no cultivated representatives, and can thereby direct work towards the isola-
tion of these groups. Two examples of this are detection of B. benzoevorans in a
Dutch soil by FISH and qPCR and the presence in soil clone libraries of sequences
associated with B. niacini, constituting 15% of the uncultured Bacillus community
in soil. Screening of 4,224 soil isolates by multiplex PCR generated several hundred
novel B. benzoevorans relatives (Felske et al. 2003). A similar search, using several
enrichment media, led to isolation of 64 isolates of the B. niacini group from
different Dutch soils (Felske et al. 2004). The isolates grew best on acetate and
were very diverse, but their metabolic diversities gave no clues to their likely
ecosystem functions. Metabolic potentials of isolates on laboratory media give
good information on their genetic potentials, but it is difficult to predict the
ecosystem function of soil isolates because metabolic genes may be responsive to
environmental cues that may significantly change the gene expression patterns from
those observed in the laboratory.

2.2.9 Paenibacillus polymyxa

Mavingui et al. (1992) isolated 130 Bacillus (now Paenibacillus) polymyxa strains
from rhizosphere, non-rhizosphere and rhizoplane soils by immunotrapping and
characterized them phenotypically, serologically, by RFLP analysis of total DNA,
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and by hybridization with a rRNA probe. Phenotypic analysis placed isolates in four
groups. Two contained isolates from non-rhizosphere soil, one contained isolates
from the rhizosphere soil and the fourth contained only rhizoplane isolates. Sero-
logical and molecular methods indicated greater diversity among isolates, with
lowest diversity in rhizoplane isolates. Von der Weid et al. (2000) isolated 67 B.
polymyxa strains from maize rhizosphere and analysed them phenotypically and by
hybridization with a nifKDH probe and by BOX-PCR. The different methods gave
different numbers of major clusters, with BOX-PCR showing greatest discrimina-
tion, and communities changed during plant development. Finer scale molecular
methods (RADP-PCR and BOX-PCR) indicated high diversity of P. polymyxa
strains colonizing rhizospheres of four maize cultivars, with evidence of selection
by different plants for different strains, and implications for choice of inocula to
improve plant growth (da Mota et al. 2002).

2.2.10 Bacillus cereus—Bacillus thuringiensis Group

This group contains a wide diversity of strains, including six closely related species:
B. anthracis, B. thuringiensis, B. mycoides, Bacillus pseudomycoides, Bacillus
weihenstephanensis and B. cereus (sensu stricto). They inhabit diverse soil habitats
and have many economically important representatives, notably B. thuringiensis,
but also many plant-growth-promoting bacteria. Diversity is greatest in B. cereus
and B. thuringiensis, but low in B. anthracis. For example, Helgason et al. (1998)
found high diversity in soil isolates collected from five geographic regions in
Norway ranging from coastal to the Arctic, while the diversity of B. anthracis,
but not B. cereus or B. thuringiensis, isolates collected worldwide was low (Keim
et al. 2000). B. cereus or B. thuringiensis strains appeared to co-exist in a French
forest soil (Vilas-Boas et al. 2002), but were genetically distinct and diverged to a
greater extent than strains of the same species isolated from geographically differ-
ent locations. MLST (rather than MLEE) analysis of these strains and 19 strains
from elsewhere separated them into three clusters, one exhibiting frequent
exchange between strains, while the other two were clonal (Sorokin et al. 2006).
These differences may reflect differences in life style between strains. B. weihen-
stepahniensis isolates are psychrotolerant and the role of temperature in determin-
ing their distribution is discussed in Sect. 2.3.5.

2.2.11 Bacillus simplex and Bacillus subtilis

Both B. simplex and B. subtilis are common members of the soil endospore-former
community and are important model organisms for mechanistic studies. Their
diversity is described in greater detail in Sect. 2.4.
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2.2.12 Paenibacillus

Both cultivation-based and molecular methods have been used to investigate
associations between Paenibacillus strains and plant roots. Paenibacillus durus
(previously P. azotofixans) is a common member of the rhizospheres of maize,
sorghum, sugarcane, wheat and forage grasses, where it fixes nitrogen and produces
antimicrobial compounds. Rosado et al. (1998) isolated 53 P. azotofixans strains
from the rhizoplane and rhizosphere of different grasses and from soil, and char-
acterized them using a nifKDH probe, RAPD, BOX-PCR and API. There was little
evidence of specific plant associations, although some clusters were isolated more
frequently from wheat and sugarcane. Subsequent work (Rosado et al. 1998; de
Albuquerque et al. 20006) placed P. durus isolates in two clusters, the first associated
with wheat, maize and sugarcane rhizospheres, and the second with all plant species
investigated and bulk soil. The different clusters showed different patterns of
carbohydrate metabolism: wheat isolates could metabolize sorbitol, and sugarcane
isolates could metabolize starch and glycogen, suggesting a selective role for root
exudates.

Paenibacillus communities in the rhizospheres of four maize cultivars have been
investigated in two soils. Cultivation-based methods (Rosado et al. 1998; da Mota
et al. 2002) indicated that Paenibacillus diversity was determined by soil type,
rather than by cultivar. This was confirmed by molecular methods based on 16S
rRNA genes (da Silva et al. 2003) and rpoB genes (da Mota et al. 2005). A clone
library constructed using Paenibacillus-specific 16S rRNA gene primers indicated
high diversity and clustering into 12 groups, with P. azotofixans the most abundant
(19% of clones). DGGE analysis showed clear differences in rhizosphere commu-
nities from the different soils.

Vollu et al. (2003) classified cyclodextrin-producing P. graminis root-associated
isolates from wheat, maize and sorghum sown in Australia, Brazil and France using
rpoB-RFLP and gyrB-RFLP and rpoB gene sequencing. Brazilian isolates clustered
separately from Australian and French isolates and strains fell within four clusters.
For the Brazilian isolates, soil type was more important than plant host in deter-
mining the rhizosphere community.

2.3 Mechanisms Driving Diversity

2.3.1 General Mechanisms Driving Microbial Diversity in Soil

A combination of speciation, extinction, dispersal and microbial interactions is
responsible for the creation and maintenance of diversity (Horner-Devine et al.
2004a; Ramette and Tiedje 2007). Speciation is driven by natural selection, acting
on a pool of genotypes in a specific environment. The rate of speciation in bacteria
is high owing to large population size and high reproduction rates. Diversity in
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bacteria may also be high because of low extinction rates, and the ability to form
highly resistant life forms such as the spores that are typical of bacilli. Dispersal
rates of spore-formers are also high (Roberts and Cohan 1995), reducing extinction
rates further by giving spore-formers opportunities to colonize new habitats and
escape harsh conditions.

Prokaryotic species have been discriminated by divergence in 16S rRNA gene
sequences of 2.5-3%. Isolates that diverged more at the 16S rRNA gene level also
show less than 70% DNA-DNA re-association values and are thus placed in
different species (Stackebrandt and Goebel 1994) but ecologically distinct groups,
termed ecotypes, can be discerned within such species from protein coding
sequences (Cohan and Perry 2007) and phenotypic characteristics. An ecotype is
defined as an ecologically distinct group of organisms that fall into distinct
sequence clusters (lineages), sharing a common evolutionary path, with diversity
limited by periodic selection and genetic drift. Ecotype formation is purged by
frequent recombination (Cohan and Perry 2007), which may occur between closely
related bacilli. Genetic exchange among closely related bacilli occurs at high
frequency in laboratory soil microcosms (Graham and Istock 1978; Duncan et al.
1995). In addition, linkage disequilibrium and genetic recombination among wild
isolates of B. subtilis obtained from a microsite (200 cm’ ) of surface desert soil was
higher than in E. coli populations, based on MLEE, phage and antibiotic resistance
and RFLP analysis (Istock et al. 1992). The potential for genetic exchange is further
increased by transformation, which has been observed within natural populations of
B. subtilis and closely related species isolated from various desert soils, whose
transformation rates range over three orders of magnitude (Cohan et al. 1991). To
determine actual, rather than potential, rates of recombination Roberts and Cohan
(1995) analysed restriction patterns of three housekeeping genes among natural
closely related Bacillus isolates. Recombination within B. subtilis or B. mojavensis
was too low to prevent adaptive divergence between ecotypes (Cohan 2002;
Maynard Smith and Szathmary 1993). Diversification between ecologically distinct
populations increases, due to sequence divergence and differences in restriction
modification systems between donor and recipient (Dubnau et al. 1965; Roberts
et al. 1994).

2.3.2 Environmental Factors Driving Diversification in Bacilli

Bacteria are highly adaptable and can exploit a wide range of environmental
opportunities for diversification (Horner-Devine et al. 2004b; Ramette and Tiedje
2007), but little is known of the influence of environmental factors on diversity and
community composition of soil bacilli. However, an ecotype simulation algorithm
(Koeppel et al. 2008) has been used to model evolutionary dynamics of bacterial
populations and was tested using Bacillus ecotypes belonging to two clades isolated
from two “Evolutionary Canyons” in Israel. These sites show interesting topogra-
phies, with three major habitats: north facing (European) slopes, south facing, more
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stressful (African) slopes and a canyon bottom with greater access to water (Nevo
1995). Nine and 13 ecotypes were identified among isolates belonging to the
B. simplex and B. subtilis—B. licheniformis clades, respectively (Fig. 2.1). B. simplex
strains within each ecotype were exclusively or sometimes predominantly isolated
from one of the habitats (Sikorski and Nevo 2007). Similar, but less strong,
associations between habitat and ecotype were also detected within the B. subti-
lis—B. licheniformis clade (Roberts and Cohan 1995; Koeppel et al. 2008). This
suggests that specialization for environmental conditions associated with one of the
three habitats can be discerned at the level of sequence clustering and provides
strong evidence that ecotype clustering and ecological distinctness may correlate.
However, ecotypes did not correlate well with physiological characteristics, deter-
mined using Biolog, suggesting that energy metabolism is not determined by soil
characteristics or by solar radiation, temperature and drought, which are considered
to be the major abiotic features of this environment (Sikorski et al. 2008).

The study by Koeppel et al. (2008) demonstrates a significant impact of envi-
ronment on Bacillus diversity, but more ecological and physiological data are
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Fig. 2.1 Phylogeny and ecotype segregation of the B. simplex and B. subtilis—B. licheniformis
clades. Analysis was (a) gapA, rpoB and uvrA genes for the B. simplex clade, resulting in nine
putative ecotypes, and (b) gapA, gyrA and rpoB genes for the B. subtilis—B. licheniformis clade,
giving 13 putative ecotypes. Bacilli were isolated from the south facing slope (open circle), the
north facing slope (filled circle) and the canyon bottom (V) at Evolutionary Canyon (Israel).
Habitat source is indicated for ecotypes represented by at least four isolates and only one habitat is
depicted if >80% of isolates originated from one habitat. All habitat sources are indicated for
clusters not dominated by isolates from one habitat (From Koeppel et al. (2008), with permission)
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required to understand the specific factors leading to ecological distinctness of each
putative ecotype (Koeppel et al. 2008). More information is also required to
determine whether variation between ecotypes is correlated with ecosystem func-
tion and whether ecotypes identified by sequence analysis correspond to ecologi-
cally distinct groups.

Temperature has been shown to determine the relative distributions of the
psychrotolerant B. weihenstepahniensis, which can grow below 7°C and up to
38°C, and the mesophilic B. cereus sensu stricto, which grows in the range
7°C—46°C. The psychrotolerant and mesophilic phenotypes are reflected in geno-
typic differences in the cold shock protein A (cspA) gene. Von Stetten et al. (1999)
studied the distribution of 1,060 mesophilic and psychrotolerant isolates obtained
from a tropical soil, a temperate soil and two alpine habitats, with average annual
temperatures of 28°C, 7°C, 4°C and 1°C, respectively. Isolates were characterized
phenotypically, in terms of their growth—temperature responses and psychrotoler-
ance, and genotypically (16S rRNA and cspA gene sequences). The proportions of
psychrotolerant isolates in these four habitats were 0%, 45%, 86% and 98%,
respectively, indicating strong temperature selection. Psychrotolerant strains were
able to grow at temperatures below 7°C and up to 38°C, while mesophilic strains
could grow at temperatures above 7°C and possessed psychrotolerant or mesophilic
cspA genotypes.

Only B. cereus isolates were obtained from the tropical habitat and isolates from
the alpine habitats were heavily dominated by B. weihenstephanensis. These iso-
lates also contained the corresponding psychrotolerant or mesophilic c¢spA geno-
type. Both groups were found in the temperate habitat together with isolates named
“intermediate thermal types”. The latter carried the psychrotolerant cspA gene, but
showed mesophilic phenotype or carried the mesophilic c¢spA gene and had the
psychrophilic phenotype, and sometimes even had mesophilic and psychrotolerant
16S rRNA operon copies within a single isolate. These intermediate thermal types
may represent ongoing adaptation to prevalent temperatures. In addition, diversity
was greater in temperate soils, potentially reflecting greater variation in temperature
around annual means, leading to co-existence of psychrotolerant and mesophilic
organisms.

2.3.3 Diversification Within Species of Aerobic
Endospore-Formers

B. subtilis is one of the best-studied bacteria at the molecular level, but relatively
little is known of its ecology and diversity. Strains within the B. subtilis clade
form two subclusters, 168, delineating B. subtilis subsp. subtilis, and W23,
representing B. subtilis subsp. spizizenii (Roberts and Cohan 1995; Nakamura
et al. 1999). The level of genetic diversity within W23 is considerably higher
than within 168 or the closely related B. mojavensis cluster. The ecological
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significance of this diversity is not understood, but microarray-based comparative
genomic hybridization (M-CGH) (Earl et al. 2008) confirmed closer relations
within than between subspecies, with 30% divergence of genes within species.
Diversity was highest for genes involved in the synthesis of secondary metabo-
lites, teichoic acid and the adaptive response to alkylation DNA damage, but there
was variation in all functional groups for genes of potential ecological importance
in adaptation to different environments, including environmental sensing and
carbohydrate or amino acid metabolism. In contrast, genes belonging to the core
genome, previously identified as essential under laboratory conditions in
B. subtilis 168, were highly conserved. Divergence was greater in germination
than sporulation genes, suggesting that environmental cues for outgrowth might
vary between strains. In addition, genes involved in the ability of B. subtilis to
become naturally competent and take up DNA from the environment were highly
conserved, except for the first three genes in the comQXPA operon that have been
previously indicated as highly polymorphic (Tran et al. 2000; Tortosa et al. 2001)
(see below).

2.3.4 Cell-Cell Signalling Driving Diversification

Soil bacilli provide an interesting system with which to investigate the influence of
microbial interactions on diversification. Competence in B. subtilis is controlled
through a population-density dependent, quorum-sensing system, encoded by the
comQXPA operon for enzymes involved in the synthesis, processing and recogni-
tion of the extracellular pheromone ComX. The genomic diversity of comQXP
genes results in functional diversity, so that strains producing similar pheromones
are able to induce competence in each other, while divergent strains do not (Ansaldi
et al. 2002; Mandic-Mulec et al. 2003; Stefanic and Mandic-Mulec 2009). This
therefore provides an example of functional diversification with a potential ecolog-
ical role. Polymorphism of competence-signalling may act as a sexual isolation
mechanism (Tortosa et al. 2001; Ansaldi et al. 2002), lowering the frequency of
recombination even among members of the same species, and so increasing diver-
sification among strains of different pherotypes. It would be interesting to examine
the diversity of members of different pherotypes at other loci that may be adaptive
in certain environments.

Stefanic and Mandic-Mulec (2009) examined polymorphism of highly related
B. subtilis isolates from soil aggregates that were exposed to the same environmen-
tal conditions. All four pherotypes previously found among strains isolated from
distant geographical locations were present in microscale samples taken from
within aggregates, but only three were specific for B. subtilis (Fig. 2.2). The fourth,
previously associated with B. subtilis and the closely related B. mojavensis, was
detected in B. amyloliquefaciens isolates, suggesting a role for horizontal gene
transfer in interspecies distribution of the pherotypes.
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Fig. 2.2 The distribution of B. subtilis and B. amyloliquefaciens pherotypes in two 1-cm® samples
of river bank soil that were sectioned to progressively smaller subsamples, comprising 1/4, 1/8 and
1/16 of the initial soil sample. From each sub-sample 30 spore-formers were isolated but, among
those, only two, three and sometimes more were identified as B. subtilis and were analysed further.
Each pherotype is depicted by colour and shape: the 168, RS-D-2/NAF4, RO-B-2/RO-H-1 and
RO-E-1 pherotype with blue circles, green triangles, yellow rectangles and orange diamonds,
respectively (From Stefanic and Mandic-Mulec (2009), with permission)

2.3.5 Diversification and Biogeography of Bacilli

Similarities in macroscale and microscale diversity of B. subtilis pherotypes are
consistent with the cosmopolitan nature of bacilli. Global distribution of spore-
forming bacteria such as B. mojavensis and B. subtilis is indicated by analysis of
protein coding genes, which show similar linkage disequilibrium (D = 0.50 — 0.87)
in local populations and global (D = 0.71) populations. A similar linkage disequi-
librium, which is the non-random association of genetic loci, suggests high migra-
tion rates and lack of geographical isolation (Roberts and Cohan 1995). Migration
rate increased with geographical scale, but even populations separated by the
greatest distances were not sufficiently isolated to demonstrate genetic drift. This
suggests that, for the genes investigated, evolutionary processes that require
continued geographical isolation are unlikely to occur, although it would be inter-
esting to see whether diversification due to geographical isolation would be detect-
able in faster-evolving genes. Diversification of the fast-evolving comQXP loci has
been observed even within soil aggregates, where spatial isolation might not be
expected, and the data indicate that diversity decreases with aggregate size
(Fig. 2.3) (Stefanic and Mandic-Mulec 2009). The spatial heterogeneity of the
soil environment may therefore lead to geographic isolation and niche differentia-
tion even at the 250-um scale. Evolutionary principles and competition between
bacteria for natural resources acting at this scale are poorly understood and warrant
further studies (Grundmann 2004).
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Fig. 2.3 The correlation between number of pherotypes and sample size in the study of Stefanic
and Mandic-Mulec (2009) (see legend to Fig. 2.2). The number of pherotypes decreased with soil
sample size

2.4 Conclusions

Aerobic endospore-forming bacteria are taxonomically and physiologically
diverse, and are ubiquitous members of soil microbial communities. Understanding
diversity patterns in soil is of particular interest, given their cosmopolitan nature
and high biotechnological potentials that range from the biological degradation of
pollutants, through the production of industrially interesting enzymes and bioactive
chemicals, to their roles as biopesticides. The nature of these patterns and the
importance of this group for soil ecosystem function are, however, difficult to
assess. Few studies attempt to determine quantitative activity of bacilli in soil, or
the specific processes which they carry out, in relation to the activities of the total
microbial community. To some extent this reflects methodological limitations.
Cultivation-based approaches are highly selective, and will underestimate abun-
dance, and they give information on potential, rather than actual activity. Molecular
techniques avoid cultivation bias, but very few studies have utilized primers that
target bacilli or specific genera, species or ecotypes. None of these has been used to
investigate in situ activity. Design and application of group-specific primers is
required therefore, combined with molecular techniques that assess activity rather
than just presence. The next generation of molecular techniques, based on high-
throughput sequencing, genomics, metatranscriptomics and proteomics, should
also be exploited. More importantly, there is a need for studies that aim to assess



54 1. Mandic-Mulec and J.I. Prosser

the links between diversity, community structure, physiological diversity and
ecosystem function, rather than merely characterizing the presence, absence and
identity of strains present.

A major conceptual and technical issue is the distinction between vegetative
cells and spores. For cultivation-based methods, the presence of spores is likely to
lead to overestimation of the importance of bacilli in soil processes. This could be
addressed by comparisons with and without heat-treatment of samples, but is rarely
attempted. Consequently, although the ability to eliminate non-spore-formers
makes it easy to study spore-formers, there is little attempt to address the relative
sensitivities of spores of different organisms, the relative importances of spores and
vegetative cells for cultivation, and the relative culturabilities both of spores (from
spore-formers) and vegetative cells of non-spore-formers.

Molecular techniques cannot currently distinguish spores and vegetative cells,
and nucleic acid extraction techniques represent a compromise between lysis
efficiency and nucleic acid degradation. Therefore, differences between cultiva-
tion-based and molecular studies may be exaggerated for spore-formers, in
comparison with other microbial groups. These problems and biases can actually
be used to advantage, depending on the ecological question being addressed, but in
general these issues are not considered. While these issues limit our knowledge of
the ecology of soil bacilli, the study of specific genera and species has generated
important and generic advances in our understanding of the mechanisms driving
microbial diversity. These include studies of biogeography and the impact of
environmental factors, signalling, spatial scale and horizontal gene transfer on
evolution of bacterial species, ecotype formation and speciation. These studies
have been based mainly on the analysis of laboratory isolates and it will be
interesting to see how the results obtained correlate with diversity patterns detected
directly in soil and how communities respond spatially and temporally to changing
environmental parameters.
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Chapter 3
Studying the Bacterial Diversity of the Soil
by Culture-Independent Approaches

Paul De Vos

3.1 Introduction

Bacterial diversity in soil is very complex, and all the various micro-organisms
involved are far from identified. Approaching this complex microbial ecosystem is
therefore not straightforward, not least because of the enormous macro-variety of
soil habitats that exist: sandy soils, clay soils, organic soils, non-agricultural soils,
etc. that often occur as soil aggregates; these are the basic microhabitats. Further-
more, the environmental macroconditions such as temperature, pH, water availabil-
ity, salt concentration, anaerobic versus anoxic, etc. vary considerably, and these of
course affect endemic microbial populations. Apart from this macrovariety, the
micro-ecological aspects of, for example, a soil particle/soil aggregate, in which the
O, concentration changes from almost complete saturation at the outer border to
anoxic in the middle, affect the development of micro-organisms and hence the
microbial diversity at the microscopic level in a dramatic way. Consequently,
cultivation-based approaches need a huge variety of incubation conditions if one
hopes to investigate even a representative part of the cultivable fractions of these
ecosystems, and so such investigations are extremely laborious. This has led to a
widespread opinion amongst microbiologists that only a small fraction of the
bacterial population present in various ecosystems and niches is cultivable. There-
fore, with the support of the molecular tools that became available during the last
decennium, culture-independent approaches attracted more and more attention in
comparison with culture-dependent methods. This interpretation certainly refutes
the historical evolution of our knowledge on microbial diversity, as stated by
Leadbetter (2003), that breakthroughs in environmental physiology based on isola-
tion since the 1970s are perhaps even more impressive than those based on
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molecular approaches alone. Furthermore, it came to the fore in the ongoing debate
(Nichols 2007) that molecular data alone are not sufficient to understand function-
alities. Indeed, achieving whole genome sequences is not straightforward when the
micro-organism is not available (Tringe and Rubin 2005), and this often leaves
the microbial heterogeneity unresolved. In addition, functional interpretation of the
proteins derived from the generated DNA sequences remains for the most part
unresolved, and molecular ecological studies must go hand-in-hand with sequence
analyses.

It is, however, clear that knowing the bacterial composition of different
ecosystems such as soils covers only one aspect; the question is not only Who
is out there? but also What are they doing? and What are they doing with whom?,
so as to address the functionalities that are of increasing interest. It is now realized
that mixed cultures and natural consortia may be the keys to our better under-
standing of microbial population ecology. This is clearly an underexplored
research field.

Despite this renewed interest in culture-dependent approaches, culture-indepen-
dent studies have revealed an overwhelming amount of data concerning individual
bacteria, specific bacterial taxa and complex bacterial communities, and they have
clearly improved our understanding of microbial ecology. It should be appreciated,
therefore, that culture-independent approaches may address questions relating both
to individual/specific taxa and complex communities.

In the case of Bacillus, or in a more broad sense the aerobic endospore-formers,
it must be remembered that their survival strategies may result in temporal and
spatial resting or dormant stages. The process of switching from dormant spore to
active vegetative cell in the natural environment is not well understood (Setlow
2003), but it depends upon changes in environmental conditions such as nutritional
components, the so-called germinants, and also — of course — the existence of
suitable macro-environmental conditions (pH, temperature, water availability,
etc.). When these conditions are unfavourable for such organisms to be in their
vegetative states at the time of sampling, molecular approaches that involve cell
lysis or cell penetration give misleading results. Therefore, it can easily be appre-
ciated that the effective contributions of aerobic endospore-formers to soil ecology,
be they biogeochemical cycling or beneficial effects on plants via the rhizosphere,
etc., can be underestimated. On the other hand, preceding such studies with
enrichment or cultivation steps to encourage spore germination will bias the final
results should only a limited range of culture conditions be applied. For example,
the contributions of Bacillus and relatives to denitrification processes in activated
sludge and water have been underestimated, and, judging by their observed abun-
dances when appropriate media and cultivation conditions have been provided,
these organisms most probably make important contributions to the denitrification
process.

Finally, in case of direct culture-independent approaches, the same organisms
risk being underestimated because they belong to the so-called Firmicutes. The cell
lysis of such organisms is often difficult, and so subsequent DNA purification and/
or PCR-based applications may also be biased.
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Researchers must take these considerations into account when designing culture-
independent as well as culture-dependent experiments, and the interested reader is
also referred to Mandic-Mulec and Prosser (2011).

Investigations into biodiversities of the so-called bulk soils have mainly been
made using microscopic or DNA-based molecular methodologies, or combinations
of these. The overview below focuses upon those studies that address both meth-
odologies and their application to the aerobic endospore-formers.

3.2 Microscopy

Microscopic investigations of soil often concentrate on the interactions between the
natural soil bacteria and the rhizosphere, in order to reveal the development of
bacterium/plant relationships and the entry of bacteria into the root system.
Although the aerobic endospore-formers are important for certain activities, such
as nitrogen fixation or biocontrol of plant pathogens, most studies have concen-
trated on Gram-negative bacteria. Nevertheless, these methodologies can be
applied, after certain adjustments, to the study of Gram-positive bacteria such as
the aerobic endospore-formers in their vegetative states. Spores of course are less
easy to address, and will demand special procedures. A flow chart for microscopic
investigations is shown in Fig. 3.1.

Soil sample for microscopic examination

Direct examination Staining

— Light microscopy (phase contrast) — Light microscope: various dyes [
(limited preparation)

or or

-SEM
(extended preparation)

— Fluorescence microscopy:
various dyes and various targets

- ESEM
(extended preparation)

Fig. 3.1 Possible microscopic approaches to investigate soil microbial flora
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3.2.1 Direct Microscopic Examination Without Staining

Although of little specific value, direct light microscopic analysis can be of some
importance, so as to have an idea of the variation of morphological forms of the
microbial flora in certain biotopes such as soil.

Scanning electron microscopy (SEM) in its classical application needs an exten-
sive sample preparation procedure that for direct soil studies includes embedding
into a resin matrix with subsequent sectioning of the specimen. Although classical
SEM also requires the specimen to undergo a dehydration process (because the
specimen chamber is under vacuum), environmental scanning electron microscopy
(ESEM; Danilatos 1997) does not. In ESEM an oversaturated water vapour pressure
in the specimen chamber is maintained, and this allows the study of hydrated
biological samples. Although the technique has mainly been used in environmental
mineralogical studies, the growth and development of biofilms have been followed
in at least one application (Wolgelius et al. 2007).

3.2.2 Direct Microscopic Examination After Staining

3.2.2.1 General Staining

Like unstained, direct examination, direct microscopic examination after cell
staining allows us to study members of the indigenous microbial flora and their
spatial relationships in habitats such as soil. It is clear that, apart from the general
staining methods that visualize the overall microbiotic component of the habitat,
more specific staining approaches are needed to reveal the abundance of certain
bacterial groups such as the aerobic endospore-formers at given times and under
particular environmental conditions.

Light microscopy. Light microscopic examination after staining involves Gram
and methylene blue staining procedures and may provide a general impression of
the variability of the microbiota present in a soil sample. Furthermore, traditional
malachite green staining specifically demonstrates the presence of spores. Again,
this staining can only provide a general impression of the abundance of endospore-
formers in a complex biotope.

Fluorescence microscopy and confocal laser scanning microscopy. An overview
of the use of fluorescence microscopy for the visualization of soil micro-organisms
is given by Li et al. (2004). Two types of fluorescent microscopy can be distin-
guished according to the optical paths employed, namely, the transmitted-light
fluorescence microscopes and the epi-illumination fluorescence microscopes. Con-
focal microscopy is based on the same principle as the epifluorescence microscopy
with the addition of two pinhole apertures that are placed behind the light source
and in front of the detector to eliminate the out-of-focus light so that only in-focus
light is detected; as these apertures have the same focus, the arrangement is
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described as confocal. The image obtained by confocal microscopy is not a real 2D
image but a “translated 2D image” of higher quality than one obtained from
epifluorescence microscopy. As the focused spot of light scans across the specimen,
an image is constructed from the output of a photomultiplier. A 3D image is then
built up with the aid of a focus tool that allows the specimen to be scanned at
different depths.

Fluorescent dyes and staining. Various dyes are available and different staining
procedures have been developed for a wide range of applications: general or
specific staining (phylogenetic and physiological groups), the target for staining
(DNA, cell wall components, etc.), composition of the soil (clay, sandy, etc.), pH of
the soil and so on.

DNA as target for fluorescent microscopy. Acridine orange is probably the best
known and most widely used nucleic acid stain for micro-organisms. It is mostly
employed for direct total counting. Cell counts obtained by flow cytometry and
acridine orange-based direct counting may be in very good agreement, though the
latter is much more time-consuming and has the restriction of a small sample size.
Furthermore, with the flow cytometric approach, cell sizes and forms can be linked
to specific bacteria, such as members of Bacillus (DeLeo and Baveye 1996). To
minimize the non-specific staining of soil particles by acridine orange, resin
embedding is recommended (Altemiiller and Vliet-Lanoe 1990). Because acridine
orange is positively charged, it binds to and colours the negatively charged clay
particles. Ethidium bromide and DAPI (4’,6-diamidino-2-phenylindole) are the two
other fluorescent nucleic acid stains that are commonly used for enumeration or
biomass measurements of soil preparations.

3.2.2.2 Specific Cell Stains

FISH (Fluorescent in situ hybridization). The development of fluorescent probes
allows the direct staining of specific phylogenetic groups of bacteria in a soil
sample. The methodology that was, and still is, most successful is based upon
specific domains in the 16S RNA gene in its transcripted rRNA complement. This is
present in a vast number of copies in the cell, and it can bind the selective
fluorescent probe so as to give a detectable signal. The method only allows the
detection of actively growing cells, and the penetration of the reagents through the
cell membranes of Firmicutes may be less effective than that for Gram-negative
organisms, and so this deserves special attention. FISH has often been used to study
the relationships between rhizosphere bacteria and plants; examples can be found
for rhizobia (Santaella et al. 2008), Pseudomonas (Watt et al. 2006) and Paeniba-
cillus (Timmusk et al. 2005). More recently, FISH has been used to demonstrate the
expression of functional genes by targeting mRNA, for example, the toluene
monooxygenase gene (fom) of Pseudomonas putida (Wu et al. 2008) and the nitrite
reductase gene (nirK) of dentrifiers (Pratscher et al. 2009).

GFP (green fluorescent protein gene) LUX (lux gene) tagging. Tracking of
single bacterial strains in the soil can be achieved by the insertion of fluorescence
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marker genes. Design and insertion of plasmids or transposons controlled by
promoters have allowed in bioluminescence (e.g., lux gene) or green fluorescent
protein (e.g., gfp gene) tagging. These so-called reporter genes may be regarded as
non-specific or specific. The non-specific reporters have a lux reporter system that is
under the control of a constitutive promoter, and bacteria will emit constant light
when supplied with oxygen and energy. They have been used to monitor the
development of the metabolic activities of bacterial inoculants in drying soils
(Meikle et al. 1995). Specific reporters have been used to observe responses to
specific stress factors, compounds or elements (Jaeger et al. 1999).

3.3 Molecular Approaches

Despite the efforts to improve the cultivation approaches (Janssen et al. 2002;
Heylen 2007), only a fraction of a soil’s microbial diversity is cultivable. Recent
developments of molecular tools might appear to minimize the need for cultivation.
A range of approaches, collectively known as “metagenomics”, has been proposed
in various forms. Despite important progress and understanding to overcome
various biases, major hurdles still exist:

1. The correct relative coverage of the microbial diversity in the DNA after its
extraction from the crude sample

2. Selection of appropriate gene sequences and their integration into functionalities
to unravel the existing functional networks and

3. Computational aspects in order to move curated DNA sequences of gene frag-
ments to the databases for further interpretation

The strategy to be chosen depends on the target of interest: is it the complete
bacterial community, or specific parts of it such as individual phylogenetic groups,
or organisms with particular physiological traits? In all cases, treatment of the
samples must be followed by DNA or RNA extraction procedures as the analytical
starting points. The next question to be answered concerns functionality aspects of
the bacterial community.

An overview of the various strategies is shown in Fig. 3.2.

3.3.1 Sampling

Depending on the nature of the biotope, water or soil samples need to be treated
differently. The treatment of water samples will depend on the volume of the samples;
up to 20 1 of samples can be directly filtered using, for example, a 500-kDa filtration
disc, while larger samples may require tangential flow filtration in order to separate
solid particles before filtration. In both cases the loaded filters can be cut into pieces for
DNA/RNA extraction. In the case of soil samples, the efficiency of the metagenomic
approach is directly linked to the method of DNA purification used. When DNA is
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Fig. 3.2 Proposed workflow for molecular analysis of bacterial diversity of soil

directly isolated, its quality is often diminished by problems such as mechanical
shearing owing to bead-beating, for example, or due to the effects of humic acid
contamination. When the direct DNA extraction is not applied, the Nycodenz extrac-
tion method may be recommended. In brief (Guazzaroni et al. 2010), 1-5 g of soil or
sediment is suspended in 540 ml of TE (Tris/EDTA) buffer at pH 8 and inverted a
number of times, then the samples are mixed to separate the cells from the solid matrix
and centrifuged at low speed to eliminate the bulky soil particles. The supernatant is
separated and again centrifuged for 15-30 min at 6,000x g at 4°C and the pellet
obtained used for DNA preparation according to the Nycodenz extraction technique
(Lindahl 1996). A whitish band of microbial biomass is then obtained at the interface
of the Nycodenz layer and the aqueous layer in the ultracentrifugation step. DNA has
been successfully isolated from compost, rhizosphere soils, and pristine and contami-
nated sediments. For more detailed information refer Guazzaroni et al. (2010),
Bertrand et al. (2005) and Poté et al. (2010).

3.3.2 DNA/RNA Extractions from Bulk Soil

A general problem in direct DNA or RNA extraction procedures concerns cell lysis.
Three different approaches of cell disruption are possible: physical, chemical and
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enzymatic. Physical disruption may include methods such as freeze-thawing,
freeze-boiling, the use of bead mills, bead-beating, mortar-mill grinding, grinding
under liquid nitrogen and ultrasonication. These methods often result in the DNA
shearing and yield poor quality DNA. Therefore chemical disruptions are most
commonly used, involving treatment with sodium dodecyl sulphate (SDS) to
dissolve the hydrophobic material of the cell membranes; this is often used in
combination with heat treatment and with chelating agents as EDTA, and a variety
of phosphate and Tris buffers. To remove (or at least partially remove) the humic
acids that may interfere with a PCR reaction at a later stage of the procedure,
cytyltrimethyl-ammonium bromide (CTAB) and polyvinylpolypyrrolidone (PVPP)
are added. Enzymes such as lysozyme, achromopeptidase and proteinase K are also
commonly added in order to remove contaminating material from the nucleic acid
preparation.

Later in the procedure, in principle, two alternative major DNA extraction
approaches may be followed — the phenol chloroform method, followed by purifi-
cation and cleaning up, and commercially available DNA extraction kits. Many
variants of the phenol chloroform method have been developed in order to match
the specific characteristics of the sample. If the Nycodenz approach has been
followed, a relatively straightforward DNA preparation procedure is suggested by
Guazzaroni et al. (2010). When commercially available DNA extraction kits are
used, various options are available and information can easily be obtained from the
manufacturer. The efficiency of DNA extraction may be evaluated so that improve-
ments can be made to the above-mentioned Nycodenz approach (Poté et al. 2010).
Extraction of DNA of high quality is probably the most crucial step in metagenomic
approaches, and the selection of a suitable method may often be informed by in-
house experience obtained through trial and error.

In the case of RNA extraction, precautions must be taken both to neutralize the
activity of RNAs that are ubiquitous in environmental samples and to circumvent
the short life of mRNA. These are covered in Sect. 3.3.4.1.

3.3.3 Methods that Explore the Overall Bacterial Community

The “who is out there?”” question is in most cases only looking for information on
the most abundant or conspicuous traits of micro-organisms in a given soil sample,
and even then the answer is biased by the efficiencies of sample treatment, DNA
extraction and the PCR-based methods applied to it.

3.3.3.1 Denaturing Gradient Gel Electrophoresis and Terminal
Restriction Fragment Length Polymorphism

Denaturing gradient gel electrophoresis (DGGE) is based on the different melting
behaviours of double-stranded DNAs of different G + C contents during denaturing
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gradient electrophoresis (Muyze et al. 1993). In this approach, a small part
(200400 bp) of the 16S rRNA gene is amplified with general primers, and the
amplicons obtained are separated on the basis of their denaturation capacities in a
salt gradient according to the %G + C of each fragment. (When fragments are
separated in a temperature gradient, it is referred to as Temperature Gradient Gel
Electrophoresis, or TGGE.) In order to avoid complete denaturation, a GC clamp is
attached to the amplicons prior to their separation. The banding pattern obtained
can be used in a direct comparative analysis in order to follow changes of the
dominant bacterial flora — for example, as a result of alterations to external para-
meters such as temperature or other stressors. Bacterial guilds that are present in
less than 1-2% of the total population will most probably not be picked up by this
kind of approach. Further analysis may address the identities of the individual
bands; they can be sequenced after being cut from the gel, taking care to avoid
contamination by adjacent bands. Nonetheless, the identification is biased because
only a small part of the 16S rRNA gene has been amplified; also, because different
alleles of a single genome may result in different bands, it means that the assump-
tion that one band corresponds to one species is misleading in many cases. The
DDGE approach can be refined by selective amplification, using specific primers
that match well-defined phylogenetic groups in given ecosystems, such as lactic
acid bacteria in beer or dairy products.

In the case of terminal restriction fragment length polymorphism (T-RFLP),
separation is based on terminal fragments of various lengths that depend upon the
different cutting sites of the endonuclease employed (e.g., RFLP and ARDRA) (Liu
et al. 1997).

3.3.3.2 Cloning of 16S rRNA Gene Fragments into Escherichia coli

DNA extracts can be used as sources for cloning of 16S rRNA fragments into
E. coli. Commercial kits for this purpose are easy to use and the 16S rRNA gene-
containing clones obtained must then be sequenced using the established Sanger
method. Although this approach is theoretically possible at the bench, it is time-
consuming if one wants to reach a statistically supported view on global diversity in
the sample, and this approach has therefore been overtaken by faster and more cost-
effective sequencing methods.

3.3.3.3 Direct Sequencing

Recently, DNA sequencing has been redesigned completely by the so-called pyr-
osequencing (e.g., 454 sequencing). In this approach a hundred thousand clones or
more are created and sequenced in such a way that partial (400 bp) 16S rRNA gene
sequences are obtained after an automated assembling and annotating process.
Analysis and interpretation of the data is the most time-consuming part. Despite
this enormous quantitative improvement, the above-mentioned demands of steps
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such as cell lysis, DNA extraction and PCR at least partly remain. Furthermore,
knowledge of the diversity of the microbiota in an ecosystem does not necessarily
provide information on the functionality expressed by its members.

3.3.4 Methods that Reveal the Functionality of the
Bacterial Community

3.34.1 Micro-array Approach

Once we know “Who is out there” in an ecosystem we can proceed to the question:
“Who is doing what?”” This of course reflects the functionalities that are expressed
by the constituent organisms. While the genome can be regarded as “the hardware”,
the expression of it can be regarded as “the software”. The first step in expression is
the transcription of the genome into mRNA that varies partly with changing of the
external conditions in the ecosystem. The first part of the procedure is the extraction
of mRNA, and this needs special precautions because of its short half-life time and
the presence of RNases that will destroy it. Immediate and rapid freezing of the
samples in liquid nitrogen is a prerequisite and must be accompanied by pre-
treatment of the solutions to be used with, for example, DEPC (diethylpyrocarbo-
nate) as an RNase inhibitor, while the baking of all glassware and keeping samples
on ice during all of the preparation steps are essential. For more details on mRNA
extraction methods, refer Borneman and Triplett (1997) and Biirgmann et al.
(2003). RNA is then amplified with reversed transcriptase into cDNA which can
then be used on the micro-array.

Ideally, a micro-array should be constructed on the basis of the functional genes
of (all) the organisms that were discovered in the original soil sample by the earlier
diversity study. The information on the functional genes for the organisms detected
by the diversity study (or of very close relatives) should be retrieved from the
whole-genome sequences available in public databases. Because of the present
insufficiency of genomic information, an overall examination of the overall func-
tionality of a bacterial community is generally not yet possible, but some more
narrowly focused examinations have been made, for example, the diversity of the
methanotrophs (Bodrossy et al. 2003; Stralis-Pavese et al. 2004).
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Chapter 4

Exploring Diversity of Cultivable Aerobic
Endospore-forming Bacteria: From
Pasteurization to Procedures Without
Heat-Shock Selection

O. Berge, P. Mavingui, and T. Heulin

4.1 Introduction

The genus Bacillus sensu lato represents one of the most diverse groups of bacteria,
and includes aerobic and facultatively anaerobic, rod-shaped, Gram-positive spore-
forming bacteria. Recently, 16S rRNA gene sequence analysis has allowed the
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recognition of many distinct genera of aerobic endospore-formers, including:
Bacillus, Alicyclobacillus, Paenibacillus, Brevibacillus, Aneurinibacillus, Virgiba-
cillus and Gracilibacillus. In this chapter, the term “aerobic endospore-forming
bacteria” (AEFB) is used to indicate all the members of these genera. Searching for
“Bacillus OR spore-forming bacteria” in the NCBI database yielded 62,000 hits at
the time of writing.

AEFB are ubiquitous, and they inhabit diverse and contrasted niches in agro-
ecosystems, including extreme environments. The wide distribution of AEFB is
linked to their wide-ranging nutritional requirements, growth conditions and
metabolic diversities. For instance, the strains belonging to the Bacillus cereus
group are among the most abundant cultivable soil bacteria worldwide and they
display a wide diversity (von Stetten et al. 1999). In cultivated soils, AEFB play
important roles in fertility and plant nutrition (Francis et al. 2010). This is well
illustrated by the Paenibacillus species that were reported to possess nitrogenase
activity (Achouak et al. 1999) and that have been shown to be involved in the soil
nitrogen cycle (Seldin et al. 1983; Gouzou et al. 1995). AEFB species often
produce antibiotics, or secrete proteins and enzymes, that make them candidates
for biotechnological applications (Lal and Tabacchioni 2009). They have also
been studied and commercialized as probiotics for animal and human nutrition
and health (Fuller 1992; Sanders et al. 2003; Patel et al. 2009). In cultivated soils,
they are also able to rapidly and completely biotransform herbicides (Batisson
et al. 2009).

To understand better the roles, dynamics and community structures of AEFB
in natural environments such as soil, high-quality methods for their detection
and analysis are needed. Many species from soils have been already described,
but the taxonomic and functional diversity of this group is largely unknown
and has to be explored further. The study of AEFB diversity has been a classical
Pasteurian or conventional approach until recently. It is based on bacterial
cultivation giving access to isolates. The development of analyses of diversity
that are independent of cultivation, as presented in De Vos (2011), have allowed
access to non-cultivable microorganisms. These techniques are promising: for
example, new species of Paenibacillus were revealed by a PCR-DGGE
approach using genus-specific primers (da Silva et al. 2003; da Mota et al.
2005; Coelho et al. 2007) and are complementary to isolation methods. How-
ever, the isolation of strains allows us to characterize them extensively, and
eventually to exploit them for industrial or agronomical purposes, making this
approach very useful still.

In the first part of this chapter, we report on the culture-dependent approaches
that are mainly based on spore selection and provide data on their helpfulness in
discovering the large diversity of AEFB. As with any cultivation method, the
spore selection strategy has some limits that could skew the study of AEFB
population diversities in soils. Alternative methods that allow isolation of both
spores and vegetative cells are therefore presented in the second part of the
chapter.
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4.2 Isolation of Aerobic Endospore-forming Bacteria
from Soils by Spore Selection

In almost all environments, and especially in soils, most AEFB species are not
among the dominant microorganisms. In temperate soils, Paenibacillus polymyxa
represents about 0.1% of the total cultivable bacteria (Mavingui et al. 1990, 1992).
As for most bacterial species in nature, their isolation and study is severely
hampered by the lack of efficient methods to select for them specifically from
environmental samples. Strategies such as enrichment techniques have been devel-
oped to overcome this problem. Enrichment can be a very powerful tool available
for isolation, but it is dependent on the ratio of bacteria to be selected to bacteria to
be counter-selected. It does not allow direct bacterial enumeration. Moreover,
enrichment steps could introduce biases in the diversity of the population by
favouring some bacterial genotypes; this is a general problem in microbiology.

The most widely used procedure today for isolation of AEFB populations still
relies on spore selection (Fig. 4.1). The rationale of the strategy is based on the
ability of AEFB to produce spores that are resistant to many physical and chemical
agents whereas their vegetative counterparts are not. For Bacillus subtilis it has
been shown that this tolerance is due to the presence of a resistant spore coat
(Shapiro and Setlow 2006) and also to spore-specific DNA-binding proteins
(Setlow et al. 2000). Applying treatments such as heat, irradiation and various
chemicals facilitates selection of spores from among a mixture of cells. After
recovery, germination of the bacterial spores can be obtained by incubation in
appropriate growth conditions. An overview and discussion of key steps in the
protocols for spore isolation follow.

4.2.1 Soil Sample Preparation

Usually, spores are recovered from a soil suspension. Treatments are then necessary
to ensure good extraction and dispersion of spores from soil aggregates, in order to
allow subsequent growth as separate colonies on a solid medium, as is done for all
bacteria being isolated from a complex matrix such as soil. Nicholson and Law
(1999) extracted spores from soil samples using the chelating resin Chelex 100
followed by a NaBr density gradient centrifugation. They showed that spores
preferentially adhere to large soil aggregates. Extraction of spores from soil
requires steps for dissociation from other soil components. To that end, soil can
be suspended in water or saline buffer, with an agitation in the presence of beads
and detergents or with sterile sand. The procedures described in the literature for
diluting and dispersing the soil vary; for instance, in one case 0.1 g of soil was
suspended in 950 pl of phosphate buffered saline and submitted to vertical shaking
for 60 min at room temperature (Tzeneva et al. 2004); in another case 10 g soil was
suspended in 90 ml of dispersion and stabilizing buffer containing 0.2% sodium
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Cell extraction from soil
Mixing of soil sample (1 to 100g) with sterile water, saline, or buffer

;

Agitation (with beads or sand and/or detergent) for 15min to 1h

|

Centrifugation or decantation of soil suspension; dilution

|

Spore selection Heat treatment 80°C for 3 to 30min (or alternatives, see text)

'

Spreading on selective or semi-selective medium (Sheep Blood, PEMBA,
nitrogen free-media...)

:

Incubation under optimal conditions (Temperature 4 to 45°C; anaerobiosis
or aerobiosis; pH 4 to 9.5; NaCl 0 to 20%)

:

. ) Use of selective criteria: colony morphology (colour, size, swarming,
Selection of isolates extracellular polysaccharide production etc.), microscopic criteria: spore
type, crystal production (B. thuringiensis), specific staining etc.)

Identification of selected
isolates Phenotype (APl 50CH)
Diagnostic PCR
16S rRNA gene sequencing

|

Diversity index calculation
Statistical analysis (experimental design and sampling strategy)
Multiple independent tests
Analysis of phenotypic and genotypic characteristics

Selective medium

Selective culture conditions

Quantitative diversity studies or
qualitative studies

Fig. 4.1 General protocol for isolation of aerobic endospore-forming populations by spore
selection

polyphosphate and 0.05% Tween 80, then the suspension was shaken at 200 rpm for
10 min with glass beads (von Stetten et al. 1999); finally, Collier et al. (2005)
proposed placing the soil sample in a 30 ml universal tube with 5 ml of 0.85%
sterile saline and 0.5 g sterile sand and then vortex mixing for 30 s.
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4.2.2 Heat Treatment

The most frequently used technique for spore selection is heat treatment or pasteur-
ization. Suspensions of soil samples are heated for given times at temperatures that
kill vegetative cells. Spores from the heated sample are then incubated in optimal
conditions to encourage germination (Fig. 4.1). This technique is powerful because
it is highly selective. It eliminates all non-spore-forming microorganisms from any
sample and is very efficient for obtaining bacterial populations from spores.
Emberger (1970) extensively studied the physico-chemical and physical conditions
needed to isolate Bacillus species efficiently. The most suitable treatment was
heating, and the recommended temperatures ranged from 65 to 70°C for 15 min.
Claus and Berkeley (1986) proposed heating samples at 80°C for 10 min, and this is
a procedure widely reported in the literature. However, heat treatment may have to
be adapted for some types of spore formers, because the endospores of some
bacterial strains are not as heat tolerant as others. The incubation time used may
vary from 3 (Jara et al. 2006) to 30 min. It is recommended to start heating at a
relatively low temperature (e.g. 70 or 75°C) and progressively increase it until an
optimum temperature is achieved.

To isolate AEFB, some authors have taken advantage of the tolerance of spores
to other stresses. Koransky et al. (1978) concluded that treatment with 50% ethanol
for 1 h is an effective technique for selectively isolating spore-forming bacteria
from a mixed culture, as effective as heat treatment of 80°C for 15 min. Patel et al.
(2009) confirmed this finding by isolating Bacillus strains from food wastes both by
heating at 65°C for 45 min and using incubation with ethanol. Soil drying can be
also used as a selective pressure, as endospores produced by AEFB have a remark-
able tolerance of desiccation and may survive for long periods in such conditions.
Drying treatment is probably gentler than heating or ethanol incubation. To study
the diversity of Bacillus genotypes in soil samples from a reserve in Egypt, Eman
et al. (2006) killed vegetative cells by adding chloroform (1% v/v); however, this
technique has not been validated.

An interesting selection process, differing from classical heat treatment, was
developed by Travers et al. (1987) for isolating Bacillus thuringiensis. In this
process, named “acetate selection”, germination of B. thuringiensis spores was
selectively inhibited by sodium acetate (0.25 M), while most of the undesired
spore formers were allowed to germinate. Next, all of the non-sporulated bacteria
were eliminated by heat treatment at 80°C for 3 min. The surviving spores were
then plated and allowed to germinate on a rich agar medium. Even if some other
Bacillus species are also selected by this method, such as Bacillus sphaericus and
B. cereus, this technique is frequently used to study the diversity of B. thuringiensis
worldwide (Martin and Travers 1989; Helgason et al. 1998; Hongyu et al. 2000;
Uribe et al. 2003). A modification of the method promotes greater spore yields by
stimulating sporulation before applying the stress shock. For instance, some authors
suggested suspending one gram of soil in 50 ml of a sporulation medium, then
incubating at 37°C under shaking for 48 h before killing vegetative cells and then
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heat treating (Eman et al. 2006), whereas others proposed incubating the soil
suspensions in nutrient broth at different temperatures for 5 days to allow a better
maturation of spores (Walker et al. 1998).

As opposed to using heat treatment to select for spores, Bizzarri and Bishop
(2007) were interested in specifically recovering vegetative cells of B. thuringien-
sis. Both spores and vegetative cells of AEFB will produce colonies if environmen-
tal samples are plated onto conventional growth media; so, they selected vegetative
forms on a medium containing the germination inhibitor TAME (Na-p-tosyl-L-
arginine methyl ester) and showed that these bacteria exist in active forms on the
phylloplane.

4.2.3 Selective Growth Media

After selection of spores by heat and complementary treatments, soil samples are
plated onto growth media to obtain isolates and to study the diversity of the
corresponding populations. Depending on the targeted bacterial species, different
selective strategies will be chosen.

To monitor all AEFB, rich media such as nutrient agar are often used after heat
treatment. Many different AEFB are able to grow on such media and they allow the
study of their diversity. In this way, Walker et al. (1998) obtained diverse AEFB
isolates to screen for their antifungal activity against Botrytis cinerea and Pythium
species. Garabito et al. (1998) used such a medium containing yeast extract,
protease-peptone, glucose and soil extract to isolate AEFB from different saline
soils. Their isolates were extremely halotolerant and their diversity indicated that
they may have had important ecological roles in these hypersaline environments.

When targeting a particular species, or a group of closely related species, more
specific media and/or selective techniques are necessary. This is especially true
when the species sought is in relatively low abundance; this was the case with
B. thuringiensis (Travers et al. 1987), which represented 0.5-0.005% among all
Bacillus strains isolated from the soil samples tested. Some growth media have
been developed to be selective or semi-selective for one species. This selectivity is
based on known characteristics of the given species such as the use of a special
substrate or the resistance to an antibiotic. These media, combined with specific
physico-chemical conditions such as temperature, pH, NaCl concentration or aera-
tion, may lead to efficient isolation of AEFB strains. The most specific factors are
the growth conditions and the most efficient outcome will be selection for the
species. For example, Stefanic and Mandic-Mulec (2009) studying distribution of
B. subtilis at micro-scale in soil, used the properties of strains belonging to this
species to be catalase positive, to convert pyruvate to acetoin, to hydrolyse starch
and to be unable to grow anaerobically on agar. Thus, after heat treatment (80°C,
15 min), soil suspensions were spread on tryptose blood agar and the emerging
colonies were screened for these metabolic characters.
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The strategy is different for AEFB groups that are abundant in a particular
environment. For instance, B. cereus-like organisms are known to be abundant in
cultivable soils. This group of bacteria comprises, besides B. cereus sensu stricto
that is frequently involved in food spoilage and in food poisoning, the insect
pathogen B. thuringiensis, the human pathogen B. anthracis, B. mycoides that
produces rhizoid colonies, B. pseudomycoides and the psychrotolerant B. weihen-
stephanensis. B. cereus and B. thuringiensis are closely related and genomic studies
have concluded that they should be merged into a single species. However, the
name B. thuringiensis is retained for those strains that produce crystalline para-
sporal inclusions. Several selective media for the detection and enumeration of
B. cereus in food have been developed (reviewed by van Netten and Kramer 1992).
Among them, the PEMBA medium (Polymyxin pyruvate Egg yolk Mannitol
Bromothymol blue Agar) developed by Holbrook and Andersson (1980) is com-
monly used to study the diversity of B. cereus group members in soil samples. von
Stetten et al. (1999) employed PEMBA after heat treatment (80°C for 10 min) of
soil suspensions and showed that the geographic distribution of psychrotolerant and
mesophilic isolates of B. cereus sensu lato correlated significantly with the annual
average temperature. This protocol was also used to study the diversity of B. cereus
and B. megaterium in honey (Lopez and Alippi 2007, 2009). In another study
(Guinebretiere et al. 2003), spores of B. cereus were grown on MYPA (Mannitol
egg Yolk Polymyxin Agar; Lancette and Harmon 1980) after heat treatment (80°C
for 15 min) of soil and plant samples. These authors found high concentrations of
B. cereus spores in the soil in which zucchini were grown and showed that they
contributed to the contamination of industrially cooked food.

In the case of extremophilic AEFB, the growth conditions to which they are
adapted, such as at high temperature and/or high pH, are selective enough to allow
screening for isolates of these species (Ward and Cockson 1972; Smith et al. 2009).
Logan et al. (2000) used a combination of temperature (15-65°C) and pH (4.5-6.5)
conditions as unique selective pressures during growth on a semi-selective medium
after heat treatment (80°C, 10 min) of soil suspensions to isolate a new moderately
thermophilic species, Bacillus fumarioli, from Antarctic geothermal sites. Using the
same method, Rodriguez-Diaz et al. (2005) examined 12 samples of soils from
Alexander Island in Antarctica, for the presence of AEFB. A novel species,
harbouring the nifH gene and able to grow at 4°C, was isolated and named
Paenibacillus wynnii. The species Alicyclobacillus acidoterrestris and Alicycloba-
cillus acidocaldarius are both thermo-acidophilic AEFB that cause spoilage of acid
food products. To study the role of Alicyclobacillus species in the spoilage of fruit
juice, analysis of their diversity in soil was performed (Groenewald et al. 2009);
after heat treatment (80°C for 10 min), soil samples were incubated in yeast-starch
broth, adjusted to a final pH of 4, at 45°C for 24 h as an enrichment step, then
dilutions were spread on plates of the same medium solidified with agar, followed
by incubation at 45°C for 72-120 h. Spore-forming rods were then selected
and tested by PCR amplification of a DNA fragment lying between coordinates
1254 and 1388 of the 16S rRNA gene. The majority of isolates belonged to the
species A. acidoterrestris, but A. acidocaldarius was also isolated. Using a similar
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approach, facultative alkalitolerant and halotolerant AEFB were isolated from soils
surrounding Borax Lake, Oregon (Smith et al. 2009); in this case, the medium was
supplemented with 20% NaCl and the pH adjusted to 9.5. In addition, heat treat-
ment (80°C for 15 min) was used instead of aerobic enrichment culture. The
collection of strains obtained represented a rich source of alkalitolerant and halo-
tolerant AEFB that could be of potential ecological and/or commercial interest.
The nitrogen-fixing ability of some AEFB could be exploited as a selection
criterion. Some nitrogen-fixing Paenibacillus have been isolated from soil, rhizo-
spheres and roots of crops, mainly cereals such as wheat (Heulin et al. 1994;
Beneduzi et al. 2008) and maize (Berge et al. 1991, 2002; Seldin et al. 1998).
Their various properties in relation to plant growth such as nitrogen fixation,
production of auxin-like molecules (Lebuhn et al. 1997) as well as production of
chitinase and antifungal molecules (Mavingui and Heulin 1994) made the analysis
of their intra-specific diversity of great interest (Mavingui et al. 1992; von der Weid
et al. 2000; da Mota et al. 2002; Beneduzi et al. 2008). Rennie (1981) and Seldin
et al. (1983) developed an isolation procedure based on pasteurization and growth
on N-free media in anaerobic jars. After heat treatment (80°C for 10 min), appro-
priate soil dilutions were plated on modified Line’s thiamine—biotin medium and
incubated for 7 days at 28°C anaerobically. Individual colonies were tested for
aerobic growth and nitrogen-fixing capacity by measuring acetylene reduction.

4.2.4 Other Selective Criteria

Since the semi-selective media used for the isolation of a specific AEFB do not
eliminate all other co-occurring species found in soil, it is necessary to have
additional techniques to obtain isolates belonging to the targeted species. To that
purpose, standard bacteriological criteria can be used. These include colony mor-
phology (size, shape, margin, colour, opacity and consistency), characteristics of
the spore within the cell, the vegetative and sporangial morphologies or the
production of crystals observed under a phase-contrast microscope (Logan et al.
2000). da Mota et al. (2002) selected bright yellow, convex, shiny and mucoid
colonies growing anaerobically on thiamine—biotin agar as presumptive P. poly-
myxa colonies, whereas Mavingui et al. (1990) used sucrose agar medium to
discriminate isolates of P. polymyxa strains.

To screen for members of the B. cereus group, suspected colonies grown on
PEMBA medium were identified by their shapes, colour, rhizoidal growth and the
presence of lecithinase haloes, followed by a microscopic examination of bacterial
smears by the lipid globule staining procedure, the presence of crystalline inclu-
sions and spores within cells as well as for the size and shape of the vegetative cells
(Holbrook and Andersson 1980; Lopez and Alippi 2007). Interestingly, the selected
isolates were as confirmed as members of the B. cereus group by PCR amplification
of 16S rDNA and cold shock protein genes (Francis et al. 1998). B. thuringiensis is
able to produce an insecticidal crystal protein and this property is largely used to
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screen colonies of this species after heat treatment (Travers et al. 1987). Many
authors have investigated the diversity of B. thuringiensis in different ecosystems in
order to obtain biological insecticides against local insects, with studies in China
(Su et al. 2007; Gao et al. 2008; Hongyu et al. 2000), Colombia (Jara et al. 2006),
Iran (Jouzani et al. 2008), New Zealand (Chilcott and Wigley 1993) and Spain
(Quesada-Moraga et al. 2004). This very simple criterion is also used to study the
genetic structures of B. cereus/B. thuringiensis populations, since these bacteria are
common in nature and known to be potentially pathogenic to both humans and
insects (Helgason et al. 1998). More recently, Guinebreticre et al. (2008) estab-
lished seven major phylogenetic groups in the B. cereus complex. They recom-
mended that these phylogenetic groups be used instead of current phenotypic
species, especially when studying the risk of pathogenicity.

Finally, all isolates must be fully identified prior to their use for diversity analysis.
Biochemical tests such as API 50 CHB (bioMérieux) are routinely performed (von
Stetten et al. 1999; Seldin et al. 1998; von der Weid et al. 2000; Guemouri-Athmani
et al. 2000) as well as rapid diagnostic PCR on isolated colonies. When appropriate
markers are available, the latter technique is useful because of the short time
required to carry it out and the reliability of the results. PCR amplification was
successfully used for Paenibacillus larvae (Govan et al. 1999), Paenibacillus durum
(formerly Paenibacillus azotofixans) (Seldin et al. 1998), and P. polymyxa (von der
Weid et al. 2000). Alternatively, a region of the 16S rRNA gene may be amplified
and sequenced (Groenewald et al. 2009; Smith et al. 2009).

4.3 Isolation of Aerobic Endospore-Formers
Without Spore Selection

Studies of population diversities of AEFB originating from air-dried, ethanol- or
heat-treated samples, hence from endospores that are metabolically inactive, have
their pitfalls (Claus and Berkeley 1986). These studies that rely upon spore selec-
tion may adversely affect the size and diversities of the populations recovered,
owing to the long-term survival of spores under adverse conditions. On the other
hand, it may be assumed that high numbers of endospores found in a given sample
indicate that earlier activity of vegetative AEFB cells has occurred in the environ-
ment from which the sample was taken. However, in a particular habitat and at a
given time, the spore diversity does not necessarily represent the diversity of active
bacteria. This is particularly true in soil compartments where these AEFB are
active, as in rhizospheres or litters. These soil environments are favourable to
vegetative growth because of the presence of carbon and energy sources such
as plant exudates and fresh organic matter. Alternative isolation techniques to
pasteurization were then developed in order to isolate representatives of both spores
and vegetative cells.
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The simplest situation is the one where AEFB are among the most abundant
species. Their isolation is relatively easier and could be achieved by simple spread-
plating on a selective medium (Tzeneva et al. 2004). For example, a selective
medium containing polymyxin B sulphate (5 pg/ml) and penicillin G (4 pg/ml) has
been employed as the basis for AEFB selection (Saleh et al. 1969). Collier et al.
(2005) used a commercially available selective agar (based on PEMBA) to remove
the need for heat treatment. This efficient selective medium for the isolation and
tentative identification of B. cereus sensu lato allowed the authors to determine the
prevalence of toxin gene diversity among B. thuringiensis/B. cereus in
the phyllospheres of plants and in soil. This medium has also been used for the
detection of both spores and vegetative cells of the B. cereus group in contaminated
foods (Rosenquist et al. 2005).

However, most soil AEFB are not among the most dominant soil bacterial
species, and selective or semi-selective media are not available for their isolation.
Due to the lack of a selective medium for isolating Bacillus (now Paenibacillus)
polymyxa, an alternative approach using serological properties was used. Van
Vuurde (1987) showed that antibodies coated onto a suitable solid phase enable
selective trapping of homologous phytopathogenic bacteria as well as immunolog-
ically related bacteria by immunoaffinity. In 1990, the application of the immunoi-
solation to soil Bacillus species was performed for the first time (Mavingui et al.
1990); the authors used polyclonal antibodies (PcAbs) raised in rabbit against
whole-cell antigens of one P. polymyxa strain. All P. polymyxa reference strains
that were tested cross-reacted equally well with these PcAbs. In contrast, Bacillus
(now Paenibacillus) macerans ATCC 8244 and Bacillus circulans NCIB 93747
did not cross-react. This specificity of PcAbs was then exploited to trap P. polymyxa
strains from soil. Briefly, microtitre plates were coated with these partially purified
PcAbs and appropriate dilutions of soil in phosphate buffer were added into the
wells. After incubation at 4°C, the unbound bacteria were washed out twice with
phosphate buffer (pH 7.2), then the bound bacteria were desorbed in 0.1 M KCI (pH
5.5) with the help of manual mechanical action of the pipette tip to scrape the
bottom of the well. This immunocapture was found to be semi-selective, as other
bacterial species could be detected and removed during the next step (selection on
sucrose medium). Finally, the desorbed bacteria were plated on sucrose (4%) agar
medium. The typical production of exopolysaccharide (levan) by P. polymyxa
colonies made their recognition and isolation easy (Mavingui et al. 1990). A general
protocol for this technique is presented in Fig. 4.2. In a study of co-adaptation of
P. polymyxa populations and wheat roots using this immunotrapping technique,
isolated cells within this species represented 0.1-1% of the cultivable bacteria
(Mavingui et al. 1992). The authors isolated 130 strains of P. polymyxa from
non-rhizosphere soil, rhizosphere soil and the rhizoplane of wheat, covering a
large diversity within the species. Genetic and phenotypic analyses of these strains
showed that roots of wheat selected a subpopulation of P. polymyxa, probably from
the natural soil populations (Mavingui et al. 1992). This finding suggested that, over
the time frame of this study, the diversity of the soil bacterial population was
lowered owing to selection by the plant roots.
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Cell extraction from soil Maceration of soil sample (5g) with 45ml of phosphate buffer in mortar with a
pestle

:

107 dilution of soil in phosphate buffer

:

Addition of 100 pl diluted soil suspension to microtiter plates coated with
antibodies (PcAbs) (10’3 dilution)

:

Incubation at 4°C (2 to 12h)

:

Washing of microplates twice with phosphate buffer (pH 7.2)

:

Desorption of bacteria with 100 ul of 0.1M KCI (pH 5.5) and
mechanical action of pipette tips

Immunotrapping

Desorbed bacteria plated on selective medium (4% sucrose
agar medium for P.polymyxa)

:

Selective culture conditions Incubation under optimal conditions (48h at 30°C for
P. polymyxa)

:

Screening of isolates Selection of colonies showing characteristic production of
exopolysaccharides by P. polymyxa

:

Selective medium

Identification of selected isolates Identification with APl 50CH tests
Quantitative diversity studies or Dendrogram of phenotypic similarity, non-parametric tests to
qualitative studies compare serological properties, dendrogram of genetic divergence

based on RFLP profiles obtained with an rRNA gene probe

Fig. 4.2 Example of a protocol of immunotrapping for isolation of Paenibacillus polymyxa
populations

Actually, the study of AEFB diversity is mainly a descriptive endeavour, but the
motivations behind these studies arose from specific hypotheses about the nature of
biodiversity and its impact on ecological processes. Testing of such hypotheses
involves careful general experimental design, sampling procedures, statistical ana-
lyses and multiple independent assays, as recommended by Morris et al. (2002).
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For such studies of diversity, it is necessary to compare a large number of strains.
Immunotrapping appears to be a specific enough and rapid enough method to over-
come this problem. It is relatively simple and easy to perform, and microplate
numbers could be increased to replicate samples and enhance the number of isolates.
Using the immunotrapping strategy, Guemouri-Athmani et al. (2000) studied the
diversity of P. polymyxa in wheat rhizosphere grown in different Algerian soils that
had distinct wheat-cultivation histories. One hundred and eleven strains were immu-
notrapped in total, and statistical comparison of their diversity was thus possible. Even
in a sandy soil that had recently been cultivated with wheat and which contained low
numbers of P. polymyxa, some strains were successfully isolated.

A variant of this technique is the use of immunomagnetic separation to isolate
bacteria from the environment. Antibody-coated magnetizable beads are used to
trap specific cells from heterogeneous suspensions, and subsequent separation of
the target cells from the suspension is carried out with a high-strength magnetic
field. Giiven and Mutlu (2000) developed a high-specificity immunomagnetic
technique for the detection and selective isolation of Pseudomonas syringae pv.
phaseolicola, a pathogen of beans. In another study, over 300 strains of Azospir-
illum were isolated from the rhizosphere of wheat by immunomagnetic separation
(Han and New 1998). The authors estimated between 30 and 50% recovery of
Azospirillum, which is a 160-fold increase in comparison with classical methods.
Immunomagnetic separation was little affected by the presence of plant extracts or
soil particles and therefore could be used to test large numbers of samples in
combination with PCR. So it could represent a very useful technique to trap
AEFB in soil and rhizosphere samples.

More recently, novel techniques that combine molecular techniques and cultiva-
tion to isolate AEFB without spore selection have been developed (see De Vos 2011).
For example, new Bacillus species found to be abundant in a Dutch grassland soil by
a culture-independent approach have been further isolated from several of the soils,
after plating soil suspensions on different media and incubating at different tempera-
tures. High numbers of colonies (>1,000) were screened by multiplex PCR with
specific primers. Sequencing of 16S rRNA genes ascertained the identity of isolated
colonies (Felske et al. 2003, 2004; Tzeneva et al. 2004). This approach is very
interesting because it makes possible the isolation of new lineages of AEFB that
were previously detected as “non-cultivable”, and gives ideas for the development of
new media to cultivate them. However, the technique has to be improved to enhance
the number of isolates per species, as this is necessary to measure the diversity.

4.4 Conclusion

Most AEFB form populations with low abundances in soil, and the effective and
accurate description of their diversity needs adapted techniques. Most AEFB
diversity studies still rely on traditional isolation following spore selection. This
procedure is simple and easy to use and yields most of the sporulated cells from
different environments, but it must be complemented by other selective techniques
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to study the less abundant populations of spore formers. These approaches may give
views of diversity, but it is through the filter of sporulation. To avoid this bias, and
have an access to AEFB strains arising from both spores and vegetative cells, there
are some techniques like immunocapture and/or selective media combined with
molecular techniques, such as colony PCR and/or miniaturization of screening on
microplates. They may give a better view of aerobic endospore-former diversity
and allow the study of strains tailored to the aim of the research. It is important to
evaluate the real benefits of these alternative techniques, regarding the intended
objectives of the research, and to compare them with spore selection. All together,
these approaches will definitely help the clarification and quantification of AEFB
diversity in soils and other environments. The developments of new technologies,
such as high-throughput sequencing, give new perspectives and will improve AEFB
studies in the near future.
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Chapter 5
Life Cycle and Gene Exchange

Xiaomin Hu and Jacques Mahillon

5.1 Introduction

Many aerobic endospore-forming soil bacteria belong to the family Bacillaceae,
which contains important species, either for their potential industrial applications or
their pathogenic/opportunistic behaviours. For instance, Bacillus subtilis and its
close relatives represent a significant source of industrial enzymes (e.g., amylases
or proteases), and much of the commercial interest in these bacteria arises from
their capacity to secrete these enzymes at gram per litre concentrations. Similarly,
because of its entomocidal properties, Bacillus thuringiensis has been used com-
mercially as biopesticide in the control of insect pests for more than 40 years. At the
other end of the spectrum, Bacillus anthracis is notorious as the etiological agent of
anthrax and Bacillus cereus sensu stricto is an opportunistic pathogen that has been
implicated in cases of food poisoning, periodontitis and endophthalmitis. Bacillus
species are also ubiquitous, covering most habitats, from soil, fresh or deteriorating
plant material to human and animal faeces. Some species, obligatory halophilic,
thermophilic or alkaliphilic, have also been isolated from diverse extreme environ-
ments. How do all these microbes adjust to these complex and unusual environ-
mental conditions? In this chapter, the specialized life cycles, the optimized
physiological behaviours and the horizontal gene exchange among representative
Bacillus species are used to illustrate the adaptive ecology and lifestyles of aerobic
endospore-forming soil bacteria.
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5.2 Life Cycle and Sporulation

For most bacteria, under laboratory conditions, the standard life cycle consists of
four phases: lag (adaptation), log (exponential), stationary and decline phases. In
natural environments though, where nutrients are less accessible, it is thought that
bacteria are mostly in a state of low metabolism, either at rest or in “dormancy”. For
aerobic endospore-forming soil bacteria (mostly Bacillus species), the formation of
spores is an additional developmental strategy designed for survival in harsh
environments where these bacteria predominate. In this cryptobiotic state of dor-
mancy, the endospore is the most durable type of cell found in nature and can
remain viable for long periods of time, perhaps thousands of years (Cano and
Borucki 1995; Vreeland et al. 2000). When the soil environmental conditions
(e.g., temperature, relative humidity, pH value and nutrients) become favourable,
spores germinate by a successive process: firstly, spores are partially hydrated,
cations (e.g., Ca®*) and the dipicolinic acid (DPA) that are the important spore
components are released from the spore core, the cortex is degraded and the core is
hydrated (Paidhungat et al. 2001; Cowan et al. 2004). If growth conditions permit,
cells multiply and produce daughter cells in the vegetative cell cycle. Interestingly,
besides nutrients, the oxygen concentration is also a sporulation factor (Sarrafzadeh
and Navarro 2006; Park et al. 2009). For instance, B. thuringiensis and B. anthracis
have been reported to require oxygen to trigger sporulation (Roth et al. 1955;
Sarrafzadeh and Navarro 2006).

Endospores of aerobic soil-dwelling bacteria have higher resistances to with-
stand heat, dehydration and other physical stresses than vegetative cells. However,
if unacceptable stress or too much damage has occurred during spore dormancy, the
spore may lose its ability to return to life. As an example, although spores of the
entomopathogen B. thuringiensis can persist in the soil for several years (Smith and
Barry 1998), there is a rapid decline in spore viability and toxicity during the first
few weeks after the spray application of this organism as a biopesticide (Petras and
Casida 1985; Tamez-Guerra et al. 2000). The decline may be due to UV damage
when exposed to sunlight in nature, because spores of many Bacillus species have
been found to be sensitive to UV light (Luna et al. 2008; Zhao et al. 2009); in
B. anthracis, photo-induced repair of UV damage is absent in spores of the Sterne
vaccine strain (Knudson 1986). After exposure to sunlight or UV radiation for
several hours, a significant negative effect on the survival of B. anthracis spores has
been observed (Lindeque and Turnbull 1994; Nicholson and Galeano 2003; Coohill
and Sagripanti 2008).

In addition to a full life cycle in soil, many endospore-forming organisms are
also adapted to a lifestyle in insect (e.g., B. thuringiensis and Bacillus — now
Lysinibacillus — sphaericus) or mammalian hosts (e.g., B. anthracis). Once the
spores, or vegetative cells, have been taken up by the host, they multiply and may
either provoke (in a pathogenic mode), or not provoke (in a symbiotic mode),
disease. When bacteria produce insecticidal proteins, the infected insects become
sick, the bacteria grow in the dead carcases until nutrients become limited, then
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sporulation occurs and eventually spores are released into the environment (Jensen
et al. 2003). That is the case for B. thuringiensis and L. sphaericus. B. thuringiensis
harbours cry genes expressing insecticidal crystal delta-endotoxins (Cry toxins)
during sporulation. This feature distinguishes B. thuringiensis from B. cereus sensu
stricto. Furthermore, several B. thuringiensis isolates also produce vegetative
insecticidal proteins (VIPs) (Selvapandiyan et al. 2001; Bhalla et al. 2005). Due
to these insecticidal toxins, B. thuringiensis is used as biopesticide for the control
of certain insect larvae of lepidopteran, dipteran and coleopteran species (van
Frankenhuyzen 2009). B. thuringiensis isolates are also active against other
microbes such as nematodes and protozoa (Feitelson et al. 1992; Liébano et al.
2006). Similarly, certain L. sphaericus strains exhibit toxicity against mosquito
larvae and are used in insect control programmes to reduce the populations of
vector species that transmit tropical diseases, such as malaria, filariasis, yellow
fever or dengue fever. The mosquitocidal properties are due to the action of binary
toxin (Bin proteins), which forms crystal inclusions during sporulation, and mos-
quitocidal toxins (Mtx proteins), produced during vegetative growth (Priest et al.
1997). Several L. sphaericus strains also produce another two-component toxin
(Cry48 and Cry49 proteins) upon sporulation (Jones et al. 2007).

B. anthracis is a mammalian pathogen. It has become notorious as potential
bioweapon, causing lethal inhalation anthrax, owing to its ability to synthesize the
anthrax toxin proteins and the poly-p-glutamic acid capsule (Mock and Fouet 2001;
Okinaka et al. 1999). Anthrax has been linked with endemic soil environmentals
long before B. anthracis was identified as the causative agent (Rayer 1850; Davaine
1863). A current model of B. anthracis ecology relies on its pathogenicity: when the
spores, which are normally present in the soil, are taken up by an animal host
through oral, cutaneous or pulmonary routes, the spores germinate to become
vegetative cells that can proliferate to high numbers in different body parts (e.g.,
lymph glands) and produce toxins, ultimately leading to the death of the animal
(Jensen et al. 2003; Stenfors Arnesen et al. 2008; Koehler 2002, 2009). Death of the
host and contact of infected tissues with air results in a return to the spore form of
the bacterium into the environment. Thus, the spore—vegetative cell-spore cycle is
essential for the pathogenic lifestyle of this extremely virulent bacterium. Spores
are considered to be the predominant form of B. anthracis outside the host. Like
those of all other Bacillus species, B. anthracis spores are highly resistant to
adverse environmental conditions, but compared to other Bacillus species,
B. anthracis is more dependent on sporulation for survival (Turnbull 2002). Vege-
tative cells appear to survive poorly in simple environments such as water and soil
(Saile and Koehler 2006; Turnbull 2002). However, although the soil or other
natural environment is generally adverse, a few reports stated that spores could
actually germinate when conditions are favourable. Van ness (1971) reported that
soil pH above 6.0 and temperature above 15.5 °C in which decaying grass and other
organic matter constitute the nutrients necessary for the germination of B. anthracis
spores will favour outbreaks of anthrax. It is also noteworthy that growth of
B. anthracis outside a host often leads to loss of virulence caused by loss of virulent
plasmids pXO1 or pXO2 (Dragon and Rennie 1995; Jensen et al. 2003).
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Generally, members of the Gram-positive, aerobic endospore-forming genus
Bacillus occur in a range of environments, from soil, water, insect guts and food
and dairy processing surfaces. The natural survival environment is complicated,
ever changing and often hostile. To adapt to various survival pressures, they have
evolved a series of versatile physiological functions and strategies for survival,
utilizing all the benefits and avoiding all the disadvantages. In addition to spores,
cells can become mobile, genetically competent, produce extracellular matrices or
secrete toxins, or can even “‘communicate’” with each other and “make decisions”
for certain social behaviours, which allow them to cannibalize their neighbours.

5.3 Motility and Chemotaxis

It has been proposed that the majority of bacterial species are motile during at least
a part of their life cycle (Fenchel 2002). This mobility trait helps the bacteria to
access resources and escape from adverse conditions. Chemotaxis is a universal
phenomenon whereby bacteria monitor the environmental stressors and adjust
themselves to allow optimal growth and survival in soil ecosystems or other natural
habitats. By sensing changes in the concentrations of various organic compounds
required for survival or by detecting different physical signals, motile bacteria
move towards more favourable environments (or escape from inappropriate condi-
tions). Many aerobic spore-formers have flagella, but their motility may be flagel-
lum dependent or independent (Henrichsen 1972; Fraser and Hughes 1999;
Kinsinger et al. 2003).

The flagellum-dependent mode of motility has been well studied. When flagella
rotate in the counterclockwise (CCW) direction, multiple rotating flagella assemble
together to form a bundle, promoting the bacteria forward in a motion of “smooth
swimming”; when the flagella rotate in the clockwise (CW) direction, the compo-
nent flagella of the bundle become separated and a “tumbling” motion may take
place. A variety of signal transduction proteins and flagellar structure components
are associated with such flagellum-dependent mobility. It has been suggested
that the flagellum-independent mode, in a sliding or spreading manner, is not an
active form of movement and mainly functions as a surface colonization activity
(Harshey 2003).

Flagellum-dependent motility and chemotaxis have been extensively studied in
B. subtilis. As in other bacteria, there are three basic processes in the B. subtilis
chemotactic signal transduction pathway: (1) signal reception by bacterial mem-
brane receptors, (2) signal relay from the membrane receptors to the flagellar motor
and (3) signal adaptation (or desensitization) of the original stimulus (Lux and Shi
2004; Rao et al. 2008). When B. subtilis moves towards higher concentrations of
attractant (e.g., asparagine) by chance, the attractant binds to chemoreceptor pro-
teins (which are normally transmembrane proteins) and activates the methylated
receptor. The activated receptor can bind and stimulate the main chemotaxis protein
CheA that will transfer the phosphoryl group from phosphoryl-CheA to its cognate
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response regulator CheY. The phosphoryl-chemotaxis protein activates the flagella
gene operon and cause CCW rotation of the flagella, which produces ‘“smooth
swimming” and, hence, continued migration towards higher attractant concentra-
tions. If the bacterium moves towards lower attractant concentrations by chance,
then attractant molecules will tend to leave the binding sensor protein. The ultimate
consequence is that the bacteria will be more likely to tumble so that the cells are
reorientated, and therefore move in a more favourable direction subsequently.
Simultaneously, a time-delayed signal adaptation (or desensitization) mechanism
will function to “calm down” the activated chemoreceptors (Rao et al. 2008). The
major adaptation system requires two enzymes, CheR and CheB, to maintain
equilibrium of methylation/demethylation by adding or removing methyl groups.
Two other adaptation systems, involving CheC, CheD and CheV, which are not
found in all bacteria (e.g., absent from Escherichia coli), are found in B. subtilis
(Karatan et al. 2001; Muff and Ordal 2007).

5.4 Cell-Cell Communication

To optimize population survival, bacterial cells need to have communication and
decision-making capabilities that enable the single-celled individuals to coordinate
growth, movement and biochemical activities so as to allow them to function
efficiently and utilize the most optimal growth conditions, and to adjust their life
cycles in a collective mode. Quorum sensing (QS) is a signal-mediated, cell—cell
communication system that couples bacterial cell density to a synchronized gene
expression, therefore controlling vital processes in the life cycle: these include
competence, sporulation, motility and biofilm formation (Boyer and Wisniewski-
Dyé 2009). It also regulates other biological phenomena such as bioluminescence,
symbiosis, conjugation or virulence (Falcdo et al. 2004; Nealson and Hastings
2006; White and Winans 2007).

The first and most intensely studied QS system is the LuxI/LuxR bioluminescent
system of the Gram-negative marine bacterium Vibrio fischeri (Nealson and Hastings
1979; Engebrecht and Silverman 1984). The bacterial cross-talk within the popula-
tion of V. fischeri relies on the secretion of a signal molecule by the bacterial cell,
i.e. an autoinducer (HSL, N-(3-oxohexanoyl)-Homoserine Lactone) (Kaplan and
Greenberg 1985). The concentration of autoinducer is correlated with bacterial cell
density, constituting an indicator of the growth status of the population. When the
accumulation of the HSL autoinducer reaches a specific threshold along with the
high cell-population density, the signal will be sensed by autoinducer sensors (i.e.,
LuxR-like proteins), leading to the binding of autoinducer to the sensors which, in
turn, trigger the light emission of the population (Dunlap 1999; Callahan and
Dunlap 2000; Antunes et al. 2007).

For endospore-forming organisms, QS systems impact on their life cycles by
regulating a variety of processes in response to increasing cell-population densities
in stationary phase, so enabling populations to adapt rapidly to environmental
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changes. The basic mechanism is to regulate the phosphorelay (e.g., sporulation
phosphorelay signal transduction), which is an important process that activates a
variety of kinases involved in vital biological activities (Burbulys et al. 1991;
Bischofs et al. 2009). Two types of QS pheromones are found in endospore-forming
organisms, autoinducers and secreted signal peptides. In most cases, small, secreted
peptides (e.g., ComX and PapR) are used as pheromones in QS systems. The
autoinducer-2 (AI-2) has been found in B. cereus ATCC10987, where it has an
inhibitory effect on biofilm formation (Auger et al. 2006), and in B. anthracis,
where it displays functional LuxS-like activity and induces luminescence in a
Vibrio harveyi reporter strain (Jones and Blaser 2003). Many peptide-based quo-
rum-signalling systems indirectly regulate transcription by controlling phosphoryl
signalling (Reading and Sperandio 2006). In general, the concentration of the
secreted peptide pheromones increases with cell-population density, and the inter-
action of the peptide pheromones with the two-component sensor kinases initiates
the phosphorylation of a cognate-response regulator protein, allowing it to bind
DNA and alter the transcription of the QS-controlled target genes (Miller and
Bassler 2001; Reading and Sperandio 2006). This may be illustrated by the follow-
ing QS systems found in Bacillus.

In B. subtilis, the peptide ComX is secreted and accumulated as cell density
increases. The signal is detected and transduced by the sensor kinase ComP to the
response regulator ComA, so initiating the phosphorylation of ComA. Phospho-
ComA triggers the expression of the master regulator ComK, promoting the
commitment of the cells to the competence pathway (Comella and Grossman
2005). The effect of ComA is also regulated by a QS system mediated by peptides
that act as phosphatase regulators (Phr) of receptor aspartyl phosphatases (Rap),
which is probably a common form in endospore-forming bacteria as it is also found
in other Bacillus species (Bongiorni et al. 2006). The Phr precursor peptides are first
secreted, then cleaved into active pentapeptides, which correspond to the C-terminal
end of the precursor. These released pheromonal oligopeptides diffuse into and
potentially accumulate in the medium (Lanigan-Gerdes et al. 2008). The extracel-
lular pentapeptides are reimported into the cytoplasm by an ABC-type oligopeptide
transporter (Lazazzera 2001). The intracellular Phr signals then interact with a
subset of Rap and subsequently lead to a regulatory shift of phosphorelays
(Bischofs et al. 2009). Since phosphorelay is required to activate a variety of
environmentally controlled kinases, it is easy to understand why spore formation
is affected not only by a high cell density, but also by harsh environmental signals
(e.g., starvation). There are at least 11 rap-phr genes in B. subtilis, which code for a
family of signals and cognate phosphatases, constituting a complex quorum signal-
ling network and promoting certain collective behaviours within a population, e.g.
motility, sporulation and biofilm formation (Pottathil and Lazazzera 2003; Bischofs
et al. 2009).

In the B. cereus group, the PIcR-PapR QS system controls the expression of a
large range of genes, including most of the extracellular virulence factors produced
by B. cereus and B. anthracis. PIcR is a transcriptional regulator, which is activated
by a small QS effector signalling peptide PapR, the product of a gene located
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immediately downstream of p/cR (Slamti and Lereclus 2002). PapR is secreted by
the bacterial cell, is processed and a C-terminal heptapeptide active form of PapR
(not a pentapeptide as previously suggested) is reimported through the oligopeptide
permease (Opp) system. The now-intracellular PapR-derived signal binds to and
activates the pleiotropic regulator PIcR (Bouillaut et al. 2008), which in turn binds
to a specific DNA sequence called the “PlcR box”, located upstream from its
controlled genes and at various distances ahead of the —35 box of the sigma A
(GA) promoter (Agaisse et al. 1999). A recent study identified a whole PIcR
consensus sequence as “wWTATGnAwwwwTnCATAw” by directed mutagenesis
in B. cereus ATCC14579. The binding of PIcR to its box is necessary but not in
itself sufficient to activate the transcription of genes located downstream, which
also involves some sigma factors, such as 6", 6® or ¢*'. Forty-five genes are found
to be controlled by 28 plcR “boxes”, including a wide array of genes related to
virulence (e.g., phospholipases, proteases or toxins), cell protection (e.g., bacter-
iocins, transporters or cell wall biogenesis) and environment sensing (e.g., two-
component sensors, chemotaxis proteins or GGDEF family regulators) (Gohar et al.
2008). Thus, PIcR is a master gene regulator. By the specific interaction between
PIcR and PapR, B. cereus sensu lato strains can monitor a large number of
environmental signals, such as food deprivation and self cell-density, and regulate
the transcription of genes designed to adaptation of cell growth and life cycle of the
population.

5.5 Multicellular Phenotypes and Biofilms

Multicellular behaviour, another mechanism associated with optimizing growth and
survival, is considered to be a preferred lifestyle option for a variety of prokaryotes.
By multicellular solidarity, the bacterial population can achieve functions that are
impossible for single cell, assisting the population in nutrition absorption and
defence strengthening (Shapiro 1998; Lee et al. 2007b). Biofilm formation is one
of the recognized multicellular behaviours in bacteria. It is a matrix-aggregation
form of many bacteria on a surface, or interface, which is related to QS systems to
assess population size or cell density (Irie and Parsek 2008). In liquid culture,
bacteria form two growing populations, the majority being in free-living mode
(termed planktonic), and some cells occur as parts of biofilms, in the presence of
an “attachment” surface. Planktonic cells usually express flagella, whereas biofilm-
forming cells produce an extracellular matrix. Exopolysaccharides (EPS), surface
proteins and sometimes nucleic acids are involved into the assembling of the
extracellular biofilm matrix (Branda et al. 2005; Lasa 2006; Vu et al. 2009).

The mechanisms for building biofilms vary among different species and under
different environmental conditions. As the best-studied soil microorganism, B. sub-
tilis is well known for its ability to become competent and undergo sporulation in
response to starvation and high population densities. Biofilm formation by B. subtilis
has also been well studied and has become a model for studying biofilm formation by
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endospore-forming soil bacteria. Biofilm formation by B. subtilis can be initiated by
specific environmental signals, such as nutrient and oxygen availability, or even by a
variety of structurally unrelated natural products produced by bacteria, including the
B. subtilis non-ribosomal peptide surfactin (Lopez et al. 2009a). During biofilm
development, certain responses take place, such as the repression of flagellar genes
and the hyperexpression of genes for adhesion and ribosomal protein formation
(Kobayashi 2008). A variety of genes, proteins and complex molecular mechanisms
are involved in B. subtilis biofilm formation, of which two operons eps and ygxM are
required for matrix synthesis. The eps operon consists of 15 genes (epsA-O), respon-
sible for the production of the EPS component, and ygxM-sipW-tasA operon is
responsible for the production and secretion of the major protein component of the
matrix, TasA (Kearns et al. 2005; Lopez et al. 2009b). The regulator Sinl is thought to
induce the eps and ygxM operons by antagonizing their repressor SinR (Kearns et al.
2005; Chai et al. 2008). Recently, the transcriptional repressor SIrR/SIrA was also
found to be a key regulator for biofilm formation. It represses transcription of
flagellar genes, and, like Sinl, activates transcription of the eps and ygxM operons
by antagonizing SinR (Kobayashi 2008).

The B. subtilis biofilm comprises heterogeneous populations and displays cellu-
lar differentiation with distinct cell types: planktonic cell, matrix-producing cells
and spores. Interestingly, each cell type preferentially localizes in distinct regions
within the biofilm, but the localization and percentage of each cell type is dynamic
throughout the development of the community (Vlamakis et al. 2008). It is remark-
able that spore formation is coupled to the formation of an architecturally complex
community of cells. When in a mutant the extracellular matrix is not produced, the
sporulation of the population is observed to be deficient (Vlamakis et al. 2008).

Many pathogenic B. anthracis and B. cereus have been observed forming
biofilms on various surfaces such as glass wool, stainless steel or at solid—liquid
interfaces (Ryu and Beuchat 2005; Auger et al. 2009; Lee et al. 2007b). A biofilm
has a higher resistance to antibiotics and a more active host immune system than
does the single-celled planktonic counterpart, and this probably enhances the
effects of the pathogenic bacteria on human health. For instance, the biofilm
organisms of B. anthracis display an obvious stronger antibiotic resistance than
the planktonic populations (Lee et al. 2007b).

5.6 Horizontal Gene Transfer

5.6.1 Genome Plasticity and Evolution

Bacterial diversity can be seen at two levels. At the “macro-level”, the explosion of
genome sequencing data and the use of metagenomic approaches have revealed an
enormous diversity among bacteria and archaea, including the existence of micro-
organisms never cultivated under laboratory conditions. At the “micro-level” recent
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analyses of multiple bacterial genomes from single or close-related species have
brought a new genomic concept: the existence of the core genome, the dispensable
genome and pan-genome (Medini et al. 2005). The core genome is the pool of genes
shared by all the strains of the same taxon, including all genes required for the basic
biologic functions and the major phenotypic traits used for taxonomy. The dispens-
able genome is the pool of genes present in some but not all strains of the same
taxon, including genes which might not be essential for bacterial growth but that
contribute to the species’ diversity, and may confer selective advantages, such as
antibiotic resistance, pathogenicity or adaptation to different niches. The pan
genome represents the total gene repertoire of a bacterial taxon, consisting of
both the core and dispensable genomes. Although new genes may originate via
gene duplication followed by diversification, horizontal gene transfer (HGT) is the
simplest way to increase the size of the population’s pan-genome by providing an
influx of novel genetic material from unrelated organisms. HGT is defined as the
movement of genetic material between bacteria other than to their own offspring.

5.6.2 Mobile Genetic Elements

Mobile genetic elements (MGESs), the “mobile” genetic material, are segments of
DNA encoding enzymes and other proteins that mediate their DNA movement via
HGT. MGEs include phages, plasmids, integrative and conjugative elements (ICE)
and their associated hitchhiking elements: Insertion sequences (IS), Transposons
(Tn) and Introns.

The transfer of MGEs can happen between bacterial cells (intercellular mobility)
or within the host genome (intracellular mobility). Intercellular movement of DNA
takes three forms in prokaryotes: transformation, conjugation and transduction. The
intracellular mechanisms transfer DNA between the microbial genome and a
plasmid or phage genome in a genetic recombinant mode, usually by recombination
and transposition, allowing DNA fragments to be copied or excised from the
original genome location and inserted into target loci elsewhere of the same host.

5.6.2.1 Transformation

Transformation is the uptake and incorporation of naked DNA (circular or linear)
from the environment. Many bacteria are constitutively or inductively competent,
allowing the free DNA from the environment to bind to and pass across the cell
surface. The incoming double-stranded DNA (dsDNA) is transformed to single-
stranded DNA (ssDNA) and transported across the cytoplasmic membrane in an
energy-dependent manner. If the imported DNA is to be stably maintained in the
cell, it should be compatible and able to escape elimination by the DNA repair
mechanisms. When a plasmid taken from the environment re-circularizes, or a
non-replicating DNA segment integrates into the host genome by homologous



98 X. Hu and J. Mahillon

recombination, new genetic material becomes a heritable part of the genome (Chen
et al. 2005; Zaneveld et al. 2008). To date, the characterization of the dsDNA
binding and translocation structures is incomplete. For most naturally transform-
able bacteria studied, similar proteins involved in DNA uptake are used, and these
are also needed for the assembly of type IV pili and the type II secretion system
(TIISS) (Zaneveld et al. 2008). The transformation mechanism in which the type IV
pili and TIISS components are involved will be further illustrated by the model of
B. subtilis transformation.

Both Bacillus licheniformis and B. subtilis are natural transformable spore-
forming soil bacteria, but only the latter has been extensively studied so far. The
competence of B. subtilis can be induced in response to environmental stress (e.g.,
nutrient limitation, presence of antibiotics or DNA damage). A specialized mem-
brane-associated machinery is required for uptake of exogenous dsDNA (Claverys
et al. 2009). Naked dsDNA is first bound to the competent cell surface without the
requirement of sequence specificity. Fragmentation of dSDNA, which generates an
average length of 13.5-18 kb breaks in B. subtilis, occurs during the binding
process (Dubnau 1999). One non-transported strand of the dsDNA fragment is
degraded while the other strand is imported across the membrane (Chen and
Dubnau 2003) and becomes nuclease resistant once intracellular. The involvement
of pilus-related components in the transformation process is observed, including
some protein components needed for assembly of type IV pilus formation and the
TIISS. A pseudopilus structure, recently identified (Chen et al. 2006; Craig and Li
2008), consists of the major pilin-like protein (ComGC) and three minor pre-pilin
proteins (ComGD, ComGE and ComGG). The pre-pilin proteins are processed by a
prepilin peptidase ComC and assembled (or polymerized) to the outside of the
membrane with the aid of the ATPase ComGA and membrane protein ComGB. By
a hypothetical DNA-binding protein, the polymerized pseudopilus attaches exoge-
nous DNA. The depolymerization is driven by a putative proton-motive force,
which allows the exogenous DNA to traverse the peptidoglycan (Claverys et al.
2009). A membrane binding protein, ComEA, functions as DNA receptor to
interact with the exogenous dsDNA (Inamine and Dubnau 1995; Provvedi and
Dubnau 1999). While one strand of ssDNA is hydrolysed by an endonuclease, the
other one is delivered through the membrane channel (ComEC) with the aid of the
DNA translocase (ComFA) and ssDNA binding protein (SSB) or another DNA
transport/recombinant protein DprA (also called Smf) (Tadesse and Graumann
2007; Claverys et al. 2009). ComK encodes the master transcriptional regulatory
protein ComK, which activates the expression of many genes, including the genes
needed for competence (Berka et al. 2002; Ogura and Tanaka 2009). Recently, two
newly identified genes yutB and yrzD (or comN) were found to regulate the comE
operon (comEA-EB-EC-ER), independently of ComK, at the both transcriptional
and post-transcriptional levels (Ogura and Tanaka 2009).

The transforming DNA will face two possible fates, either integration into the
host genome by homologous recombination, which will ensure stability during
the following generations, or elimination during cell division (Chen et al. 2005).
The recombination protein (RecA) forms a filament around the incoming ssDNA
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and mediates a homologous search with host chromosome DNA. The integration of
homologous DNA into the recipient plasmid is independent of RecA but requires at
least RecO and RecU, which accumulate at the polar DNA uptake machinery
(Kidane et al. 2009).

For other Bacillus species under laboratory conditions, such as B. cereus sensu
lato, various optimal electroporation protocols have been used to obtain the Bacil-
lus transformants using plasmid DNA (Belliveau and Trevors 1989; Mahillon et al
1989; Turgeon et al. 2006). Nevertheless, there is not much information available
on their natural competent capabilities or transformation mechanisms. With the
present blooming of genome projects, a large number of Bacillus genomes have
been sequenced and these reveal the presence of many genes potentially involved in
competence and its regulation in transformation.

5.6.2.2 Transduction

Bacteriophages are abundant in the natural environment and are more stable than
naked DNA because the protein coat provides protection. Phage transduction is a
mechanism by which bacterial genes are incorporated into bacteriophage particles
and transferred to other bacteria. Transduction happens through either the lytic
cycle or the lysogenic cycle. If the lysogenic cycle is adopted, the phage genome is
integrated into the bacterial chromosome, where it can remain stable, as prophage,
for generations. If the prophage is induced (e.g., by UV light), the phage genome is
excised from the bacterial chromosome and initiates the lytic cycle, which ulti-
mately results in lysis of the cell and the release of phage particles. Phage can
transfer bacterial DNA via either a specialized or a generalized mode. Temperate
phages integrate their DNA at specific attachment sites in the host genome
by integrase-mediated recombination. When the integrated phage is incorrectly
excised from the bacterial chromosome, small neighbouring sequences on either
side of the prophage genome can remain attached and be packaged along with the
phage genome. The resulting “recombinant” phage can be transferred to a new host
where the bacterial DNA will be incorporated into the genome. Generalized
transducing phages integrate random bacterial chromosomal DNA into their cap-
sids. This “mistake” will lead to generalized transduction, whereby any bacterial
gene may be transferred among bacteria (Zaneveld et al. 2008).

Transduction has been demonstrated in endospore-forming soil bacteria. For
instance, previous studies demonstrated the utility of the generalized transducing
bacteriophage CP-51 and CP-54 (both isolated from soil), which can mediate the
transfer of plasmids and chromosomal markers among B. anthracis, B. cereus and
B. thuringiensis (Thorne 1968, 1978; Yelton and Thorne 1971). Both phages SP-10
and SP-15, also isolated from soil samples, have the ability to propagate on
B. subtilis and B. licheniformis and to mediate general transduction in either species
when homologous integration takes place (Taylor and Thorne 1963). Transduction
is a common genetic tool used to stably introduce a foreign gene into the genome of
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a host cell. This can be exemplified by the utilization of phi29 and pBS related
phages in B. subtilis as genetic tools for gene recombination technique.

5.6.2.3 Conjugation

Unlike transformation, in which any segment of DNA, regardless of the sequence,
can be theoretically transferred horizontally, conjugation is a process associated
with particular plasmids or transposons. Self-transmissible plasmids, conjugative
transposons and ICEs all transfer using this mechanism (Burrus et al. 2002). MGEs
are structured as a combination of cis-acting sequences, required for recognition
specificity, and of genes coding for the trans-acting components that constitute the
DNA translocation machinery (Merlin et al. 2000). An origin of transfer (oriT)
element and an entire set of transfer apparatus are required for conjugal transfer of
self-transmissible plasmids. In addition to these features, site-specific recombinases
and their cognate repeated sequences are present in ICEs, which allow their
integration and excision from the host genome (Scott and Churchward 1995; Burrus
et al. 2002).

The simplest conjugative transfer is when a plasmid is self-transmissible and
does not require the presence of other plasmids. These plasmids are said to be
“conjugative”. For plasmids that are not self-transmissible, the transfer can be
conducted by mobilization with the help of a conjugative plasmid, if they contain
an oriT. However, in some cases (mainly in Gram-positive bacteria), a “mobiliza-
tion” (mob) gene is also involved to promote the use of the conjugation machinery
encoded by another, co-resident element. Such plasmids are called “mobilizable”.
Interestingly, “non-mobilizable” plasmids may also be transferred by an aggrega-
tion-mediated conjugation system, independent of the presence of oriT and mob
(Andrup et al. 1996). This was illustrated by the conjugative transfer of B. thur-
ingiensis subsp. israelensis plasmid pXO16 (see below). In some cases, another
mechanism allows non-conjugative plasmids to be transferred. In fact, whenever a
fusion takes place between the conjugative and non-conjugative plasmids, the
resulting “fused” molecules will be transferred into the recipient cell. The recom-
bination events could result from homologous recombination or be promoted by the
presence of ISs or transposons, leading to the formation of a transient cointegrate
molecules. This mechanism has been referred to as “conduction”, as opposed to the
“donation” observed in the case of the Mob-oriT plasmids. Finally, it is worth
mentioning that when the conduction takes place with chromosome, transfer of any
chromosomal gene can be achieved. This phenomenon has been described as High
frequency recombination (Hfr) conjugation by the E. coli F-plasmid (Boyer 1966)
but can, in principle, occur in any bacterium.

DNA transfer by conjugation happens in a cell contact-dependent fashion.
A cell-envelope-spanning translocation channel is necessary for building up this
contact, which is implemented either by sex pili for Gram-negative bacteria or by
complex (and not well identified) surface adhesins for Gram-positive bacteria
(Harrington and Rogerson 1990; Grohmann et al. 2003). Two protein complexes
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are believed to be essential for the initiation of conjugation and the formation of a
translocation channel. One is the relaxosome and the other is the Mating pair
formation (Mpf). As conjugation only mediates the transport of ssDNA into the
cytoplasm, in order to separate the two strands, the DNA is nicked by a relaxase.
The relaxase binds to the cis-element oriT, remains covalently bound to the ssDNA
and forms a relaxosome—DNA complex. With the aid of a coupling protein, the
processed ssDNA from the donor is brought to the Mpf complex, which spans the
inner membrane, periplasm, peptidoglycan and outer membrane of the donor cell.
Both ATP energy and proton motive force are needed for this DNA translocation
process (Schroder and Lanka 2005).

Six secretion systems (Types I, II, III, IV, V and VI) have been identified in
bacteria. The Type IV Secretion Systems (T4SSs) are special due to their ability to
transfer both proteins and nucleoprotein complexes. T4SSs are usually encoded by
multiple genes and are made up of multisubunit cell-envelope-spanning structures
comprising a secretion channel (Christie and Cascales 2005). The T4SS was
originally characterized on the Ti (tumour-inducing) plasmid of the Gram-negative
Agrobacterium tumefaciens (Stachel and Nester 1986). It is formed by 11 VirB
proteins (VirB1-VirB11) encoded by a single operon and requires two additional
proteins, VirD2 and VirD4. VirB1 to VirB11 represent the core of the Mpf
complex, providing a likely channel for the DNA to pass through (Christie 2004).
VirD2 is the relaxase that recruits the transferred DNA and VirD4 is the coupling
protein, mediating interaction between the relaxosome and Mpf systems (Atmakuri
et al. 2004; Yeo and Waksman 2004). Many conjugative plasmids bear the VirB/
D4-like subunits, such as R388 (from E. coli) in Gram-negative bacteria or pIP501
(from Streptococcus agalactiae) in Gram-positive bacteria (Middleton et al. 2005;
Abajy et al. 2007; Van der Auwera 2007).

B. thuringiensis is one of the spore-forming soil bacteria best studied for
conjugation. The first report of conjugation in B. thuringiensis dates back to 1982
(Gonzélez et al. 1982). Since then, a variety of conjugative plasmids originating
from B. thuringiensis have been discovered. These plasmids are able to transfer
from B. thuringiensis donors to other B. cereus group members, to other Bacillus
spp. [such as B. subtilis, B. licheniformis or L. sphaericus (Jensen et al. 1996;
Gammon et al. 2006)] or even to Listeria species (J. Godziewski, P. Modrie,
J. Mahillon unpublished data). Some of these large plasmids not only have the
capability of horizontal transfer between different hosts, but are also responsible for
the production of different Cry toxins forming insecticidal crystal protein (ICP)
inclusions. For instance, pHT73 from B. thuringiensis subsp. kurstaki carries cry
toxin genes and is conjugative (Gonzalez et al. 1982; Hu et al. 2004). pBtoxis from
B. thuringiensis subsp. israelensis is a non-conjugative cry-plasmid, but it can be
mobilized by other plasmids from B. thuringiensis (Hu et al. 2005; Gammon et al.
2006). As already mentioned, another rather interesting conjugative plasmid is the
350 kb, aggregation-mediated element pXO16 (Jensen et al. 1995) from B. thur-
ingiensis subsp. israelensis, a bacterium highly toxic to dipteran larvae. The
aggregation phenotype (Agr®) involves a proteinaceous molecule on the cell
surface, but apparently no aggregation-inducing pheromone (Jensen et al. 1995).
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The transfer of pXO16 is very efficient (reaching 100%) and fast (needing only
3.5—4 min) but is limited to a narrow host range. Furthermore, it is able to mobilize
not only mobilizable plasmids, but also non-mobilizable plasmids (Andrup et al.
1996; Timmery et al. 2009). The molecular basis for the pXO16 exceptional and
unique transfer system remains to be elucidated.

Two self-transmissible plasmids, pAW63 and pBT9727, display a very high
level of sequence similarity and synteny with B. anthracis plasmid pXO2, with the
exception of a ~30-kb PAI that contains the pXO2-specific anthrax capsule genes.
Besides sharing similar replication genes, all three plasmids (pXO2, pAW63 and
pBT9727) possess a 40-kb transfer region containing homologues of key compo-
nents of the T4SS system (Van der Auwera 2007; Van der Auwera et al. 2005;
2008). Nevertheless, unlike pAW63 and pBT9727, pXO?2 is not self-transmissible
(Reddy et al. 1987). In a recent study, a large number of B. cereus group strains
from soil were screened for plasmids with pXO2-like replicons and virB4-, virB11-
and virD4-like T4SS genes. It is interesting that most of the plasmids that possessed
the pXO2-like replicon and transfer region were capable of promoting their own
transfer as well as that of small mobilizable plasmids (pUB110 and pBC16) (Hu
et al. 2009b). It was also suggested that the common ancestral form of pXO2-like
plasmids was conjugative, and that some descending lineages underwent genetic
drift, leading to loss of transfer capability. Until now, neither pXO1 from
B. anthracis nor any pXO1-like plasmid found in other B. cereus group members
has been found to be self-transmissible (Hu et al. 2009b). However, as for pXO2,
pXO1 can be mobilized to plasmid-cured B. anthracis or to B. cereus recipients by
the conjugative element pXO14, suggesting the potential mobility of both
B. anthracis virulence plasmids (Reddy et al. 1987).

In a recent study, the comparison based on plasmidic versus chromosomal
genetic backgrounds of a set of sympatric soil-borne B. cereus group isolates
(i.e., organisms whose ranges overlap or are identical), using multilocus sequence
typing (MLST) analysis, revealed, for some of the isolates, the same chromosomal
sequence type but different pXO1- and pXO2-like replicon contents. These isolates
were collected from soil samples from two neighbouring sites, suggesting probable
instances of horizontal transmission within the B. cereus group in genuine soil
ecosystem (Hu et al. 2009a).

B. thuringiensis is widely distributed in nature, often infecting insect larvae and
commonly found in soil. Although most conjugational studies on B. thuringiensis
are performed in laboratory broth conditions, plasmid transfer has been observed in
natural environmental ecosystems such as insect larvae, soil and river water (Vilas-
Boas et al. 2000; Thomas et al. 2001; Yuan et al. 2007). B. thuringiensis spores can
germinate and multiply in insect larvae or in soil. Studies have found that plasmids
can move between donor and recipient strains of B. thuringiensis in soil or in larvae
of lepidopteran (e.g., Galleria mellonella, Spodoptera littoralis and Lacanobia
oleracea) and dipteran insects (e.g., Aedes aegypti) as they do in broth culture
(Thomas et al. 2000, 2001; Vilas-Boas et al. 2000). Nevertheless, in comparison
with laboratory broth culture, and because of unfavourable conditions for survival,
such as the highly alkaline conditions and competition from the background
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bacterial population present in larval guts, or the poor nutrient levels in soil or
water, some reports have suggested that most vegetative cells die and the remaining
cells sporulate quickly, and therefore these natural environment ecosystems are not
favourable niches for B. thuringiensis multiplication and conjugation (Thomas et al.
2001; Ferreira et al. 2003).

Many strains of B. thuringiensis contain a complex array of plasmids, including
numerous elements coding for delta-endotoxins. The toxin genes and plasmids pool
diversity and the plasticity of B. thuringiensis strains suggest that conjugation may
be an important means for dissemination of these genes and plasmids among
Bacillus populations in nature. One of the major reasons for the complex activity
spectrum of B. thuringiensis may be the growth of more than one strain of
B. thuringiensis in susceptible larvae (or in other suitable environments) allowing
plasmid transfer, hence creating new combinations of delta-endotoxins. In addition,
plasmid transfer could occur among related bacteria during growth within an insect.
Indeed, B. thuringiensis plasmids could also be transferred to other spore-forming
bacteria from soil samples (Jarrett and Stephenson 1990). This indicates that the
potential exists for new combinations of crystal toxins in nature. Thus, it may due to
gene exchange phenomenon between two very different species that cry or cry-like
genes were found in some non-B. thuringiensis species, e.g. the anaerobic bacte-
rium Clostridium bifermentans subsp. malaysia and L. sphaericus (Barloy et al.
1996; Jones et al. 2007).

The conjugation phenomenon is also observed in other aerobic spore-forming
soil bacteria, e.g. B. subtilis. The 95-kb plasmid p19 and 65-kb plasmid pLS20 of
B. subtilis are self-transmissible (Poluektova et al. 2004; Itaya et al. 2006). pLS30
of B. subtilis contains mob gene and its recognition sequence, oriT, that features
itself as a mobile plasmid between Bacillus species (Sakaya et al. 2006). Another
interesting element is ICEBs/ from B. subtilis. When DNA damage or high con-
centrations of potential mating partners that lack the element are monitored, the
integrated conjugative element ICEBs/ may excise from the chromosome of
B. subtilis and transfer to recipients (Lee and Grossman 2007). ICEBs!/ is integrated
into the chromosomal trnS-leu2 genes of some B. subtilis strains (Auchtung et al.
2005). The excision/integration of ICEBs/ is regulated by a Rap-phr system. When
DNA damage (triggering SOS response) or high densities of potential mating
partners not carrying the element are monitored, ICEBs/ can excise from the
chromosome by site-specific recombination between its terminal 60 bp direct
repeats (DR) to form a circular intermediate. At least two genes are involved in
this process, the int and xis genes which encode the integrase and excisionase
required for excision through site-specific recombination. A single strand of the
circular intermediate may then transfer to a recipient cell in a conjugation-like
mode, which also requires the identification of a cis-acting oriT and a DNA relaxase
(Lee and Grossman 2007; Lee et al. 2007a). An ICEBs/-encoded repressor ImmR
regulates the expression of genes involved into excision and transfer (Auchtung
et al. 2007). It is worth noting that the transfer of ICEBs/ is efficient and its
insertion site specific, which could certainly bring new perspectives in genetic
engineering Gram-positive bacteria.
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5.6.2.4 Transposition and Recombination

In contrast to transformation, transduction and conjugation, which transfer DNA
from one cell to another across the cell envelope via complex protein structures,
intracellular genomic rearrangement can take place by intra- or intermolecular
homologous recombination, site-specific recombination or transposition. Whereas
homologous recombination refers to genetic material reciprocally exchanged
between two similar or identical DNA molecules, transposition and site-specific
recombination are processes in which a transposable element (TE) is copied or
excised from its original location and inserted into a new target position. TEs
comprise IS, transposons and conjugative transposons, carrying enzymes (integrase
or transposase) that catalyse the DNA strand cleavages and transfers necessary for
their movement. They are mostly delineated by short inverted repeated (IR)
sequences and flanked by DR. Generally, the transposition requires the transposase
to recognize the IRs of the element and to catalyse the cleavage and rejoining of the
appropriate DNA strands by a series of transesterification reactions. By far the
major class of TEs within transposons known at present encodes so-called DDE
(Glutamate—Glutamate—Aspartate) transposases (TPase). The DRs are created at
each end of the transposon after the transposon is inserted into the host DNA and the
gaps are filled in (Chandler and Mahillon 2002; Mahillon and Chandler 1998).

The first Bacillus TE to be characterized was IS23/ from the entomopathogenic
bacterium B. thuringiensis, where it is associated with delta-endotoxin genes
(Mahillon et al. 1985). Since then, the iso-IS23/ elements have been observed
among all the members of the B. cereus sensu lato group (Mahillon 2002). At
present, large numbers of TEs are found in Bacillus species, mostly IS elements and
some transposons. The largest IS family in Bacillus is 1S4. Members of this group
are mainly distributed among B. cereus sensu lato members but are also found in
other endospore-forming species such as B. subtilis IS4Bsul), Bacillus halodurans
(IS641), Geobacillus stearothermophilus (I1S4712) and Geobacillus kaustophilus
(SGka3).1S6 is also a large family observed in Bacillus, as illustrated by the 1S240-
like elements from B. thuringiensis and ISBwe2 from B. weihenstephanensis.

Another important Bacillus 1S family is IS3. Members of this group generally
have two consecutive and partially overlapping open reading frames. IS655 from
B. halodurans, ISBcel3 from “B. cereus subsp. cytotoxis” NVH 391-98 and ISBt/
from B. thuringiensis all belong to this family (see http://www-is.biotoul.fr/). Two
copies of IS1627, also belonging to the IS3 family, were observed flanking a 45-kb
segment of the pXO1 virulence plasmid of B. anthracis. Sixteen types of ISs, IS641
to IS643, 1S650 to IS658, 1S660, 1S662 and IS663 and ISBhal were identified in the
genome of alkaliphilic B. halodurans C-125, which can be classified into 12
families (Takami et al. 2001). Besides these three major IS families, Bacillus
species also contains various numbers of IS belonging to other families, e.g.
1S21, 1S30, 1S66, 1S110, 1S200, 1S256, 1S481, 1S630, 1S982 or 1S1182. (For an
updated IS database, see ISFinder at http://www-is.biotoul.fr/.)

In addition to IS elements, transposons are also found in Bacillus, represented
by Tn4430 (Mahillon and Lereclus 1988) and Tn540! (Baum 1995) from
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B. thuringiensis, and TnXOI from B. anthracis (Van der Auwera and Mahillon
2005). Compared to IS elements, transposons contain not only transposition-related
cassettes but also “foreign” genes unrelated with transposition in many cases, such
as antibiotic resistance genes or metabolic-related genes. In addition, the conjuga-
tive transposons and the ICEs combine the dual properties of transposition and
conjugation, which makes it possible to mediate both the intracellular translocation
and intercellular transfer of DNA. These are exemplified by the Tn9/6-like gene
cluster and ICEBsl1 in B. subtilis, respectively (Kunst et al. 1997; Lee et al. 2007a).

Besides IS and transposons, the mobile introns also mediate the transfer of
genetic material in a transposition-related mechanism (when inserting into ectopic
genomic locations) or in a so-called homing process (when inserting into cognate
intron-less DNA sites) (Lambowitz and Belfort 1993). There are two main intron
groups, I and II, which have been characterized in prokaryotic and eukaryotic
genomes. They are catalytic RNAs (ribozymes) that are mobile and capable of
self-splicing, and some of them have been shown experimentally to be able to
invade new DNA sites and transfer between species. Homing of an intron into an
intronless allele occurs by a process that is catalysed by the intron-encoded protein
(IEP) (Guhan and Muniyappa 2003). Recently, the occurrence of introns in 29
sequenced genomes of the B. cereus sensu lato group has been analysed, and 73
group I introns and 77 group II introns (Tourasse and Kolstg 2008) were identified.
It is interesting that group II introns tend to be located within mobile DNA elements
such as plasmids, IS elements, transposons or pathogenicity islands. For instance,
the group II introns B.th.I.1 and B.th.1.2 have been found in the T4SS transfer
genetic region of the conjugative plasmid pAW63 from B. thuringiensis (Van der
Auwera et al. 2005, 2008).

5.7 Concluding Remarks

The aerobic endospore-forming soil bacteria live in complex and changing envir-
onments and ecosystems. The formation of endospores during a certain period of
the life cycle is certainly a key feature of these bacteria, which makes them dormant
and resistant to drought, heat or other harsh conditions. Yet, their ability to become
genetically competent for DNA uptake, to swim or swarm, to permanently “com-
municate” among themselves or with other community members, to act collectively
and to perform many other complex and versatile physiological behaviours have
made it possible for a large number of Bacillus species to enjoy the most optimal
growth and survival in inhospitable environments. Moreover, gene exchange events
between these organisms play important roles for their ecological adaptation and
evolution. Through HGT, these bacteria can obtain chromosomal genes and gene
clusters, as well as plasmids, transposons and prophage bearing adaptive genetic
determinants. This pool of “non-essential”’, more “exotic”, genes in fact drives the
bacterial communities to new environments and is therefore essential for the
expansion of their ecological niches.
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Chapter 6
Studying the Life Cycle of Aerobic
Endospore-forming Bacteria in Soil

Yolker S. Brozel, Yun Luo, and Sebastien Vilain

6.1 Introduction

Aerobic spore-forming bacteria of the genus Bacillus are commonly isolated
from soils, at a range of depths, altitudes, and under various climatic conditions
(Mishustin 1972; von Stetten et al. 1999; Garbeva et al. 2003). The most commonly
observed soil-isolated Bacillus are members of the B. cereus group (von Stetten
et al. 1999). B. cereus sensu lato comprises the species B. cereus, B. anthracis,
B. thuringiensis, B. mycoides, B. pseudomycoides and B. weihenstephanensis (Jensen
et al. 2003; Priest et al. 2004). Members of this group are genetically very closely
related, but their precise phylogenetic and taxonomic relationships are still debated
(Helgason et al. 2004). B. cereus is widely reported as a soil bacterium and also as a
food poisoning bacterium that can occasionally be an opportunistic human patho-
gen (Schoeni and Wong 2005). Some isolates of B. cereus are found in the
rhizosphere and some produce antibiotics active against certain plant pathogenic
fungi (Stabb et al. 1994; Handelsman and Stabb 1996). B. thuringiensis is patho-
genic to various insects by producing plasmid-encoded insecticidal proteins
(Chattopadhyay et al. 2004), and B. anthracis is a pathogen of mammals (Ivanova
et al. 2003). All may reportedly be isolated from soils, but our knowledge of their
ecology is far from complete.
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6.1.1 Does Bacillus Grow in Soil?

Early microbiologists viewed Bacillus as “saprophytic organisms whose natural
habitat is the soil” (Henrici 1934). Bacillus species were reported to occur in soil as
spores, germinating and becoming active only when readily decomposable organic
matter was available (Waksman 1932). Some later reports implied growth of
B. thuringiensis in soil by suggesting that it germinated in soil at a pH above 6.0
and temperatures above 15.5°C (Saleh et al. 1970). Some have drawn correlations
between anthrax outbreaks and soil pH, arguing that B. anthracis is able to grow in
specific soil types (Van Ness 1971). B. megaterium is able to grow in soil, as
supported by proof for in situ transcription of the exponentially expressed protease
gene nprM (Honerlage et al. 1995). Yet all recent literature implies that B. cereus
sensu lato does not grow in soil (Jensen et al. 2003; Dragon et al. 2005). The
paradigm would hold that B. cereus sensu lato germinate and grow in an animal
host, resulting in either symbiotic or pathogenic interactions. So B. anthracis is able
to grow in various mammalian species, B. thuringiensis proliferates in the guts of
various insects before killing its host, and B. cereus is a gut commensal of various
insects (Margulis et al. 1998; Jensen et al. 2003). Defecation or death of the host
leads to release of cells and spores into the soil where the vegetative cells may
sporulate and survive until their uptake by another host (Dragon and Rennie 1995;
Jensen et al. 2003; Dragon et al. 2005).

6.1.2 A Microbiologist’s Perspective on Soil

Soil is one of two sources and sinks of nutrients and wastes required to make Earth
supportive of life. It is Earth’s most vital organ next to the oceans. While we know a
considerable amount about the physical structure, chemistry and microbial diversity
in soil, there is a dearth of knowledge regarding the dynamic processes occurring
between the bacterial community and soil organic chemistry. Litterfall constitutes a
considerable import of organic matter to forest soil, composed of 78% leaves, 20%
flowers, seeds and related organs, and 2% twigs and bark (Rihani et al. 1995). While
litter decomposition is driven largely by fungal activity (Tiunov and Scheu 2004),
the high density of bacteria in soils is only sustainable if this group has access to a
significant proportion of organic matter. Soils support up to 1.5 x 10" bacteria per
gram (Torsvik et al. 1990; Torsvik and @vreas 2002), suggesting that bacteria
form a significant part of the organic-matter-consuming community. The diversity
of soil bacterial communities is also high (Rappe and Giovannoni 2003), but the
majority of this diversity remains uncharacterized beyond its 16S rDNA gene pool
(Pace 1997; Fierer et al. 2007). The role played by bacteria in soils, and specifically
in the conversion of organic compounds in soil, is undisputed and yet poorly
understood. While taxa involved in select processes such as the nitrogen cycle
and methane production and consumption have been studied extensively in
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situ, the ecophysiological characteristics of the majority of soil bacteria are
largely unknown (Fierer et al. 2007). Information on the available gene pool
through metagenomic approaches has progressed in recent years (Daniel 2004;
Schloss and Handelsman 2006), but presence of a gene cannot be equated to
function. While metagenomic approaches have shed light on the diversity and
distribution of biocatalytic potential in soils, little is known regarding the seasonal
flux of organic matter as it is mineralized through bacterial activity during the
course of a year (Fierer and Jackson 2006).

Soil is a complex assemblage composed of a range of mineral components with
varying concentrations of organic and inorganic matter. Historically, the organic
matter is divided into solid soil organic matter (SOM) and dissolved organic matter
(DOM). The DOM in soils is a cocktail of sugars derived from plant polymers,
aromatic organic compounds derived from lignin, some oligomeric sugar deriva-
tives derived from cellulose and hemicellulose, and fatty acids between C;4 and
Cs4, believed to derive from both plant wall material and dead bacteria (Huang et al.
1998; Kalbitz et al. 2000). A proportion of the DOM is collectively termed humic
acid. The concentrations of solutes such as amino acids range from 0.1 to 5 pM.
Monoprotic acids (e.g. formate, acetate and lactate) range from 1 uM to 1,000 puM,
and di- and trivalent low molecular organic acids (e.g. oxalate, malate and citrate)
from 0.1 to 50 uM (Strobel 2001; Pizzeghello et al. 2006). Monomeric intermedi-
ates such as carboxylic acids and amino acids have residence times in the order of
hours in soils (Jones et al. 2005; Van Hees et al. 2005). Carbohydrates such as
mono-, di- and oligosaccharides vary in their presence and concentration (Lynch
1982; Guggenberger and Zech 1993a, b; Kaiser et al. 2001; Kalbitz et al. 2003).
While many soil-associated species of bacteria are able to metabolize glucose
very rapidly and to almost zero basal levels under laboratory conditions, glucose
is present in soils up to 100 pM concentrations (Olsen and Bakken 1987;
Schneckenberger et al. 2008; Liebeke et al. 2009), and has a very long residence
time in soils, in the order of 100 days (Saggar et al. 1999).

6.1.3 Growth of Bacillus in Soil

6.1.3.1 Growth in Liquid Soil Extract

Aqueous extracts of soil have been used as basis in agar culture media for the isolation
of bacteria from soil for decades (Olsen and Bakken 1987). Recently, we reported an
approach to preparing both liquid and solid medium prepared from soil without
exposure to the high temperature of autoclaving — soil-extracted soluble organic
matter (SESOM). A protocol is given below (see Sect. 6.3.1.1). Agar can be prepared
by mixing filter-sterilized SESOM with highly concentrated autoclaved agar (see
Sect. 6.3.1.2, below). SESOM prepared from a variety of soils is able to support
growth of B. cereus ATCC 14579 (Fig. 6.1), and a number of other Gram-positive and
Gram-negative species isolated from soil (Davis et al. 2005; Liebeke et al. 2009).
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Fig. 6.1 Growth curves of B. cereus in SESOM and LB broth, incubated at 20 and 30°C while
shaking at 150 rpm

Fig. 6.2 Morphology of self-assembling biofilms of B. cereus growing aerobically in SESOM,
while shaking at 150 rpm to transition phase at 30°C. Culture samples were stained with SYTO 9
and propidium iodide, and visualized by fluorescence microscopy

Furthermore, SESOM supports the germination of spores, albeit with a rather
extended lag phase (Vilain et al. 2006). During transition phase, B. cereus begins to
form long chains that coalesce to form coherent bundles of filaments or clumps
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(Fig. 6.2). While B. mycoides displays this phenotype in various culture media,
presumably in a constitutive manner (Di Franco et al. 2002), B. cereus does so in
response to growth in SESOM. This self-assembly of a multicellular structure is
reminiscent of the pellicle formed at the liquid—air interface by B. subtilis (Branda
et al. 2001). While a pellicle forms at the surface of stagnant liquid, and is easily
disturbed, clumps of B. cereus form in the bulk liquid despite shaking. These
clumps are robust, withstanding repeated pipetting, and are indicative of strong
terminal and lateral cell—cell interactions.

Biofilms, that is to say interface-associated multicellular assemblages, have been
described as the second bacterial mode of growth after the planktonic free-floating
or phase (Costerton et al. 1995). Biofilms are structured communities of microbial
cells occurring at interfaces, and are mostly encased in a self-produced polymeric
matrix (O’Toole et al. 2000; Sutherland 2001). Such biofilm-supporting interfaces
include solid—liquid, liquid—air and oil-water interfaces (Costerton et al. 1995;
Davey and O’Toole 2000; Branda et al. 2001). The clumps formed by B. cereus
in SESOM could be viewed as representing a unique class of biofilm that forms in
the absence of an interface. In addition, B. cereus is also able to form classical
biofilms at solid-liquid interfaces (Oosthuizen et al. 2002; Vilain and Brozel 2006).

Biofilm formation is thought to begin when bacteria sense environmental condi-
tions that trigger the transition from planktonic existence to life associated with
interface. Nutritional content of the medium, temperature, osmolarity, pH, iron
availability, and oxygen tension have been reported as environmental cues that can
influence biofilm formation (Davey and O’Toole 2000). The adherence of cells to
interfaces is described as critical for biofilm formation, and a variety of surface
appendages, surface proteins and adhesins have been reported to assist in adherence
(O’Toole et al. 2000; Rickard et al. 2003). Adherent cells accumulate to form clusters
or microcolonies by growth and/or surface translocation. With time, microcolonies
develop into a mature biofilm, characterized by multicellular architecture and extra-
cellular polymeric substance (EPS) or extracellular matrix (Davey and O’Toole
2000). Biofilm architecture is influenced by culture conditions, such as nutrient
availability and flow condition (Wolfaardt et al. 1994; Stoodley et al. 1999, 2002;
Davey and O’Toole 2000). B. subtilis forms fruiting body-like aerial projections that
extend from the surfaces of the pellicle biofilm, and the tips of these fruiting bodies
serve as preferential sites for spore formation (Branda et al. 2001). Cells in clumps of
B. cereus produce multiple granules of polyhydroxyalkanoate granules (Luo et al.
2007), and later progress to sporulate. Spores remain constrained in the extracellular
matrix; this matrix contains both DNA and proteins. Presence of DNA was indicated
both by fluoresecence when stained with either propidium iodide or DAPI (4,6-
diamidino-2-phenylindole), and by removal of the corresponding extracellular fluo-
rescence following treatment with DNase. We have recently also shown that eDNA
(extracellular DNA) is required for biofilm formation by B. cereus (Vilain et al.
2009). Similarly, proteins were shown by staining with Sypro Red, Proteinase K
treatment, and SDS-PAGE of the extracellular matrix. The matrix contained six
dominant proteins, three homologues of OppA, enolase, glutamate dehydrogenase
(not reported in the genome sequence but present in the raw sequence data of
B. cereus ATCC 14579), and the ATP synthase beta chain.
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6.1.3.2 Growth in Artificial Soil Microcosms

The study of bacterial growth in soil poses numerous challenges, including sterili-
zation and optical constraints. We therefore opted to produce artificial soil micro-
cosms (ASMs) using a 4:1 ratio of sand and Ca-montmorillonite saturated with
SESOM (Sect. 6.3.1.3). As SESOM contains a diluted subset of the SOM, ASMs do
not represent true soil, but do offer several advantages for studying growth of
bacteria in soil. Spores of B. cereus inoculated at the centre of the microcosm
germinate, grow to a larger population, and subsequently sporulate (Vilain et al.
2006). This indicates that B. cereus is able to grow in free soil without the proximity
of rhizosphere, and without the requirement for insects that was held previously
(Margulis et al. 1998; Jensen et al. 2003). Maintenance of B. cereus populations,
including germination, growth and sporulation can therefore occur in bulk soil.

When inoculated at a specific point in the ASM matrix, B. cereus appears several
mm further on the agar surface after several days, indicating translocation through
the soil matrix (Fig. 6.3). Microscopic investigation of BacLight Live/Dead stained
soil taken from inside the ASM revealed bundles of chains (Fig. 6.3c). A similar
phenomenon was reported for a Bacillus spreading across an agar surface, and
termed sliding (Henrichsen 1972). Sliding appears to be a mechanism driven by
elongation and division of cells in chains while constrained within the particulate
soil environment, leading to movement of the filaments between gaps in the soil
matrix. The observed switch to form bundles of chains, observed in liquid in
SESOM, may be ecologically relevant as it provides a mechanism for the species
to translocate through the soil matrix. We are currently screening for genes that
contribute to this phenotype. Initial screens have yielded a mutant that forms single
chains, apparently deficient in lateral chain interactions (Fig. 6.4a). The transposon
(Tn917) insertion was mapped to the galE gene, encoding galactose epimerase.
While no extracellular polysaccharide has been described for B. cereus ATCC
14579, analysis of the genome sequence predicts a galactose-containing polysac-
charide. The galE gene forms part of the 25-member putative operon (Ivanova et al.
2003). Staining the wild type clumps with a rhodamine-labelled lectin specific for
galactose showed presence of cell envelope-associated galactose (Fig. 6.4b). The
galactose presented more densely in some parts, indicating perhaps a stochastic
distribution due to bistability (Veening et al. 2008).

6.2 Studying the Ecophysiology of Soil Bacillus

B. cereus display a distinct life cycle in soil (Fig. 6.5). Bacillus species are readily
culturable in liquid soil extract (SESOM), opening the door to addressing questions
on the ecophysiology of this omnipresent group in soil. Technical advances that
will aid these efforts include the growing number of genome sequences, the
advancement of analytical instruments for studying single cells such as HISH—
SIMS (Musat et al. 2008) and Raman microscopy (Huang et al. 2009), but also
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Fig. 6.3 Artificial soil microcosms (ASM) can be used to study translocation of B. cereus through
soil. Artificially reconstituted soil is placed in wells in SESOM agar and point-inoculated at the
centre with 1 pL of spore suspension (a). Upon germination, the population spreads through the
soil matrix as seen by outgrowth onto the surrounding agar surface (b), and by fluorescence
microscopy of BacLight Live/Dead stained samples of ASM (c)

10.0um

Fig. 6.4 Fluorescence microscopy of BacLight-stained late stationary phase culture of the galE
mutant, showing formation of chains but not clumps (a). Binding of the rhodamine-tagged
galactose-specific lectin GSL I to wild type revealed the uneven distribution of galactose both at
envelopes and between cells of the wild type (b). Size bar: 10.0 um
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Fig. 6.5 Model of the life cycle of B. cereus in SESOM. Spores are able to germinate and outgrow
as vegetative cells. The vegetative cells grow as filaments, form clumps, produce extracellular
polymeric substance (EPS), and subsequently sporulate. With time, clumps become encased in
EPS (as indicated by a light grey colour surrounding the clump), and mature spores are released.
Mutants insertionally inactivated in the purA and galE genes are unable form filaments and clumps
respectively

fluorescence and laser scanning confocal microscopy in combination with a plethora
of specific fluorescent reporters. Below we list questions that require attention and
that could well be addressed using the basic culturing tools described in this
chapter:

What are the roles played by the various Bacillus species in carbon cycling in
soil?

Why do these rapid growing species generally make up a rather small proportion
of the soil community?

What is the mechanism by which Bacillus species translocate through soil?
What is the ratio of vegetative cells to spores in soils?

Is there a stationary phase state of Bacillus as an alternative to sporulation in the
soil environment?

6.3 Protocols

Outlined below are several protocols used in our laboratory for studying the
ecophysiology of B. cereus.
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6.3.1 Culture Environments

6.3.1.1 Preparation of SESOM

SESOM is a liquid extract of soil prepared without autoclaving in order to avoid
chemical alterations at the high temperature of autoclaving. It can be prepared from
a variety of soils, but growth will depend on the concentrations and spectrum of
organic constituents present.

e Air-dry a volume of soil sufficient for the series of experiments planned, and
store at —20°C.

e For 400 mL of SESOM, pre-warm 500 mL 3-[N-Morpholino] propanesulfonic
acid (MOPS) buffer (10 mM, pH 7) to 50°C.

e Toal L Erlenmeyer flask, add 100 g of air-dried soil of choice, and then the pre-
warmed buffer.

e Shake in a shaker at 200 rpm for 1 h.

e Remove the larger particulate matter by filtering using filter paper. We suggest
using fluted conical paper filters in funnels.

e Sequentially remove finer particles by filtering through hydrophilic PVDF
membranes with 5 um pore size, and then 0.45 um pore size (Millipore). This
can be performed using single filter discs (47 mm diameter) and a re-usable filter
device as used for filtering 100 mL water samples.

e After filtration, adjust the pH to 6.5, 7.0 or desired pH.

e Sterilize by filtration (0.22 pm diameter pore size).

e Check for sterility of each batch by depositing 5 pL. of SESOM onto R2A or LB
agar, and incubating at 30°C for 24 h.

e For SESOM+, SESOM was supplemented with glucose (100 mg/L), casein
hydrolysate (1 mg/L, Sigma) and yeast extract (1 mg/L, Fisher Scientific).
MOPS buffer (10 mM) supplemented as described above, and designated
MOPS+, was used as a negative control. For SESOM agar, 80 mL SESOM+
was mixed with 20 mL of tempered 7.5% agar.

6.3.1.2 Preparation of SESOM Agar

SESOM agar can be prepared without exposing the chemical constituents in the
SESOM to autoclave temperatures by mixing the extract with fivefold concen-
trated agar. SESOM agar may be prepared by adding to 400 mL SESOM (see
protocol above) warmed to 40°C, 100 mL of 7.5% agar (7.5 g in 100 mL dH,O0,
then autoclaved for 20 min at 121°C). Add the concentrated agar while hot, mix
well with the SESOM and leave to stand to allow bubbles to dissipate. Pour
into plates.
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6.3.1.3 Preparation of Artificial Soil Microcosms

ASMs can be used to study growth of pure cultures under simulated soil conditions.
The ASM consists of four parts acid washed, autoclaved sand and one part mont-
morillonite, made homoionic for calcium (Stotzky and Burns 1982) before auto-
claving, and then saturated with SESOM (see protocol above).

Wash sand in 0.1 M HCI repeatedly until no bubbles appear, or purchase clean
sand.

Autoclave the sand in a glass beaker or easily accessible, sealable container,
such as a screw-cap jar for 15 min at 121°C.

Prepare Ca-Montmorillonite homo-ionic for calcium by washing three times
with CaCl,. This entails suspending bentonite (Sigma) in twice the volume of
CaCl, (100 mM, pH 7.0), and removing the free liquid by centrifugation
(2,000 xg, 5 min) and decanting.

Repeat the CaCl, treatment two more times, for a total of three times.

Wash the Ca-Montmorillonite with two volumes of dH,O and remove by
centrifugation as above.

Was at least three times with dH,O until no free chloride ions can be detected in
the supernatant.

Detect free chloride ions in the supernatant using the silver nitrate test. Add
100 pL of AgNO;5 (100 mM) to 1 mL supernatant. Formation of a precipitate
indicates presence of residual chloride ions.

Remove free water by centrifugation and removal of the supernatant.
Autoclave in an easily accessible sealable container with wide neck, such as a
screw-cap jar, for 15 min at 121°C.

After cooling, add four parts sand to one part Ca-Montmorillonite and mix using
a sterile spatula.

Add two volumes of SESOM, and mix by shaking.

Transfer to a centrifuge tube, and remove free liquid by centrifugation and
removal of the supernatant.

The soil-like material is now ready for use.

For ASM, punch wells (8 mm in diameter) using a sterile cork borer into an agar
of choice, such as SESOM agar, and remove the agar plug. If the plug is not
readily removed, use a sterile needle.

Using two sterile spatulas, prepare a small ball of soil and place it into the well in
the agar. For 8§ mm diameter wells add about 0.35 mL soil.

Inoculate the ASM by applying 1 pL cell suspension of choice into the
centre of the ASM by inserting a micropipettor tip about 1 mm under the
surface.

Incubate for the desired time period.

For extended incubation take measures to prevent drying, such as placing Petri
dishes in a plastic bag or wrapping with Parafilm.
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6.3.2 Microscopic Analysis

Cells from liquid SESOM may be viewed microscopically, but should be concen-
trated before staining due to the low cell density obtained in most SESOM
(Fig. 6.1).

¢ Concentrate cells by centrifugation.

¢ Place 1 mL culture into a 1.5 mL microfuge tube and centrifuge at 10,000 x g for
3 min.

e Remove the supernatant very carefully in the case of Bacillus as pellets tend to
be much less cohesive than those of Escherichia coli, especially when grown in
SESOM.

¢ Resuspend the pellet in phosphate buffer (10 mM, pH 7.0).

e Add stains of choice, e.g.

— BacLight Live/Dead stain (Syto 9 and propidium iodide).

— DAPI or PoPro for nucleic acid

— FM4-64 for membrane staining

— Fluorescently conjugated lectins for specific surface carbohydrates

e To a glass microscope slide apply 20 pL suspension.

e Cover with a coverslip.

e Place slide on absorbent paper, cover with absorbent paper and press down
firmly to render a single cell layer. This takes some practise as pressing too
firmly causes air pockets, and too little pressure removes too little liquid,
allowing cells to swim during observation.

¢ Paint clear nail varnish around the edges of the cover slip to prevent drying of the
sample.

e View by fluorescence or laser scanning confocal microscopy.

6.3.3 Proteomic Analysis by Two-Dimensional
Gel Electrophoresis

Before undertaking two-dimensional electrophoresis, decide on key parameters
such as the pH range (e.g. 4-7, 3—-10 non-linear, etc.) and the resolution required.
Immobilized pH gradient strips for the first dimension are available from GE
Healthcare (previously Amersham), and BioRAD in various lengths. Also consider
the width of gel accommodated by the electrophoresis equipment available.

6.3.3.1 Preparation of Cytosolic Proteins
e Grow bacteria to desired stage.

e Add phosphate buffer (10 mM, pH 7.0) to one quarter of the volume of each
tube, to centrifuge tubes and freeze, laying them horizontally to get flat layers of
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ice down the sides of the tubes. For 50 mL conical tubes, we would add 10 mL
buffer for freezing.

e Before adding culture samples, crush the ice by banging the centrifuge tubes
against an old Styrofoam container to get crushed ice but without cracking the
tube.

e Add the desired volume of culture to the crushed ice, replace the cap, and mix by
inversion. That way the samples coming out of the incubator are cooled down
very quickly.

e Harvest the cells by centrifugation at 10,000 x g for 5 min.

e Wash cells in cold 10 mM phosphate buffer (pH 7.0) or Tris (10 mM,
pH 8).

e Resuspend in small volume of ice-cold Tris (10 mM, pH 8.0). Cells should
be very concentrated for ultrasonication, preferably in a 1.5 mL microfuge
tubes.

e Add 0.01 volume PMSF (phenylmethanesulphonylfluoride; 100 mM stock in
100% ethanol), i.e., final concentration of 1 mM and mix. Careful: PMSF is
toxic. PMSF has a short half-life in water, but is stable once bound to protease.

e Disrupt cells by ultrasonication — depends on your instrument but we do
4 x 30 s while on ice with 2 min to cool in between applications.

e Centrifuge 10 min at 10,000 x g to remove unbroken cells and particulate debris

e Transfer supernatant and freeze.

6.3.3.2 Preparation of Extracellular Proteins

e Grow bacteria to desired stage.

e Prepare cell-free supernatant by centrifugation of 200 mL of culture at 1,000x g
for 20 min.

e Transfer the supernatant to a clean 250 mL centrifuge tube, adding 25 mL 1 M
Trifluoroacetic acid (TCA) for a final TCA concentration of 10% (v/v).

e Mix well and incubate overnight at 4°C.

e Harvest proteins by centrifugation at 8,000x g for 60 min at 4°C

¢ Discard the supernatant.

e Wash the pellet eight times with ethanol as follows:
— Add 10 mL 90% ethanol
— Resuspend the pellet (sticky) using a clean stainless steel spatula
— Transfer the suspension into a smaller centrifuge tube, such as a 15 mL

conical tube

— Harvest the pellet by centrifugation at 10,000x g for 5 min at 4°C
— Repeat the wash step seven times, for a total of eight times

¢ Resuspend the pellet in TE buffer (10 mM TRIS, 1 mM EDTA, pH 8.0) and store
frozen.
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6.3.3.3 First Dimension

e Determine the protein concentration in the sample using either the Bradford
assay or Amersham 2D Quant kit
— Set up a standard curve using bovine serum albumen as standard
— Determine protein concentration of samples by preparing various dilutions

¢ Determine volume required for 500 pg if staining with Coomassie R250, 200 pg
if staining with colloidal Coomassie, and 50 pg if staining with a silver staining
procedure. If the volume of sample required is greater than 20 pL, concentrate
by vacuum centrifugation.

e Aliquot out volume of protein to deliver 500, 200 or 50 pg.

e Prepare fresh rehydration buffer by adding dithiothreitol (DTT) to the stock, and
make up to 400 pL with rehydration buffer.

e Mix by pipetting, avoiding formation of bubbles (do not vortex).

e Leave for 30 min at room temperature to allow proteins to solubilize.

e Centrifuge at 4°C for 30 min.

e Set clean dry re-swelling cassette to level and remove lid.

¢ Transfer supernatant well in re-swelling cassette, avoiding formation of bubbles

e Remove clear protective cover from strip and insert strip gel side down into well.

e Cover with oil and slide lid back in.

e Leave overnight in cool (not cold) place. Urea at this concentration crystallizes
below 18°C.

e Place strip briefly in dH,O to remove oil.

¢ Dry by tipping sideways onto Kimwipe. Do not allow gel side to cling to the
paper wipe.

e Place gel side up onto IPG Phor surface, with acidic end (+) towards anode (red,
at cooling outlet).

e Cut 2x filter paper strips 110 mm long to width covering all strips.

e Hydrate with 500 pL dH,O and pat dry (they should be moist but not wet).

e Place on both ends across strips.

e Insert electrodes.

e Cover strips with oil.

¢ Place lid on.

¢ Resolve proteins as follows:
— 150V for1lh
— 350V forlh
— 500V for4h
— 750V forlh
— lkVforlh
— 15kVforlh
— 3.5kV for 11 h (3 mA max) for a total of ~44 kVh

¢ Pour off oil into receptacle through filter paper (to re-use).

e Remove strips and place gel side up onto pre-labelled clear plastic sheath.

e Cover with clear plastic and freeze. Freeze briefly, even if the second dimension
is to take place directly following the first.
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6.3.3.4 Second Dimension

e Assemble dry plates (wiped with ethanol and dust-free) with narrow (IEF)
spacers in BioRAD casting stand, set to level

¢ Pour separating gel until 1 cm from top

¢ Overlay immediately with isobutanol and leave to set for at least 2 h or overnight

e Remove isobutanol by washing with dH,O

e Remove residual water between plates — dry with Kimwipe

¢ Set level

e Pour in stacking gel, cover with isobutanol

e Leave to set for 30 min

e Remove isobutanol by washing with dH,O

e Equilibrate strips for 15 min in equilibration solution A, shaking slowly

¢ Transfer to equilibration solution B and leave for 15 min, shaking slowly

e Remove excess fluid by tipping sideways onto Kimwipe

¢ Dip briefly into tank buffer to lubricate the strip

¢ Insert strip in between the glass plates, plus at right

¢ Resolve at 10 mA per gel for 1 h through the stacking gel

e Resolve at 20 mA per gel with the maximum voltage limited to 350 V, until the
buffer front reaches the bottom

e Transfer gel to fixing solution or stain of choice

6.3.3.5 Solutions Required

1. Rehydration buffer:

Urea (7 M) 105¢g
Thiourea (2 M) 38¢g
CHAPS* lg
Bromophenol blue stock 50 uL
H,0O to 25 mL

*3-[(3-Cholamidopropyl)dimethylammonio]- 1 -propanesulfonate
Add fresh before use:

Ampholyte (pH 3-10) 500 pL (or 20 pL per mL of rehydration buffer)
DTT 70 mg (or 2.8 mg per mL rehydration buffer)

2. Bromophenol Blue stock solution

Tris base: 60 mg
Bromophenol Blue 100 mg
dH,0 to 10 mL

3. Equilibration buffer stock:

Tris HCI (pH 6.8), 50 mM 10 mL
Urea 72 g
SDS 4¢g

H,0 to 120 mL
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Dissolve, then add:

Glycerol 69 mL
H,O to 200 mL

4. Equilibration buffer A:

Equilibration buffer stock 15 mL
DTT 300 mg

5. Equilibration buffer B:

Equilibration buffer stock 15 mL
Todoacetamide 375 mg
Bromophenol Blue stock 30 pL

6. Upper tank buffer:

Trizma base 3g
SDS lg
Glycine l4¢g
dH,O tolL

7. Lower tank buffer:

Trizma base 120 g
SDS 5¢g
Glycine 20¢g
H,O toSL

8. Fixing solution:

dH,O 380 mL
Ethanol 500 mL
Acetic acid 120 mL
Formaldehyde (37%) 500 pL

9. Stacking gel buffer (pH 6.8):

Tris —~HCl 15.0078 g
Trizma base 0.5768 g
dH,0 to 100 mL

Confirm pH to be 6.8
10. Separating gel buffer (pH 8.9):

Tris HCI 2.1561 g
Trizma base 10.4567 g
dH,0 to 100 mL

Confirm pH to be 8.9

Composition of separating gel for second dimension

Separating gel Solution Final conc. For 35 mL (for one slab) For 150 mL
Acrylamide 40% 12.175% 10.65 mL 45.795
Bis-acrylamide 2% 0.325% 5.69 mL 24.470

(continued)
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Separating gel Solution Final conc. For 35 mL (for one slab) For 150 mL
TRIS pH 8.9 1M 0375 M 13.13 mL 56.460
dH,0 523 mL 22.490
Degass for 10 min (apply vacuum carefully)

SDS 10% 0.10% 350.0 pL 1.505
TEMED (6.6 M) 76.7% 0.06% 273.7 pL 1.177
NH, persulphate 10% 0.03% 105.0 L 0.451
Total volume 35.2537 mL 151.59

Composition of stacking gel for second dimension

Stacking gel 4.67% Solution Final conc. For 4 gels
Acrylamide 40% 4.549% 0.923 mL
Bis-acrylamide 2% 0.121% 0.491 mL
TRIS pH 6.8 1M 0.125 M 1.015 mL
dH,0 5.583 mL
Degass for 10 min (apply vacuum carefully)

SDS 10% 0.10% 81.2 L
TEMED (6.6 M) 76.7% 0.25% 26.5 pL
NH,4 persulphate 10% 0.05% 40.6 uL
Total volume 8.12 mL

6.3.4 Screening for Genes Contributing

to Self-Assembling Biofilm

When growing in SESOM, B. cereus ATCC 14579 switches to a multicellular, self-
assembling biofilm (Fig. 6.2). This is mirrored by formation of ramificate or
rhizoidal colonies on SESOM agar, similar to colonies of the related B. mycoides
(Di Franco et al. 2002). Genes contributing to the multicellular phenotype can
therefore be screened for by a change in colony morphotype of mutants on SESOM
agar. The approach taken in our laboratory is outlined below:

Transform B. cereus with a transposon delivery plasmid such as pLTV1 (Tn917)
(Camilli et al. 1990) or pAWO016 (mini Tn10) (Wilson et al. 2007) by electropo-
ration (Bone and Ellar 1989)

Perform transposon mutagenesis as described previously (Clements and Moir
1998, or Wilson et al. 2007)

Select for transposon mutants using the prescribed temperature and antibiotic
Replica-plate mutants together with a wild-type control onto SESOM agar, by
spot-inoculating using sterile tooth picks

Incubate at 30°C for 5 days

Inspect colonies for changes in the ramificate appearance. This could include
non-ramificate and hyper-ramificate colony morphotypes

Verify candidate mutants by spot-inoculating in triplicate

Inspect the colonies microscopically, directly on the agar surface using 200X
magnification

Map the respective mutations by plasmid rescue as described (Wilson et al.
2007)
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Chapter 7

Dispersal of Aerobic Endospore-forming
Bacteria from Soil and Agricultural
Activities to Food and Feed

Marc Heyndrickx

7.1 Introduction

There is a clear association between soil-borne endospore-forming bacteria and
food contamination. The spore-formers implicated belong both to the strictly
anaerobic and to the aerobic phylogenetic groups of microorganisms. However,
in the last few decades, it has been especially the aerobic endospore-forming
bacteria belonging to the genus Bacillus and related genera that have caused
specific problems for the food industry. Several reasons can be proposed to explain
this phenomenon and most are related to the characteristics of the spores: their
ubiquitous presence in soil, their resistance to heat in common industrial processes
such as pasteurization and the adhesive characters of particular spores that facilitate
their attachment to processing equipment (Andersson et al. 1995). Probably of more
recent concern is the possibly increasing tolerance, adaptation or resistance of
spores or vegetative cells of particular spore-forming species to conditions or
treatments that were previously presumed to stop growth (low temperatures and
low pH) or to inactivate all living material, such as ultrahigh heat treatment (UHT)
and commercial sterilization. The food industry seems to be increasingly con-
fronted with tolerant or resistant spore-formers that might be side effects of the
use of new ingredients and the application of new processing and packaging
technologies.

Aerobic endospore-formers cause two kinds of problems in the food industry. In
the first place, there are some food-borne pathogens such as Bacillus cereus.
Secondly, there is the reduction of shelf life and food spoilage (in’t Veld 1996).
Microbial spoilage of food is usually indicated by changes in texture or the
development of off-flavours. Food defects, however, can also simply be caused
by unwanted microbial growth in commercially sterile products. It is estimated that
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food spoilage constitutes significant financial losses despite the contributions of
modern food technology and preservation techniques.

In this chapter, two aerobic endospore-forming species present in soil, B. cereus
and Alicyclobacillus acidoterrrestris, are discussed in detail. Also described is how
agricultural activities in general can introduce other unwanted spore-formers (e.g.
Bacillus sporothermodurans) either directly or indirectly (via the feed) into the
food chain.

7.2 Bacillus cereus in Soil

B. cereus is a ubiquitous organism present in many types of soil, sediments, dust
and plants. It is has long been believed that this organism has a saprophytic life
cycle in soil with the presence of spores that only germinate and grow upon contact
with soil-associated organic matter (i.e. nutrient-rich conditions). However, in
laboratory experiments with liquid soil extract and artificial soil microcosms, it
was observed that B. cereus (as well as other soil-isolated Bacillus species) dis-
played a complete life cycle (germination, growth and sporulation) and adapted to
translocate in soil by switching from a single-cell phenotype to a multicellular one
with the formation of filaments and clumps that encased the ensuing spores in an
extracellular matrix (Vilain et al. 2006). The multicellular filamentous stage of
B. cereus sensu lato has also been observed in the gut of soil-dwelling arthropod
species, in which this symbiotic intestinal stage was initially described as Arthro-
mitus (Margulis et al. 1998). In addition to a full life cycle in soil, B. cereus is also
adapted to a lifestyle in the animal or human gut, where it can behave as a pathogen
or as a part of the intestinal microbiota, as well as to growth in food and feed.
Bacillus anthracis, the mammalian pathogen of the B. cereus group, proliferates in
lymphatic vessels of the host and is released by shedding into the soil where
sporulation occurs (so-called storage areas; Dragon and Rennie 1995). Bacillus
thuringiensis being an insect pathogen of the B. cereus group is also a ubiquitous
soil microorganism, but it is also found on the phylloplane and in insects. Presum-
ably, B. thuringiensis proliferates in the guts of insects and is then released into soil
where it can subsequently proliferate under favourable nutrient conditions (Jensen
et al. 2003). However, B. thuringiensis seems to be less capable of adapting to soil
habitats than B. cereus, as in the study of Yara et al. (1997) B. cereus grew even
when indigenous soil bacteria were added at high density to sterile soil, whereas
B. thuringiensis sporulated immediately without any growth. A high genetic diver-
sity among B. cereus/B. thuringiensis isolates from Norwegian soils has been
reported, probably resulting from extensive genetic recombination (Helgason
et al. 1998). Less is known on the ecology of the other members of the B. cereus
group (Bacillus mycoides, Bacillus pseudomycoides, Bacillus weihenstephanensis),
except that they have been isolated from a wide variety of environmental niches
such as soils, sludge, arthropods, earthworms and rhizospheres (Jensen et al. 2003).
In soil from a tropical habitat only mesophilic B. cereus was found, in soil from an
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alpine habitat only the psychrotolerant species B. weihenstephanensis was com-
monly found, while in soil from a temperate habitat mesophilic B. cereus,
B. weihenstephanensis and “intermediate thermal types” of the B. cereus group
were found (von Stetten et al. 1999). The latter are probably reflections of adapta-
tion based on genetic recombination in temperate habitats with high temperature
fluctuations, resulting in a high population diversity, especially amongst the psychro-
tolerant bacteria.

7.3 Transfer of Bacillus cereus and Other Aerobic
Endospore-Formers from Soil and Agricultural
Environments to Food and Feed

7.3.1 Transfer to Food in General

B. cereus is found in a wide range of habitats, with air and soil probably being the
primary sources of food contamination. Soil, especially, is heavily contaminated
with B. cereus spores (see Sect. 7.3.2). Being a soil resident, B. cereus is part of the
microbiota of plant raw materials, attached as vegetative cells or spores. At harvest,
this plant raw material can be used for direct human consumption as fresh produce,
as ingredients for food or feed production or directly as animal feed. Dairy cows
consuming such feed will excrete B. cereus spores in the faeces, and these spores
will contaminate the raw milk (see Sect. 7.3.2). However, as B. cereus is not
dominant in the microbiota of plant raw materials, fresh produce for direct human
consumption (fresh vegetables and fruits, fresh herbs and spices, fresh potatoes) has
not been reported in association with outbreaks or cases of food-borne illness caused
by B. cereus (Bassett and McClure 2008). Nevertheless, recent investigations in
Denmark have shown that B. thuringiensis strains, in some cases indistinguishable
from the commercial strains used in microbial bioinsecticides, were present on fresh
vegetables (e.g. fresh cucumbers and tomatoes) in Danish retail shops to levels that
may exceed 10* cfu/g (Frederiksen et al. 2006). Since these strains harboured genes
encoding enterotoxins, increased concern regarding the residual amount of
B. thuringiensis insecticide on vegetable products after harvest may be imminent.
Despite these observations, problems of B. cereus food poisoning and/or spoilage
are mainly restricted to pasteurized or dried products manufactured in food proces-
sing units. A combination of the specific attributes of the spores and of the resulting
vegetative cells not only gives B. cereus a huge advantage over non-spore-formers,
but also over other spore-formers, and they explain why this organism is a special
threat to the food processing industry. Firstly, like all bacterial spores, B. cereus
spores are resistant to heat and desiccation and they will thus survive food-
processing steps, such as pasteurization or thermization and dehydration or drying,
that all eliminate or reduce vegetative cells. de Vries (2006) reported decimal
reduction times at a heating temperature of 95°C (Dgs-values) varying from around
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5 to as high as 80 min for spores of naturally occurring B. cereus strains. As a result,
a final product may be contaminated with spores that face little or no competition
from vegetative cells that would otherwise outgrow B. cereus.

A second aspect is that B. cereus spores, which are introduced into the food
production chain via plant ingredients or via milk or milk powder, can adhere to
equipment surfaces and in pipelines. The ability of B. cereus spores, especially,
to adhere and act as initiation stages for biofilm formation on a wide variety of
materials commonly encountered in food processing plants is well known (Peng
etal. 2001). The strong adhesion properties of B. cereus spores have been attributed
to the hydrophobic character of the exosporium and to the presence of appendages
on the surfaces of the spores (Husmark and Ronner 1992). According to Wijman
etal. (2007), a B. cereus biofilm may particularly develop in a partly filled industrial
storage or a piping system and such a biofilm acts as a nidus for formation of spores
that can subsequently be dispersed by release into the food production system.
Spores embedded in biofilms are protected against disinfectants (Ryu and Beuchat
2005).

A third aspect is the use of extended refrigeration in food production and
distribution, as well as in the kitchen to increase the shelf life of processed foods.
A particular category of thermally processed food products of high organoleptic
quality that rely on refrigeration for their safety and quality are the Refrigerated
Processed Foods of Extended Durability, or REPFEDs, such as vegetable purées
and ready-to-eat meals with shelf lives up to and exceeding 10 days. These
REPFED food items, as well as dairy products (milk and desserts) with a shorter
shelf life (<10 days), are specific niches for psychrotolerant endospore-forming
bacteria. An important feature of the B. cereus strains, especially diarrhoeal and
food-environment strains (but, however, virtually none of the emetic strains), is
psychrotolerance; that is to say growing at temperatures <7°C (Carlin et al. 2006).
Moreover, it is important to note that the majority of B. cereus strains are able to
start growing from 10°C, which represents mild temperature abuse conditions
(Guinebretiere et al. 2008). Emphasizing the importance of the psychrotolerant
B. cereus group strains, a separate species, B. weihenstephanensis, was proposed for
them (Lechner et al. 1998). Later on, it was observed that not all psychrotolerant
strains of the B. cereus group should be classified as B. weihenstephanensis, and
that some still belong to B. cereus/B. thuringiensis (Stenfors and Granum 2001).

Due to its ubiquitous presence in soil, and on plant material which is used for a
variety of purposes, and in food processing environments, as well as its special
characteristics described earlier, the presence of B. cereus (and other species of the
B. cereus group) seems to be inevitable in many types of foods and ingredients.
These include raw foods such as fresh vegetables and fruits, including sprouted
seeds, raw herbs and raw milk, ingredients such as pasteurized liquid egg and milk
powder, flour, dried spices and herbs and all kinds of processed foods such as rice,
pasta, cereals, dried potato products, meat products, sauces, dehydrated soups,
salads, cut and pre-packed vegetables and prepacked sprouts, dehydrated mush-
rooms, chilled ready-to-eat and ready-to-cook meals, Chinese meals, vegetable and
potato purées, pasteurized milk and dairy products, bakery products, desserts and
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custards, powdered infant formulae and chocolate (EFSA (European Food Safety
Authority) 2004; Arnesen et al. 2008). The level of B. cereus in raw foods and in
processed foods before storage is usually very low (<100 spores/g or ml) and poses
no direct health or spoilage concern. Some samples of dried herbs and spices,
however, may contain >1,000 spores/g (see also Sect. 7.3.3). Upon storage of
processed foods, or the use of contaminated ingredients in complex foods or use
of contaminated herbs and spices to season foods, conditions may allow germina-
tion and outgrowth of spores to levels that present hazards for consumers. Although
no microbiological criterion exists in the European Union for B. cereus in food-
stuffs (except for a process hygiene criterion for dried infant formulae), some
countries have specific criteria or guidelines for this food-borne pathogen; these
are generally in the range of >10%-10° cfu/g. As shown in Table 7.1, it seems that
starchy cooked products such as desserts and rice, heat-treated products such as
pasteurized milk and ready-to-eat meals, cold and fresh dishes as well as precut and
packed vegetables and fruits are especially associated with the highest prevalence
(>1% of samples analysed) of unacceptable levels. This is mostly due to tempera-
ture abuse or to overlong storage of the product.

As aresult, outbreaks of B. cereus food-borne illness have been associated with a
diversity of foods such as take-away meals and lunch boxes, oriental meals, cold
dishes, minced meats, pita, merguez (North African sausage), chicken, sprouts,
meals with rice, boiled and fried rice, pasta salad, pastry, spaghetti, noodles, spices,
sauces, soups, stew, quiche, puddings and cream pastries, pasteurized milk and milk
products, mashed potatoes and potato salad with mayonnaise, vegetable purée,
salad, fish, orange juice and onion powder (EFSA (European Food Safety Author-
ity) 2004; Arnesen et al. 2008; K. Dierick personal communication).

7.3.2 Transfer into Milk from Soil and Agricultural Practises

The dairy production line selects for spore-formers through several heating pro-
cesses, and selects for psychrophiles or psychrotolerant organisms during cold
storage. B. cereus, B. circulans and B. mycoides are the predominant psychrophilic
(better described as psychrotolerant) species, with B. cereus being the most com-
mon (reviewed by Heyndrickx and Scheldeman 2002). The incidence of psychro-
tolerant spore-formers, and of B. cereus in particular, seems to be highest in the
summer and autumn. In recent years, the importance of the psychrotolerant aerobic
endospore-formers for the keeping quality of milk has increased significantly,
owing to extended refrigerated storage of raw milk on the farm before processing
higher pasteurization temperatures, reduction of post-pasteurization contamination
and prolonged shelf-life requirements of the consumer product. It should be
remembered that pasteurization activates spore germination, and thus enhances
vegetative cell growth. It has been estimated that 25% of all shelf-life problems
of pasteurized milk and cream in the USA are caused by psychrotolerant spore-
formers (Sorhaug and Stepaniak 1997).
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The defects caused by psychrotolerant aerobic endospore-formers are off-
flavours and structural defects caused by proteolytic, lipolytic and/or phospholi-
pase enzymes (reviewed by Heyndrickx and Scheldeman 2002). Paenibacillus
polymyxa, which causes a sour, yeasty and gassy defect in milk, has been found
as the main Gram-positive spoilage organism of Swedish and Norwegian pas-
teurized milks stored at 5 or 7°C (Ternstrom et al. 1993). Two other possible
problems for the cheese industry, associated with this and other milk endospore-
formers, are fermentative growth with gas production, which causes blowing of
soft and semi-hard cheeses (Quiberoni et al. 2008), and vigorous denitrification
that diminishes the anti-clostridial effect of added nitrate. The structural defects
are sweet curdling in fluid milk and bitty cream, mainly caused by psychroto-
lerant B. cereus strains, although sweet curdling may also be caused by Brevi-
bacillus laterosporus or Bacillus subtilis strains. Sweet curdling is rather
common and mostly affects containers undergoing prolonged refrigerated
storage.

B. cereus is also the causative agent of two distinct types of food poisoning, the
emetic and diarrhoeal syndrome (reviewed by Arnesen et al. 2008). The diarrhoeal
type of B. cereus food poisoning has been related to heat-labile protein complexes
(haemolysin BL (Hbl) and non-haemolytic enterotoxin (Nhe)) or a single protein
(cytotoxin K (CytK)) as causative agents. B. cereus diarrhoeal cases or outbreaks
associated with milk or dairy products are scarce, although B. cereus is commonly
isolated from pasteurized milk (Christiansson et al. 1989). This may be due to the
fact that in the cold dairy chain, selection occurs for psychrotolerant members of the
B. cereus group, which are mostly strains of B. weihenstephanensis. It has been
shown that these strains are less toxigenic than mesophilic B. cereus strains and
are thus less likely to cause illness (Svensson et al. 2007). In the period 2002-2006,
one diarrhoeal B. cereus outbreak affecting 70 persons, and caused by milk (con-
taining 3.9 x 10° cfu B. cereus/ml) in a scouting camp, was reported in Belgium
(K. Dierick personal communication). The causative agent of emesis (food poison-
ing characterized by vomiting 1-5 h after ingestion of the incriminated food) is a
small ring-structured dodecadepsipeptide named cereulide, which is extremely
resistant to heat, pH and proteolytic activity of pepsin and trypsin. Food poisoning
caused by cereulide is an intoxication; the toxin is formed and released in food, as a
consequence of the proliferation of cereulide-producing strains of B. cereus under
favourable conditions. In high concentrations, cereulide has been reported to cause
fatal liver failure and respiratory distress leading to a patient’s death (e.g. Dierick
et al. 2005). Milk is a suitable substrate for emetic toxin production under optimal
conditions (e.g. Finlay et al. 2000). Emetic food poisoning caused by dairy products
has been reported (see references in Svensson et al. 2006). Although the overall
prevalence of emetic strains in the dairy production chain is very low (<1%),
colonization and proliferation of emetic B. cereus was observed at particular
farms with saw dust bedding as a likely contamination source for the raw milk
and in a silo tank at a dairy plant (Svensson et al. 2006). As the general level of
spores of emetic toxin producing strains in milk is low (<1,000 cfu/l), there is no
risk associated with consumer milk provided that the milk is properly refrigerated.
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If contaminated milk is used for milk powder, a risk to the consumer exists if this
milk powder is used in baby food or as raw ingredient in foodstuffs, where
proliferation of B. cereus may occur, and there have been reports of emetic food
poisoning episodes where contaminated milk powder was a likely source (see
references in Svensson et al. 2006).

From the above, it is not surprising that B. cereus is a major concern of the dairy
industry, because it seems impossible to avoid its presence in milk completely. In
Sweden, there is a legal limit of 1,000 B. cereus/ml pasteurized milk after storage at
8°C until the “best before” date (Christiansson et al. 1999). B. cereus was found in
56% of samples of Danish pasteurized milk cartons, and both prevalence and counts
per ml (after storage at 7°C for 8 days) were significantly higher in the summer than
in the winter (Larsen and Jorgensen 1997). In the Netherlands, a maximum
B. cereus spore limit in farm tank milk of 3 log spores/l is necessary to achieve a
shelf life for pasteurized milk of at least 7 days (Vissers et al. 2007a). During recent
decades, several possible contamination routes for B. cereus in pasteurized milk
have been described, with either raw milk or post-pasteurization contamination
of the pasteurized milk being the sources (Fig. 7.1). As for the raw milk route of
contamination, evidence has been obtained using sensitive detection methods, as
B. cereus levels in raw milk are usually very low (e.g. average of 1.2 log spores/I)
(Vissers et al. 2007a; see Table 7.2), and by molecular typing. Raw milk in the farm
tank is contaminated with B. cereus spores via the exterior of the cow’s teats and
through improperly cleaned milking equipment. Contamination of the exterior of
the teats occurs when they are contaminated with dirt; during the grazing season of
the cows, this dirt is mainly soil, while during the housing season the attached dirt is
mainly faeces and bedding material. During milking, this dirt is rinsed off and
spores present in the dirt can contaminate the raw milk. As a result, soil, feed
(through excretion of spores in faeces) and bedding material are the major sources
of contamination of raw milk with B. cereus, but the relative contribution of these

Milking Collection
equipment tanker .
: Fillers
Air Storage
water tanks
Soil ~
/ Dirty Raw Pasteurized Retail
Green / teats ] milk == milk > packs
crops " Faeces I ]
\ / Used
bedding Equipment
Feed (pasteurizer)
(silage)

Fig. 7.1 Contamination routes of B. cereus spores in the dairy production chain. The importance
of contamination sources and routes is indicated by the size of type and arrow
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sources will be different according to the housing conditions of the cows (i.e.
outdoor grazing versus indoor housing in stables) (Fig. 7.1).

A higher incidence of B. cereus in raw milk when cows were at pasture (23%)
compared with milk from cows housed (4%) during the same period in the summer
(Slaghuis et al. 1997) was evidence that soil is the initial contamination source in
the grazing season (called “a pasturing effect”). This pasturing effect was also seen
in a comparative study of raw milks from organic dairy farms (with obligatory
grazing during the summer and autumn) and conventional farms (with less grazing
during summer and autumn); higher incidences of B. cereus were found in milks
from organic farms (Coorevits et al. 2008). Soil is very frequently contaminated
with B. cereus (65-100%) and can contain up to 10° B. cereus spores/g, but high
variations (up to 3 log) can occur between sampling sites or times (Table 7.2); even
higher concentrations of vegetative B. cereus cells up to 107 cfu/g have been
reported (te Giffel et al. 1995). A very high diversity of genetic B. cereus types
was found in soil, but identical or nearly identical types were found in soil, milk
from cows and in the bulk tank milk, which proves the importance of soil as major
contamination source of raw milk during the grazing season (Christiansson et al.
1999). The milk contained more spores when the water content of the soil was high,
indicating the influence of weather conditions, and the spore content decreased
when teats were cleaned before milking, indicating the importance of correct
milking routines.

Another important source of contamination of raw milk with B. cereus spores,
identified by different studies, is cows’ faeces or dung. According to Table 7.2,
highly variable levels of B. cereus spores (from below the detection limit up to 10
cfu/g) can be present in different samples of faeces, but the average concentration
seems to be around 2 log cfu/g. It is assumed that Bacillus spp. are not commensals
of the cow’s gastrointestinal tract but are introduced via the feed and subsequently
shed in the faeces (Wu et al. 2007). Thus, B. cereus spores present in faeces
probably originate from feed and from soil, either directly (during grazing on the
pasture when soil is also taken up by the cows) or indirectly (through the green
crops used as feed or feed ingredients). This is corroborated by the fact that the
majority of the strains in faeces (57%—66%), on grass (63%—-97%), in silage (39%),
on hay (33%—67%) and in soil (61%—66%) were psychrotolerant (te Giffel et al.
1995; Christiansson et al. 1999). Raw milk contained a comparable level of
psychrotolerant strains (30%—55%). In contrast, feed concentrates did not contain
psychrotolerant strains and thus do not contribute to B. cereus contamination of
milk. Using molecular typing, silage has been shown to be a significant source of
contamination of raw milk with spores, including those of B. cereus that may occur
in levels up to 10* cfu/g (Table 7.2). The spores in silage principally arise from soil
and farmyard manure. In maize silage, lower concentrations of total spores of
aerobes were found than in grass silage (10~10° cfu/g versus 10* to >10° cfu/g),
which can be explained by the fact that grass silage is more contaminated
with soil or faeces than maize silage (te Giffel et al. 2002). Grass samples taken
close to soil or faeces contained levels of 10'=10° B. cereus spores/g, while this
was <10 spores/g for grass without soil. Nowadays, ensiled grass and maize form
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the major part of the feed ration of cattle in Europe and North America during the
whole milking year. The main principles of preservation of crops by ensilage are
a rapid achievement of a low pH by lactic acid bacteria and the maintenance of
anaerobic conditions. From the moment the silage is used for feeding, it becomes
exposed to air and aerobic deterioration takes place, initiated by acid-tolerant
yeasts. During the later stages of aerobic spoilage of silage, growth of aerobic
endospore-formers (including B. cereus) occurs, leading to elevated levels of
spores (especially in the surface layers) compared to the initial levels on the
green crops. Therefore, it is important to prevent outgrowth of spores in silage
by application of special cultures of lactic acid bacteria or chemical additives to
improve aerobic stability of the silage (Driehuis and Elferink 2000); however,
these measures are not always used on the farm. In the housing period of the cows,
feed is the only source of spores and teats become contaminated mainly through
the bedding material that is contaminated with faeces. It was found that an increase
in the spore contents of the bedding material exceeding 10* spores/g increased the
risk for elevated spore concentrations in the bulk tank milk (Magnusson et al.
2007). Used bedding material may contain high levels of B. cereus spores — up to
10° cfu/g (Table 7.2) — which indicates that there is active growth and sporulation
of B. cereus in bedding material, especially at the back parts of deep sawdust beds
that come into contact with the udders.

Using a predictive modelling approach, it was found that when soil was the
source of B. cereus spores, 33% of simulated spore concentrations in farm tank
milk in the Netherlands were above the maximum spore limit of 3 log cfu/l,
while this was only 2% when feeds (through faeces and bedding) were the
sources of spores (Vissers et al. 2007b). During the grazing period, a 99%
reduction of the average concentration of B. cereus spores in raw milk might
be achieved by minimization of contamination of teats with soil and optimization
of teat cleaning efficiency at all farms in the Netherlands. Another control option
would be to house cows on damp and rainy days during summer, when the
concentration of B. cereus spores in soil is high. During such a housing period,
care would have to be taken that the initial spore concentration in feeds is
<3 log cfu/g and that the pH of the ration offered to the cows is below 5. On the
basis of a survey on 24 farms in the Netherlands (none of them exceeding the
maximum spore limit in the farm tank milk), it was found that transmission of
B. cereus spores to farm tank milk occurred predominantly via faeces the whole
year round (Vissers et al. 2007a). The higher spore concentrations in milk
observed during summer, compared with the rest of the year (a difference of
0.5 log spores/l), coincided with similar higher spore concentrations in faeces,
bedding material and mixed silage (but not in soil), and were probably caused by
higher temperatures. Nevertheless, the authors pointed to the fact that under
certain circumstances, especially wet conditions, transmission of substantial
amounts of soil (>1 mg/l milk) can occur, leading to spore levels in milk
exceeding the maximum spore limit. Hence, for the dairy industry, control of
the soil contamination pathway is most important.
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7.3.3 Transfer to Vegetables, Fruit, Ready-to-Eat Meals,
Herbs and Spices from Soil and by Agricultural Practises

Contamination of vegetables and fruit frequently occurs either directly through soil
or indirectly through agricultural practises such as irrigation with polluted water or
fertilization with manure or sewage sludge. Also, wild and domestic animals can
contaminate crops or irrigation water; and farm workers and other human handlers
further on in the food chain have important roles in the microbiological safety of
produce given the possibility of cross-contamination. Although B. cereus is fre-
quently present on fresh and intact vegetables (e.g. prevalence of 20%, n = 81, in
Japan), this is usually at a low level (2-2.7 log cfu/g) (Kaneko et al. 1999). As a
result, and as already outlined in Sect. 7.3.1, fresh crops have not yet been reported
as sources of B. cereus food-borne outbreaks and incidents. Notable exceptions are
sprouted seeds, for which a few outbreaks have been reported (reviewed by Bassett
and McClure 2008); these products are usually pre-packed for retail or are home-
grown. Prepared salads, with a variety of other ingredients besides vegetables and/or
fruit, and which are sold in ready-to-use or ready-to-eat formats and rely upon
refrigeration for preservation, have been increasingly associated with B. cereus or
Bacillus spp. food poisoning in recent years. In England and Wales in the period
1992-2006, 4% of the outbreaks associated with prepared salads were caused by
Bacillus spp. (Little and Gillespie 2008). In general, for outbreaks associated with
prepared salads, cross-contamination is the most commonly reported fault, fol-
lowed by an infected food handler (probably of no importance for Bacillus spp.) and
inappropriate storage (of high importance for Bacillus spp., see further).

Besides prepared salads, cooked-chilled foods, also known as REPFEDs (see
Sect. 7.3.1), are increasingly popular. They are produced with a mild heat treatment
and without additives or preservatives, so achieving a high organoleptic quality,
and rely on refrigeration and (frequently) modified-atmosphere packaging for
extended durability (from a few days up to 3 months). To this category of foods
belong the vegetable purées, which are prepared by steam cooking of washed
vegetables (10-50 min. at 80-100°C), mixing with other ingredients (UHT-
cream, milk proteins, starch, salt) and pasteurization in their packaging (10 min at
80-90°C). Although these products are relatively stable up to 21 days when stored
at 4°C, the processing conditions will not, completely, eliminate the spore-formers
that can develop during cold storage. Vegetable purées were the source of a severe
fatal B. cereus outbreak in a French nursing home for elderly persons, and this
episode led to the discovery of a new B. cereus diarrhoeal toxin, cytotoxin K (Hardy
et al. 2001). According to data in the literature, in the period 1969—1998, food-
borne outbreaks after the consumption of products containing vegetables, or with
a high probability of containing vegetables, have been caused by B. cereus
(38 outbreaks), B. subtilis (11 outbreaks), B. licheniformis (24 outbreaks) and
B. pumilus (Carlin et al. 2000a). In cooked, pasteurized and chilled vegetable purées
(broccoli, carrot, courgette, leek, potato, split pea) aerobic endospore-formers are
the dominant microbiota (albeit at low numbers of <2 log cfu/g before storage) and
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an increase in their numbers (up to 7-8 log cfu/g) depends on the storage temperature
and the type of vegetable (Carlin et al. 2000b). Courgette purée (also called zucchini
purée) consistently supported the most rapid microbial growth at low temperature and
was the product most prone to spoilage (pack swelling and/or off-odours). In zucchini
purées stored at 10°C, spoilage occurred after 21 days, concomitant with the domi-
nance of B. pumilus and a new Paenibacillus species (Guinebretiere et al. 2001). This
indicates that at the temperature conditions (around 10°C) that often occur during
distribution or in consumers’ refrigerators, spoilage may already develop in this
product before the end of the specified shelf-life, while strict compliance with the
recommended storage temperature of 4°C should prevent spoilage and growth of
B. cereus. On raw and processed zucchini, B. cereus counts were <0.4 log cfu/g, and
in packaged purées B. cereus counts were <0.2 log cfu/g; however, this low level
seemed to be sufficient to permit bacterial growth in the stored product after 21 days
at 10°C (up to 4.6 log cfu/g, exceeding the upper limit of 4 log cfu/g recommended
for processed vegetables in France), while at 4°C no significant growth could be
detected. By means of molecular typing it could be established that this outgrowth at
10 or 7°C is of psychrotolerant strains that originated in the zucchini, while the strains
from the dehydrated texturing agents (milk proteins and starch) were mesophilic
strains that were genetically different from the zucchini strains and which probably
contributed less to the growth at 10°C (Guinebretiere and Nguyen-The 2003).
Furthermore, it was found that the initial source of contamination for the zucchini,
with psychrotolerant B. cereus, was soil. These data indicate that processing and
storage of vegetables leads to selection of B. cereus strains, and that this is enabled by
the fact that soil as the initial source of contamination is a reservoir of a large
diversity of strains. The importance of this genetic diversity was illustrated by a
quantitative exposure assessment that took into account the heterogeneous population
of B. cereus in courgette purée (Afchain et al. 2008). The model predicted that at the
time of consumption, B. cereus may be present in all purée packages, but that not all
B. cereus genetic groups (I to VII as defined by Guinebretiére et al. 2008) were
present in all packages. The highest food poisoning risk in REPFED foods was
predicted to be associated with members of the psychrotolerant B. cereus group 11
because of their predicted prevalence (16.8% of the B. cereus population per pack-
age) and concentrations at the time of consumption (2.5% of the packages contami-
nated with >6.7 log cfu/g). Although some strains implicated in B. cereus food
poisoning belong to psychrotolerant genetic group II, it must be noted that most
strains related to cases or outbreaks belong to mesophilic genetic groups III and IV.
This may explain why most reported cases have been associated with incidents of
storage temperature abuse.

Finally, herbs and spices are a potential hazard if they are used at the end of
cooking or added to prepared foods without further cooking, although they are not
major contributors to food poisoning. Usually, levels of B. cereus and of other
spore-formers are below 10 cfu/g, but these low levels may be sufficient to cause
food poisoning if the seasoned food is inappropriately handled. A likely micro-
biological criterion for unacceptable retail samples of dried herbs and spices
is >10* B. cereus cfu/g. According to recent monitoring programmes, between
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<1% and 2% of sampled dried herbs and spices in retail or ready-to-eat food
premises, respectively, and up to 4.5% of spice pastes used in ready-to-eat food
premises was of unacceptable quality (Table 7). The corresponding ready-to-eat
foods, to which these spices with unacceptable levels of contamination were added,
contained similarly high levels of spore-formers (Little et al. 2003). The prevention
of contamination of dried herbs and spices lies in the application of good hygienic
practises during growing, harvesting and processing, as well as in effective
subsequent decontamination processes such as steam or dry heat treatments.

7.4 Transfer of Alicyclobacillus Species from Soil to Fruit Juices

In 1992, the new genus Alicyclobacillus was created to accommodate the species
A. acidocaldarius, A. acidoterrestris and A. cycloheptanicus, three species posses-
sing high amounts of w-alicyclic fatty acids as major lipids in the cell membrane, a
unique phenotype amongst the aerobic endospore-formers (Wisotzkey et al. 1992).
Initial interest in these organisms was purely academic, but there had been a report
from Germany in 1984 (Cerny et al. 1984) of large-scale spoilage, following an
exceptionally long, hot summer, of shelf-stable apple juice by unusual bacilli able
to grow at pH values as low as 2.5. This was followed in the 1990s by observations
of episodic spoilage of fruit juice and similar products by A. acidoterrestris in
Europe, the USA and Japan (Jensen 1999). Until then, it was believed that the high
acidity of fruit juices (pH <4), combined with pasteurization in the fruit beverage
industry (hot-fill and hold for 2 min at 88-96°C), was sufficient to render these-
products commercially sterile without the use of preservatives. More recently,
three new species A. acidiphilus, which is closely related to A. acidoterrestris,
and A. pomorum were isolated from spoiled juice products, and A. herbarius was
isolated from spoiled herbal tea (Goto et al. 2002, 2003; Matsubara et al. 2002).
Spoilage (long before the expiration date) is sometimes associated with a slight
increase in turbidity and white sediment at the bottom of packages, but the most
important fault is taint of strong medicinal or antiseptic flavour caused mainly by
the production of guaiacol (2-methoxyphenol) at levels up to 100 ppb (the taste
threshold in water is 2 ppb) (Pettipher et al. 1997), but also by 2,6 dibromophenol
and 2,6-dichlorophenol at levels up to 20 ppt (taste thresholds 0.5 ppt and 30 ppt in
juice, respectively) (Jensen and Whitfield 2003). Affected products are pasteurized
fruit juices (mainly apple and orange) and fruit juice blends, but there have also
been reports of spoiled carbonated fruit drinks, berry juice containing iced tea and
diced canned tomatoes (Walker and Phillips 2008). Although spoilage is incidental,
requiring a combination of adequate conditions such as available oxygen (deter-
mined by the head space in the package or container), nutrient availability, taint
precursors and high temperature for a long time, all fruit juice manufacturers have
started quality assurance programmes to monitor and control levels of Alicycloba-
cillus species in raw materials and fruit concentrates. Between 14.7% and 83% of
fruit juices, fruit concentrates or fruit juice products have been found positive for
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Alicyclobacillus (Walker and Phillips 2008). As A. acidoterrestris is mainly soil
borne, unwashed or insufficiently washed raw fruit, which is contaminated on the
surface with soil, and poor hygiene measures in fruit juice concentrate production
are the most likely contamination sources. More than one third of all fruits sampled
at two juice-processing facilities were contaminated with presumptive Alicycloba-
cillus species (Parish and Goodrich 2005). A. acidoterrestris has also been isolated
from process water (Mcintyre et al. 1995) and Alicyclobacillus strains have been
found in liquid sugar (Heyndrickx and Scheldeman 2002).

A. acidoterrestris survives the hot-fill and hold processes because of the heat
resistance of the spores (D-values of 65.6 min at 85°C and 11.9 min at 91°C in
orange juice; Silva et al. 1999), which germinate following heat shock, and the
organism starts to grow in the product up to a level of 10°~10° cfu/ml because of its
unique physiological characteristics (growth from pH 2.5 to 6.0 with optima around
pH 3.5-5.0, and from 20 to 60°C with optima at 42-53°C). Spore numbers in raw
materials and processed products may be very low (<1 per 100 g), requiring
sensitive detection procedures, including heat shock to induce germination and
enrichment or membrane filtration to test larger volumes, but even batches of
materials with such low numbers should be rejected (Jensen 1999). Storage
of pasteurized fruit juices below 20°C would be sufficient to prevent outgrowth
of spores, but these juices are usually distributed under ambient conditions.

Recently, both A. acidoterrestris and A. acidocaldarius have been isolated from
orchard soil (pH 5.9-6.7) collected from an apple and pear farm in South Africa
(Groenewald et al. 2008) and A. acidocaldarius was isolated from pre-pasteurized
pear purée and vinegar flies (Groenewald et al. 2009). The roles of these specific
strains for fruit juice spoilage remain to be established.

7.5 Transfer of Bacillus sporothermodurans
from Concentrated Feeds into Milk

UHT or sterilization combined with aseptic filling are intended to eliminate all viable
microorganisms from products and result in commercially sterile liquid milk products,
having long shelf-lives without refrigeration. According to the former Milk Hygiene
EC-directive 92/46, the colony count at 30°C after incubation of unopened packages
for 15 days at 30°C should be <10 cfu per 0.1 ml. However, massive occurrences of
contamination with the newly recognized, highly heat-resistant endospore-former B.
sporothermodurans at levels above this threshold were first reported in Italy and
Austria in 1985, and this problem later spread to other European (France, Benelux,
Spain) and extra-European countries (Mexico, USA) (reviewed by Scheldeman et al.
2006). Milk products affected included whole, skimmed, evaporated or reconstituted
UHT-milk, UHT-cream and chocolate milk; milk powders were also found to be
contaminated. Real spoilage defects in consumer milks are only rarely noticed — as
slight pink colour changes, off-flavours and coagulation, especially in containers with
low oxygen barriers (e.g. plastic bottles), but the main problem caused by this
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organism is non-sterility of commercially sterile milk and milk products, and currently
this contamination continues at a sporadic level.

It seems that UHT-milk represents a special ecological niche, for which several
contamination sources have been suggested. The most important route of contami-
nation has been identified as reprocessing of contaminated lots of UHT-milk in
dairy factories (Guillaume-Gentil et al. 2002). Reprocessing of one contaminated
package can contaminate a considerable fraction of the whole day’s production at a
level of 1 spore/l, which is regarded as the common contamination level. Contami-
nation is also possible via contaminated milk powder.

B. sporothermodurans has also been isolated from raw farm milk, although at
very low frequency and contamination levels (Scheldeman et al. 2006). As already
explained in Sect. 7.3.2, contamination of raw milk at the farm is possible via the
feed through excretion in faeces. B. sporothermodurans has been isolated from
silage and (usually sugar beet) pulp, but has mainly been isolated from feed
concentrates (Scheldeman et al. 2005). There are also claims of isolation from
compost and cattle faecces (Wu et al. 2007; Zhang et al. 2002). B. sporothermodurans
thus seems to be associated with agricultural environments, but there are no reports
of isolation from soil as yet. Feed concentrates often contain tropical ingredients
(e.g. coconut, citrus pulp, manioc, cacao), and it might therefore be speculated that
B. sporothermodurans has a (sub)tropical origin.

7.6 Conclusions

In many types of food and feed, soil can be considered as the initial contamination
source for aerobic spore-formers. Usually, when direct transfer from soil is
involved, levels of these spore-formers in foods, ingredients or feeds are too low
to cause problems. However, because of the complexity of the food chain, particu-
lar spore forming species or types may encounter niches where proliferation occurs.
This can happen on the primary production level (e.g. silage, bedding material), in
the processing line (e.g. storage tanks), during distribution (e.g. temperature abuse
during refrigerated storage) or in the final product (e.g. complex foods, fruit juice).
These proliferation steps enable the endospore-former such as B. cereus or
A. acidoterrestris either to enter as a contaminant into a next step of the production
chain or to provoke food quality or safety problems. For the food industry, it is a
challenge to gain insight into the whole contamination flow of endospore-formers
originating in soil.
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Chapter 8
Biological Control of Phytopathogenic Fungi
by Aerobic Endospore-Formers

Alejandro Pérez-Garcia, Diego Romero, Houda Zeriouh,
and Antonio de Vicente

8.1 Introduction

Plant diseases are of paramount importance to humans. It is conservatively esti-
mated that plant diseases interfere with the production of 14% of all the crops
produced throughout the world, resulting in a total annual worldwide crop loss of
about $220 billion. To this should be added the 6-12% of crops that are lost after
harvest, which is a substantial problem in developing, tropical countries where
training and resources such as refrigeration are generally lacking (Agrios 2005).
The increasing demand for a steady, healthy food supply to feed the burgeoning
human population requires efficient control of the main plant diseases that reduce
crop yield. Current practises for controlling plant diseases are based largely on
genetic resistance in the host plant, management of the plant and its environment
and the application of synthetic pesticides. Nevertheless, excessive use of agro-
chemicals in conventional crop management has caused serious environmental and
health problems. Therefore, there is a demand for new methods to supplement the
existing disease control strategies, and thereby, to achieve better disease control.
Of the plant disease agents known to humankind, phytopathogenic fungi are the
most prevalent. Most of the more than 100,000 known fungal species live on dead
organic matter and thereby help decompose it (i.e., they are strictly saprophytic).
However, about 100 species cause diseases in animals (including humans), and more
than 10,000 species may induce diseases in plants. Fungi can destroy crops, and the
economic consequences of this have been enormous throughout human history. The
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endless variety and complexity of the many diseases of plants caused by fungi have
led to the development of a correspondingly large number of approaches for their
control. For many fungal diseases, however, the most effective (and sometimes the
only) method available for their control is the application of fungicides. Unfortu-
nately, just as human pathogens can become resistant to antibiotics, several plant
pathogens have developed resistance to certain fungicides (Agrios 2005).
Biological control, i.e., the use of microorganisms to suppress plant disease,
offers an interesting alternative to the use of fungicides. The rich diversity of the
microbial world provides a seemingly endless resource for this purpose. The com-
plexity of the interactions between organisms, the existence of numerous mechan-
isms of disease suppression by a single microorganism, and the adaptation of most
biological control agents to the environment, have all contributed to the belief that
biological control will be more durable than fungicides (Emmert and Handelsman
1999). In this chapter, we seek to highlight the potential of aerobic endospore-
forming bacteria as biological control agents for fungal plant diseases. To this end,
we provide examples of the successful control of fungal plant diseases by these
bacteria, we describe the mechanisms involved in this effective means of disease
control and we provide protocols and tools for further study. And finally, we discuss
future prospects for aerobic endospore-former-based biological control products in
the integrated pest management (IPM) systems of twenty-first century agriculture.

8.2 Aerobic Endospore-forming Bacteria in Agroecosystems
and Plant Health

Aerobic endospore-forming bacteria are ubiquitous in agricultural systems. Com-
mon metabolic traits important to their survival include the production of a multi-
layered cell wall, the formation of endospores, and the secretion of a myriad of
antibiotics, signal molecules, and extracellular enzymes. In addition, variability in
other key traits such as nutrient utilization, motility, and physicochemical growth
optima, allow for these bacteria to inhabit diverse niches in agroecosystems
(McSpadden Gardener 2004), and they are common soil inhabitants (see Mandic-
Mulec and Prosser 2011). Multiple Bacillus spp. strains can be readily cultured
from both bulk and rhizospheric soils on solid media, and cultivable counts of these
bacteria generally range from 10° to 10° cells per gram, fresh weight, of soil. The
most abundant species are Bacillus subtilis and Bacillus cereus, but multiple
isolates of phenetically and phylogenetically related species can also be recovered.
The most morphologically distinctive of these is Bacillus mycoides, which often
confounds attempts to accurately enumerate cultured populations by virtue of its
rapid mycelium-like growth patterns on solid media (McSpadden Gardener 2004).
In addition, cultivation-independent analyses of soil DNA have demonstrated the
presence of a diversity of uncultured Bacillus-related lineages (see De Vos 2011)
and have also revealed significant differences between the soil and rhizosphere
communities of aerobic endospore-forming bacteria (Smalla et al. 2001).
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Over the past century, numerous examples have accumulated of susceptible
plants remaining virtually disease-free despite ample exposure to virulent soil-
borne pathogens. Soils in which pathogens fail to establish disease are known as
disease-suppressive soils. Two classical types of soil disease suppressiveness are
known. General suppression is related to the total microbial biomass in soil, which
either competes with the pathogen for resources or causes inhibition through more
direct forms of antagonism. General suppression is often enhanced by the addition
of organic matter (e.g., compost or green manure) and/or other agronomic practises
that increase soil microbial activity (Hoitink and Boehm 1999). No single microor-
ganism is responsible for general suppression, and the suppressiveness is not
transferable between soils. By contrast, specific suppression is due largely to the
activity of an individual (or select group) of microorganisms that inhibits some
stage in the life cycle of the pathogen. Specific suppression is transferable between
soils, so it is also known as transferable suppression. Suppressive organically
amended soils undoubtedly owe their activity to a combination of general and
specific suppression. The two mechanisms function as a continuum in soil, although
they may be affected differently by edaphic, climatic, and agronomic conditions
(Weller et al. 2002).

Several studies have suggested an active role for aerobic endospore-forming
bacteria in soil suppressiveness. Early reports on suppression of Fusarium wilt and
take-all decline implicated the Bacillus genus in this phenomenon (Kim et al.
1997). Similarly, Bacillus spp. have been identified as antagonistic bacteria respon-
sible for the disease control effect in compost-amended substrates (Hoitink et al.
1997); for example, turf grass diseases such as brown patch are particularly
suppressed by compost that has been inoculated with B. subtilis (Nakasaki et al.
1998). Diverse populations of aerobic endospore-forming bacteria are denizens of
agricultural fields and may directly or indirectly contribute to crop productivity.
The biological mechanisms by which Bacillus species suppress pathogens and/or
promote plant growth are beginning to be understood, and recent insights will be
discussed later.

8.3 Biological Control of Plant Fungal Diseases by Aerobic
Endospore-forming Bacteria

While diverse bacteria may contribute to the biological control of plant pathogens,
most of the research and development efforts have focused on two genera, Bacillus
and Pseudomonas. The Gram-positive bacteria have received less attention than the
fluorescent pseudomonads in the literature on biocontrol. In part, this is because the
Gram-positive organisms have been less tractable for genetic study and less is
known about the mechanisms by which they suppress disease. However, their
efficacy is striking. Many surveys of soil bacteria have identified Bacillus spp.
strains as potential biocontrol agents. Thus it is probably not a coincidence that
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members of the genus Bacillus were among the first successful biopesticides.
Bacillus thuringiensis is the best known and most famous example of a bioinsecti-
cide (see Ohba 2011). The success of these organisms is due in part to the ease of
formulation and storage of the products. The Gram-positive spore offers a product
formulation that has been selected over billions of years of evolution for its
robustness and durability. In this part of the chapter, we present examples of the
successful use of various Bacillus spp. strains for the control of fungal diseases that
affect plants and plant products.

8.3.1 Biological Control of Soil-Borne Diseases

Soil-borne fungal diseases cause worldwide economically significant diseases that
affect important crops, including cereals, grapevine and many different horticultural
and ornamental crops. Furthermore, soil-borne fungal diseases are the limiting factors
in the productivity of many crop systems. Controlling soil-borne fungal pathogens
has always been very difficult. Fungicide drenches are expensive and impractical, and
they have undesirable effects on the environment. Physical methods, such as soil
sterilization by heat and soil solarization, are sometimes useful for reducing the
pathogen inoculums. However, these techniques can have undesirable side effects
on the plants and on beneficial microflora. Among the major soil-borne fungal
pathogens are Rhizoctonia and the oomycete Pythium, which are especially problem-
atic in disinfected soil and soilless substrates, where the microbial diversity and
biological buffering present in natural soils are lacking. Moreover, sclerotia-produc-
ing fungi such as Botrytis, Sclerotinia and Sclerotium are very difficult to eradicate
from the soil by existing methods. In this scenario, the use of antagonistic rhizo-
spheric microorganisms would be an interesting alternative means of control. In fact,
the biocontrol of soil-borne fungal pathogens has probably been the subject of more
research than any other form of plant disease biological control.

Several biocontrol products containing various aerobic endospore-forming bac-
terial species have been marketed especially for the control of soil-borne fungal
pathogens (Table 8.1). Bacillus species such as B. amyloliquefaciens, B. licheniformis,
B. megaterium, B. pumilus and B. subtilis have been commercially formulated and
registered for use against soil-borne pathogens such as Pythium, Rhizoctonia,
Fusarium, and others that affect field, ornamental and vegetable crops, as well as
tree seedlings. Several reports have described the effects of these species against
root diseases such as rhizoctonia crown and root rot of sugar beet, stem canker and
black scurf of potato, damping-off, fusarium crown and root rot of tomato or
avocado Dematophora root rot (Kiewnick et al. 2001; Brewer and Larkin 2005;
Omar et al. 2006; Cazorla et al. 2007; Jayaraj et al. 2009). However, most of these
reports highlight the need to integrate aerobic endospore-forming biocontrol agents
with fungicides and other control strategies to optimize disease management.
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8.3.2 Biological Control of Foliar Diseases
in Greenhouse Systems

Like pathogens, biocontrol agents are very sensitive to environmental conditions.
The failure and/or inconsistent performance of biological controls in the field
have frequently been attributed to environmental factors. It is now well estab-
lished that biological control agents require specific environmental conditions
(such as high relative humidity) for optimal suppressive activity, and it is pre-
sumed that they should perform better under greenhouse conditions than in the
field. Therefore, the greenhouse environment represents a unique situation that is
more favourable for diseases but also more favourable for the management of
foliar diseases with biological control agents (Paulitz and Bélanger 2001). The
logistics and economics of this crop system also favour the use of biocontrol
agents in the greenhouse. Greenhouse crops have a high economic value, and
therefore can absorb higher disease-control cost inputs. Moreover, there is
increasing societal concern over the environmental and health effects of fungi-
cides. A pesticide-free vegetable or floral product may give greenhouse growers a
market advantage. Therefore, agriculture in greenhouses and protected structures
offers a unique niche for the development and use of biological control agents
such as aerobic endospore-forming bacteria.

The primary pathogens in most greenhouses are fungal diseases. Among these
are foliar pathogens such as the grey mould fungus Botrytis cinerea and powdery
mildews. Both of these are very destructive diseases responsible for important
losses in many horticultural crops and ornamental plants. Species such as
B. subtilis and B. pumilus have been formulated and registered for use on vege-
tables, grapes and ornamentals against foliar diseases such as rusts, powdery and
downy mildews, grey mould and others (Table 8.1). Several reports have described
the management of foliar fungal diseases with aerobic endospore-forming bacteria
(Elad et al. 1996; Collins and Jacobsen 2003; Romero et al. 2007c), but their
implementation is still very limited. Biological agents are becoming an increas-
ingly attractive alternative to chemicals, but recent studies revealed that they did
not perform as expected in all crop conditions. Integration with other control
strategies may be required to increase the performance and consistency of biocon-
trol agents in the phyllosphere.

Foliar diseases can also be suppressed by the use of so-called plant growth-
promoting rhizobacteria (PGPR). PGPR are rhizosphere inhabitants that can pro-
mote plant growth as well as suppress diseases. PGPR can confer on the plant an
enhanced defensive capacity against a broad spectrum of plant diseases by means of
a phenomenon known as induced systemic resistance (ISR) (see Sect. 8.4.2) (Van
Loon et al. 1998). An increasing number of reports have described the effects on
systemic disease protection of several Bacillus species. Among them, B. mycoides,
B. pasteurii (now Sporosarcina pasteurii), B. pumilus, B. sphaericus (now Lysini-
bacillus sphaericus) and B. subtilis have been described as reducing the severity of
fungal diseases such as sugar beet Cercospora leaf spot, tobacco blue mould, tomato
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late blight, pine fusiform rust and cucumber anthracnose (Kloepper et al. 2004). This
illustrates the potential of Bacillus spp. to control foliar diseases by means of ISR.
Interestingly, this mechanism of disease suppression protects the plant not only from
fungal diseases but also from pathogenic bacteria, viruses, nematodes and insects.
Thus, aerobic endospore-forming bacteria are very promising weapons for IPM
systems.

8.3.3 Biological Control of Postharvest Diseases

Despite the development of modern fungicides and improved storage technologies,
more than 25% of the total commercial harvest of fruits is at risk from fungal attack,
and very often the losses exceed 50% of the total harvest of certain sensitive fruits
(Spadaro and Gullino 2004). Over the past 20 years, biological control has emerged
as an effective alternative for combating the post-harvest decay of fruits and
vegetables. The substantial progress made in this field can be attributed to the
uniqueness and relative simplicity of the postharvest system. Wounds incurred
during harvesting and fruit handling can be protected from invading pathogens
with a single postharvest application of the antagonist directly to the wounds using
existing fungicide delivery systems. Environmental conditions such as temperature
and relative humidity can be managed to favour antagonist survival. Also, biotic
interference is minimal, so the antagonist encounters little competition from indig-
enous microorganisms. Consequently, biocontrol of postharvest diseases tends to
be more consistent than biocontrol in the field, and given the high retail value of
fresh fruits, the application of high concentrations of antagonists to fruit surfaces is
economically viable (Janisiewicz and Korsten 2002). Since the large-scale intro-
duction to the market in 1996 of the pioneering biocontrol product BioSave, many
other microbial products have become commercially available, including Bacillus-
based biofungicides (Table 8.1).

The greatest progress in biological control of postharvest diseases of fruits has
been made against common wound-invading necrotrophic postharvest pathogens
such as Penicillium expansum and B. cinerea (pome fruits), Penicillium italicum
and Penicillium digitatum (citrus fruits), the wound-invading phase of Monilinia
fructicola (stone fruits), and latent infections caused by Colletotrichum spp. (avo-
cado, mango) and B. cinerea (strawberries). The Bacillus species most frequently
noted for their potential as biocontrol agents for these postharvest diseases are
B. amyloliquefaciens, B. licheniformis, B. pumilus and B. subtilis (Pusey and
Wilson 1984; Huang et al. 1992; Korsten et al. 1995; Mari et al. 1996; Leibinger
et al. 1997; Korsten and Jeffries 2000; Korsten 2004; Govender et al. 2005;
Jamalizadeh et al. 2008). The progress made in this area during the past two decades
has been remarkable; if this pace continues, the use of biological control to combat
postharvest diseases will be greatly expanded in the future.
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8.3.4 Biocontrol Assays for the Screening and Selection
of Biocontrol Agents

Bacillus spp. are well known for their ability to control several plant pathogens.
Isolating bacteria from the same environment in which they will be used may
increase the chances of finding effective biocontrol strains. Endospore-forming
bacteria are usually selectively isolated by heat treatment of the sample (80°C,
10 min). In order to test a collection of isolates of aerobic endospore-forming
bacteria for their ability to control plant fungal pathogens, a number of relatively
simple tests can be undertaken. Some of these assays are described below (Fig. 8.1).

Fig. 8.1 Bioassays for the screening and selection of potential biological control agents. (a)
Antagonism assay. Dual culture analysis technique showing the growth inhibition of the grey
mould fungus Botrytis cinerea caused by two strains of B. subtilis. (b) Detached leaf assay. Picture
illustrating the double Petri plate system. (c¢) Seedling biocontrol assay for a foliar pathogen. An
untreated melon leaf showing typical symptoms of cucurbit powdery mildew (leff) and a leaf
treated with B. subtilis showing no disease symptoms (right). (d) Seedling biocontrol assay for a
soilborne pathogen. An untreated avocado seedling showing wilting symptoms due to Demato-
phora root rot (/eft) and a disease-protected plant after treatment with B. subtilis (right)
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8.3.4.1 Antagonism Assays

Bacterial isolates can be screened for their ability to inhibit fungal growth on agar
plates using a technique known as dual culture analysis (Fig. 8.1a). Bacterial
inocula are prepared from cultures grown on nutrient agar plates for 24 h, whereas
fungal cultures are grown on potato dextrose agar (PDA) plates for several days. A
plug containing the mycelium of a target fungus (1 cm in diameter) is placed at the
centre of a dual PDA plate, and single bacterial colonies are patched along the
perimeter of the plate at a distance of 4 cm from the fungal block. Plates are
incubated for 15 days in the dark at 25°C, and inhibition of fungal growth is
assessed by measuring the diameters of inhibition zones, in mm (Romero et al.
2004).

8.3.4.2 Detached Leaf Assays

Potentially antagonistic isolates can be tested against foliar fungal pathogens using
detached leaves maintained in vitro (Fig. 8.1b). Prior to inoculation, fully expanded
leaves are detached from young seedlings. Bacterial inocula are prepared from fresh
liquid cultures. Bacterial cells are washed in distilled water and cell suspensions are
adjusted to 10® cfu ml~'. The bacterial suspension is spread onto a leaf until it runs-
off and, after the whole leaf surface has completely air-dried (4 h), the leaf is spread
with a conidial suspension of the fungal pathogen (10° spores ml™') in a similar
way (Romero et al. 2004). The detached leaves are then placed in double Petri
dishes. Their petioles are immersed in a nutrient solution (e.g., 50% Hoagland
solution) in the lower plate and the leaf blades are deposited in the upper plate.
After incubation, the plates are then incubated at 25°C and 95% relative humidity
(RH) under a 16 h photoperiod (Romero et al. 2003). The respective disease
symptoms are then conveniently evaluated and disease reduction indexes are
calculated.

8.3.4.3 Seedling Assays

To select candidate bacteria for the biological control of foliar fungal pathogens,
growth chamber experiments can be carried out using plant seedlings (Fig. 8.1c).
Bacterial candidates and fungal pathogens are applied essentially as previously
described for the detached leaf assay. The inoculated seedlings are then maintained
under the same conditions of light, temperature and relative humidity (Romero
et al. 2004), and disease symptoms and disease reduction indexes are estimated. For
soil-borne pathogens, soil inoculation is usually carried out by thoroughly mixing
spore suspensions of the fungal pathogen with potting soil to a final concentration of
10° spores kg~ '. In this case, bacteria can be applied to seeds by dipping the seeds
in a mixture of 1% methylcellulose and 10 cfu ml~" bacteria. Alternatively, the
roots of seedlings previously grown in perlite can be immersed in the bacterial
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suspension (10” cfu ml~") prior to being placed in the infested soil. The seedlings
are then incubated in a growth chamber at 25°C and 70% RH under a 16 h
photoperiod (Cazorla et al. 2007). The number of diseased seedlings is usually
determined 21 days after bacterization. Plants are removed from the soil and
washed, and the roots are examined for disease symptoms (crown or root rot).
Alternatively, aerial symptoms (yellowing and wilting) can be recorded (Fig. 8.1d).
In any case, after the disease symptoms are quantified, disease reduction indexes are
calculated. To select bacterial isolates able to induce plant systemic resistance,
bacteria are applied to the root system as previously indicated, and plants are
watered weekly with bacterial suspensions. After 2 weeks of incubation, the plants
are inoculated with a low dose of a foliar pathogen. For fungal pathogens such as
powdery mildews, leaves are spread with conidial suspensions of 10* conidia ml™".
Disease symptoms and disease reduction indexes are then calculated.

8.3.4.4 Fruit Assays

To test bacteria for antagonism to fungal pathogens responsible for postharvest
spoilage, fruits are disinfected by immersion for 1 min in a diluted solution of
sodium hypochlorite (1% active chlorine), and are then rinsed with sterile distilled
water and air-dried prior to use. Fruits are then prepared for inoculation by creating
wells 6 mm wide by 3 mm deep with a sterile cork borer. As a preventive treatment,
fruits are treated with the antagonist by adding 50 pl of a bacterial suspension
(10® cfu ml™") to each wound 24 h prior to challenge with the pathogen. After this
incubation, the fungal pathogen is applied to the wound by adding the same volume
of a suspension containing 10° conidia. Treated fruits are incubated at 22°C and 70%
RH. To assay as a curative treatment, the antagonist and the pathogen are applied as
mentioned above, but in this case the pathogen is added first and the antagonist 24 h
later. Disease symptoms are evaluated 6, 15 and 21 days after pathogen challenge,
and disease reduction indexes are calculated on the basis of the diameter of the
disease lesions that have developed around the infected site (Touré et al. 2004).

8.4 Biocontrol Mechanisms of Bacillus spp.

Bacillus species possess several advantages that make them good candidates for use
as biological control agents. First, they produce several different types of antimi-
crobial compounds, such as antibiotics (e.g., bacilysin, iturin and mycosubtilin) and
siderophores (Shoda 2000). Second, they induce growth and defence responses in
the host plant (Raupach and Kloepper 1998). Furthermore, Bacillus spp. are able to
produce spores that are resistant to UV light and desiccation, and that allow them to
resist adverse environmental conditions and permit easy formulation for commer-
cial purposes (Emmert and Handelsman 1999). In this part of the chapter we
describe the biological mechanisms by which Bacillus species suppress fungal
plant pathogens, and thereby promote plant health (Fig. 8.2).
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Fig. 8.2 Schematic
representation of the main
biocontrol mechanisms of
Bacillus spp. illustrated by
SEM micrographs.
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8.4.1 Antagonism to Pathogens

Several species of the genus Bacillus are microbial factories that produce a vast
array of biologically active molecules, potentially inhibitory to the growth and/or
activities of plant pathogens (Fig. 8.2a). One of the most thoroughly studied species
in this regard is B. subtilis. In addition, a number of studies have reported direct
antagonism by several other species, including B. amyloliquefaciens, B. cereus,
B. licheniformis, B. megaterium, B. mycoides and B. pumilus, as well as various
unidentified Bacillus species. Cell wall-degrading enzymes (such as chitinases,
glucanases and proteases), peptide antibiotics and other small secondary metabo-
lites (such as volatile organic compounds) are all secreted by various species, and
many of these contribute to pathogen suppression (Shoda 2000). As an illustration
of this, it is noteworthy that 4-8% of the genomes of B. subtilis and B. amylolique-
faciens are devoted to antibiotic synthesis, giving them the potential to produce
more than two dozen structurally diverse antimicrobial compounds (Stein 2005;
Chen et al. 2009).

Among these antimicrobial compounds, peptide antibiotics predominate. They
exhibit highly rigid, hydrophobic and/or cyclic structures with unusual constituents
such as p-amino acids, and they are generally resistant to hydrolysis by peptidases
and proteases. Furthermore, the cysteine residues of peptide antibiotics are either
oxidized to disulphides or modified to characteristic intramolecular C-S (thioether)
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linkages, making them insensitive to oxidation (Katz and Demain 1977). These
unusual non-proteinaceous compounds are divided into two classes according to the
biosynthetic pathways that allow their incorporation, namely lantibiotics and lipo-
peptides. Lantibiotics (or lanthionine-containing antibiotics) are peptide antibiotics
with inter-residual thioether bonds as a unique feature. Lanthionine formation
occurs through the post-translational modification of ribosomally synthesized
precursor peptides. These modifications include the dehydration of serine and
threonine residues and the subsequent addition of neighbouring cysteine thiol
groups (McAuliffe et al. 2001). Lipopeptides are oligopeptides synthesized in a
non-ribosomal manner by large multienzyme complexes. These amphiphilic com-
pounds share a common cyclic structure consisting of a B-amino or B-hydroxy fatty
acid integrated into a peptide moiety. Lipopeptides are classified into three families
depending on their amino acid sequence and fatty acid branching: the iturin,
fengycin and surfactin lipopeptide families (Stein 2005).

Lipopeptides are the antibiotic compounds most frequently produced by Bacillus
spp. The iturin family, represented by iturin A, mycosubtilin and bacillomycin, are
heptapeptides with a B-amino fatty acid, and they exhibit strong antifungal activity
(Magnet-Dana and Peypoux 1994). The fengycin family (which includes plipasta-
tin) are decapeptides with a B-hydroxy fatty acid. Members of this family have
unusual properties, such as the presence of ornithine in the peptide portion, and they
also have antifungal activity, although they are more specific for filamentous fungi
(Vanittanakom et al. 1986). The surfactin family consists of heptapeptides contain-
ing a B-hydroxy fatty acid with anywhere between 3 and 15 carbon atoms. Surfac-
tins are possibly the most powerful biosurfactants described, and although only
slightly antifungal, they show a strong synergistic antifungal action in combination
with iturin A (Magnet-Dana et al. 1992). The ability of various Bacillus strains to
control soilborne pathogens such as Rhizoctonia solani (Asaka and Shoda 1996)
and Pythium aphanidermatum (Leclére et al. 2005), and foliar and postharvest
diseases such as cucurbit powdery mildew (Romero et al. 2007b) and grey mould
(Ongena et al. 2005), has been attributed to iturins and fengycins. The amphiphilic
structure of lipopeptides allows them to antagonistically interact with biological
membranes and induce the formation of pores (Magnet-Dana and Peypoux 1994).
Such alterations of plasma membrane integrity promote internal osmotic imbalance
and widespread disorganization of the cytoplasm in fungal cells (Romero et al.
2007a).

8.4.2 Induction of Plant Systemic Resistance

Unlike animals, plants cannot defend themselves against microbial attacks by
producing circulating antibodies or specialized cells. Instead, they respond to path-
ogen infection through physical and chemical defences that may be either preformed
(e.g., the cuticle and cell wall) or induced after pathogen penetration. The timing of
this defence response is critical and makes the difference between coping and
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succumbing to pathogen challenge. If defence mechanisms are triggered by a
stimulus prior to infection by a plant pathogen, disease can be reduced. Selected
strains of plant growth-promoting rhizobacteria (PGPR) can suppress plant diseases
by inducing a systemic resistance in plants to both root and foliar pathogens (van
Loon 2007). This phenomenon, termed “induced systemic resistance” (ISR), was
first described in carnation and cucumber (van Peer et al. 1991; Wei et al. 1991).
Since then, it has been documented in many more plant species. Several bacterial
groups with potential to induce ISR have been described. Pseudomonas-mediated
ISR has been extensively studied in different plant models, including Arabidopsis. In
addition to Pseudomonas strains, ISR is induced by Bacillus spp. (Fig. 8.2b).
Published results show that several specific strains of the species
B. amyloliquefaciens, B. subtilis, B. pasteurii, B. cereus, B. pumilus, B. mycoides,
and B. sphaericus elicit significant reductions in the incidence and/or severity of
various diseases in a diversity of hosts (Kloepper et al. 2004; Choudhary et al. 2007).

ISR enhances the plant’s defences against a broad spectrum of fungal, bacterial
and viral diseases, and once induced, it is maintained for prolonged periods (van
Loon et al. 1998). In response to pathogenic challenge, ISR fortifies cell walls and
alters host physiology and metabolism to enhance the synthesis of defence chemi-
cals. Cell wall strengthening is due to the deposition of callose and phenolic
compounds at the site of pathogen attack (Benhamou et al. 1996, 1998). Physiolog-
ical changes in plants include the accumulation of pathogenesis-related (PR)
proteins such as chitinases, B-1,3-glucanases and peroxidases. However, certain
PGPR do not induce PR proteins but rather increase the accumulation of plant
antimicrobial compounds termed phytoalexins (Ramamoorthy et al. 2001). Regard-
ing signalling pathways, ISR is typically independent of salicylic acid (SA) and
mostly dependent on jasmonate (JA) and/or ethylene (ET) signalling (Verhagen
et al. 2004). However, certain PGPR also appear to activate an SA-dependent
pathway during ISR, indicating that different signalling pathways may be operable
when ISR is elicited (Ryu et al. 2003).

Bacterial determinants involved in the induction of systemic resistance by
Gram-negative PGPR include lipopolysaccharides present in the outer membrane,
siderophores, flagella, the antibiotic 2,4-diacetylphloroglucinol, and the N-acylho-
moserine lactones involved in quorum sensing (Van Loon 2007). Much remains to
be discovered about the molecular aspects of Bacillus-mediated ISR. The sole
determinants of ISR elicitation identified from Bacillus spp. so far are volatile
organic compounds (in particular 2,3-butendiol) and the lipopeptides fengycin and
surfactin (Ryu et al. 2004a; Ongena et al. 2007). In Arabidopsis, ISR triggered by
volatiles is independent of the SA and JA signalling pathways, and more or less
mediated by ET. However, ISR activation by certain strains is independent of these
signalling pathways (Ryu et al. 2004a), raising the possibility that additional
volatiles might trigger ISR via alternative pathways. In bean and tomato, a role
for surfactins and fengycins in plant defence induction was demonstrated by the
similarity between the protective activities of the purified compounds with that of
the producing strain. More conclusively, a significant protective effect was gained
by treating plants with various lipopeptide-overproducing derivatives generated
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from the wild-type B. subtilis 168, which is not able to synthesize these compounds
and is not active on plants (Ongena et al. 2007). How these compounds are
perceived by plant cells as signals to activate ISR has yet to be determined.

8.4.3 Promotion of Host Nutrition and Growth

Bacillus populations may also promote plant health by stimulating plant host nutrition
as mutualistic symbionts (Fig. 8.2c). Phosphate-solubilizing B. subtilis strains have
been reported to synergistically increase plant nitrogen and phosphate accumulation
when co-inoculated with mycorrhiza (Toro et al. 1997). In addition, the production of
extracellular phytases under conditions of phosphate limitation and in the presence of
phytate seems to contribute to the plant-growth promoting activity of B. amylolique-
faciens (Idris et al. 2002). Phytases are enzymes that sequentially remove phosphate
groups from myo-inositol 1,2,3,4,5,6-hexakisphosphate (phytate), the main storage
form of phosphate in plants. Besides their ability to make phytate phosphorus avail-
able, another beneficial effect of the extracellular phytase activities of Bacillus spp. is
the elimination of chelate-forming phytate, which is known to bind nutritionally
important minerals (such as Zn®*, Fe** and Ca®*) (Kerovuo et al. 1998). In
B. amyloliquefaciens the phyC (phytase) gene is a member of the phosphate starva-
tion-inducible Pho regulon and its expression is controlled by the PhoP—PhoR two-
component signal transduction system (Makarewicz et al. 2006).

In Bacillus, other mechanisms of growth promotion involve the modulation of
plant regulatory mechanisms through the production of phytohormones that influ-
ence plant development. Various Bacillus species are capable of producing auxins,
gibberellins and cytokinins, which are compounds that positively influence cell
enlargement, cell division, root initiation and root growth. The production of
gibberellins has been confirmed in B. licheniformis and B. pumilus strains that
enhance the growth of pine plants (Gutiérrez-Maiiero et al. 2001; Probanza et al.
2002). In B. subtilis, the production of cytokinins (such as zeatin riboside) seems to
stimulate the growth of lettuce by increasing the levels of cytokinins and other
hormones (Arkhipova et al. 2005). Similarly, a recent study has shown that cytoki-
nin signalling is also involved in plant growth promotion by B. megaterium (Ortiz-
Castro et al. 2008). Regarding the production of auxins, in B. amyloliquefaciens the
biosynthesis of indole-3-acetic acid (IAA) affects its ability to promote plant
growth. This ability is dependent on the presence of tryptophan, which is one of
the main compounds present in several plant root exudates (Idris et al. 2007).
Interestingly, a recent study has shown that volatile organic compounds from
B. subtilis trigger growth promotion in Arabidopsis by regulating auxin homeosta-
sis and cell expansion, thus providing a new paradigm as to how rhizobacteria
promote plant growth (Zhang et al. 2007).

In order for a biocontrol strain to induce systemic resistance, promote host
nutrition and growth, and efficiently protect the root system from phytopathogenic
microorganisms, it has to establish itself in the rhizosphere. Bacterial properties
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such as chemotaxis, motility and growth play essential roles in this process (de
Weert and Bloemberg 2007). The properties of Bacillus biocontrol strains that are
involved in rhizosphere competence and the role of root colonization in biological
control are poorly understood. In this regard, a recent report has highlighted the role
of the formation of a stable, extensive biofilm and of the secretion of surfactin that
occurs upon root colonization by B. subtilis in the protection of plants against
pathogenic attack (Bais et al. 2004). The lack of knowledge in this critical aspect of
Bacillus ecology should stimulate more intensive research not only on rhizosphere
competence and root colonization but also on phyllosphere competence and fruit
colonization. In this sense, the isolation of Bacillus strains with enhanced coloniza-
tion capabilities could be another strategy to improve the performance of biofungi-
cides based on aerobic endospore-forming bacteria.

8.4.4 Characterization of Biological Control Mechanisms

In order to develop more effective and consistent biological control products,
a good understanding of the mechanisms of action of the biological control agents
is essential. Although the main biocontrol mechanisms of Bacillus spp. are rela-
tively well characterized, many aspects of the multitrophic interactions between
plants, pathogens and biological control agents remain to be analysed in detail. In
order to unravel the mechanisms underlying the biological control capabilities of an
interesting Bacillus strain, a number of basic research tools can be exploited. Some
of these research tools are described below.

8.4.4.1 Microscopic Analyses

Microscopic examination can be very useful for studying the interactions between
the biocontrol agent and the pathogen. Scanning electron microscopy (SEM) is
commonly used to examine interactions on the plant surface. For SEM analysis,
plant material (leaf discs, root samples or fruit pieces) is first fixed in 0.1 M sodium
cacodylate (pH 7.2), 50 mM L-lysine and 2.5% glutaraldehyde for 12-24 h at 4°C,
and then dehydrated in an ethanol series from 50 to 100% ethanol. Prior to
examination, the material is critical-point dried with carbon dioxide, mounted on
aluminium stubs, and coated with gold (Pérez-Garcia et al. 2001). To specifically
visualize a particular biocontrol agent, confocal laser scanning microscopy (CLSM)
is nowadays the better choice. For this analysis, a Bacillus strain tagged with green
fluorescent protein (GFP) is needed. Several plasmids containing the gfp marker
gene have been developed for Bacillus (e.g., pGFP4412) (Ji et al. 2008), but their
use in plant-associated bacteria is still very limited. To analyse the plant surface,
samples are directly examined under a confocal laser scanning microscope. To
study internal proliferation, tissue fragments are first fixed and then embedded in
agarose (Pliego et al. 2009). Subsequently, semithin tissue sections are obtained and
observed by CLSM.
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8.4.4.2 Thin Layer Chromatography Analyses

In order to determine the pattern of lipopeptide antibiotics produced by a particu-
lar Bacillus strain, thin layer chromatography (TLC) analyses can be undertaken.
The Bacillus strains are grown in a medium optimal for lipopeptide production at
37°C (Ahimou et al. 2000). After 5 days of incubation, cells are removed by
centrifugation and the supernatants are extracted with n-butanol. Once the butanol
layers completely evaporate, the remaining residues are dissolved in methanol
(Romero et al. 2007b). The methanolic fractions are then analysed by TLC
on normal-phase silica gel 60 sheets and developed at room temperature with
chloroform—methanol-water (65:25:4 by volume) (Razafindralambo et al. 1993),
using purified iturin A, fengycin and surfactin as standards or cell-free filtrates of
previously characterized Bacillus strains. Once the solvent front has migrated to
within 1 cm of the top of the chromatogram, the sheets are air-dried. The presence
of organic compounds is revealed by spraying with a solution of 10% H,SOy,
whereas the specific visualization of lipopeptides is revealed simply by spraying
with water. For the detection of antifungal activity associated with lipopeptide
bands, a simple bioassay can be conducted. TLC sheets developed under identical
conditions are placed in appropriate Petri plates, each is overlaid with a thin layer
of PDA amended with conidia of the target fungus (10 spores ml™'), and is
inspected for areas of inhibition of fungal growth after incubation.

8.4.4.3 Transformation Methods

The genetic manipulation of the biocontrol agent is an essential tool for gaining
insight into the molecular mechanisms involved in biological control. The most
common methods used to transform Bacillus strains are natural competence and the
highly versatile electrotransformation. However, these strategies have been devel-
oped using reference or culture collection strains, well adapted to laboratory
conditions, and they do not always work with undomesticated strains. Recently,
a method combining the use of protoplasts and electroporation has been developed
to transform recalcitrant wild strains of B. subtilis (Romero et al. 2006). Briefly, the
method involves obtaining protoplasts in the presence of lysozyme and mutanoly-
sin. These are then mixed with plasmid DNA and electroporated at 25 puF, 400 Q
and 0.7 kV. Transformants are recovered in the presence of appropriate antibiotics
and 0.5 M mannitol or 0.5 M sorbitol as osmotic support.

8.4.4.4 Detached Leaf, Seedling and Fruit Assays

To identify bacterial traits involved in biological control (e.g., antagonism or
induction of systemic resistance), transposon-mediated (random) or site-directed
transformants have to be tested for reduction and/or suppression of their biocontrol
capabilities. For this, the previously mentioned bioassays with detached leaves,
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seedlings or fruits (see Sect. 8.3.4), can be used. In these experiments, the parental
wild-type strain must always be included as a reference. In order to prove the role of
a given Bacillus gene (through insertion or deletion) in the biocontrol activity,
a decrease in the disease suppression ability relative to the wild-type strain must be
observed.

8.4.4.5 Arabidopsis Assays

Although Arabidopsis thaliana is a model organism for research in plant biologys, it
can be also be used to study various aspects of biological control, especially those
related to the induction of plant systemic resistance and growth promotion by
PGPR. As previously mentioned, several Bacillus species have been shown to elicit
ISR and promote growth in Arabidopsis. Therefore, it is possible to use the tools
developed for this plant to characterize these types of responses. To study effects on
plant growth, it is particularly useful growing Arabidopsis seedlings on agarized
medium. To study the induction of plant systemic resistance, ISR bioassays can be
performed using oomycete (Peronospora parasitica), fungal (Alternaria brassici-
cola), bacterial (Pseudomonas syringae pv. tomato) or viral (cucumber mosaic
virus) pathogens as challenge inocula (van Wees et al. 1997; Ton et al. 2002;
Tavicoli et al 2003; Ryu et al. 2004b). Furthermore, to characterize the signal
transduction pathways elicited by a bacterial strain, several Arabidopsis mutants
can be tested in order to determine whether the induced systemic resistance is SA-
dependent or JA/ET-dependent (Iavicoli et al. 2003). Moreover, Arabidopsis
microarrays are commercially available, allowing the transcriptional response to a
particular rhizobacterial strain to be characterized in detail.

8.5 Development of Bacillus-Based Biofungicides

For the commercial development of a microbial pesticide, the biocontrol agent must
be produced on an industrial scale (by fermentation), preserved, stored and for-
mulated. Aerobic endospore-forming bacteria offer biological solutions to the
formulation problems that have plagued biocontrol agents because they produce
heat- and desiccation-resistant spores that can readily be formulated into stable
products (Emmert and Handelsman 1999). Effective formulations of Bacillus spp.
biomass for the biocontrol of plant diseases are currently on the marketplace
(Table 8.1), but details of the specific compositions and production formulations
of commercial biocontrol agents are largely held as proprietary information by the
companies. Fortunately, there is a substantial base of industrial experience with
B. thuringiensis (see Ohba 2011), which has been extensively used for four decades
in biopesticidal formulations (Brar et al. 2006). This experience has obviously
served as a reference for the use of related species such as B. subtilis for biocontrol,
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helping to overcome obstacles that have arisen during the development of commer-
cial Bacillus-based biofungicides.

The production of Bacillus biomass is usually carried out by submerged fermen-
tation. In most instances, fermentation protocols are designed to maximize the
production of spores rather than vegetative cells (Schisler et al. 2004). The aim is
to achieve the highest yield possible with the lowest cost in culture medium, and
this is usually achieved with a fed-batch fermentation strategy (Lee et al. 1999).
Various raw materials such as agricultural and industrial by-products, as well as
wastes such as wastewater and wastewater sludge, have successfully replaced
costly synthetic media (Yezza et al. 2004; El-Bendary 2006). In developing
countries, however, the use of submerged fermentation may not be economically
feasible due to the high cost of the equipment. Accordingly, solid state fermentation
methodology offers an alternative approach. Unfortunately, little information has
so far been published on the use of this technology for the production of Bacillus
(El-Bendary 2006).

The problem of the stability of biocontrol agents both during storage and after
application has historically stalled biopesticide development (Brar et al. 2006).
Formulation therefore plays a significant role in determining the final efficacy of a
Bacillus-based biological control product (Schisler et al. 2004). A formulated
microbial product is a product composed of biomass of the biocontrol agent
together with other ingredients that improve the survival and effectiveness of the
product. The most common adjuvants/additives consist of wetting and dispersal
agents, nutrients, and agents that protect against ultraviolet light and osmotic stress.
These help the microbial cells to survive under field conditions (Boyetchko et al.
1998). The selection of adjuvants/additives is governed by the type of formulation
desired. In general, there are two types of formulations, dry solid and liquid, and
these include encapsulated forms. The current commercial formulations of Bacillus
spp. for biocontrol of plant diseases include liquids (aqueous suspensions and
flowables), wettable powders and granules (Table 8.1). The commercial formula-
tions of B. thuringiensis products have undergone a wide range of transitions over
the years. With continued research, similar improvements in the formulations of
Bacillus-based plant disease biological control products can be expected.

8.6 Conclusions and Future Perspectives

Synthetic fungicides are the primary means of controlling plant fungal diseases.
Biological control has emerged as one of the most promising alternatives to
chemicals. During the last 20 years, several aerobic endospore-forming bacterial
species have been extensively investigated for their ability to protect a variety of
crops from various pathogens. Many biological control mechanisms have been
implicated, including antagonism, induction of systemic resistance, and promotion
of host nutrition and growth. Bacillus-based biological control agents have great
potential for use in IPM systems (Fig. 8.3); however, relatively little work has been
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Fig. 8.3 The main
components of integrated pest
management systems (IPMs)
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published on their integration with other IPM management tools. In order to extend
the use of these biofungicides, it will be important to study how they interact with
other aspects of disease control, including host resistance, chemicals, other
biological control agents, cultural practises, and other means of protection. The
formulation and the method of application are key issues influencing the efficacy
and successful of commercial products. Genetic engineering may provide a useful
tool for the enhancement of biological control efficacy. Whole genome sequences
are now available for several Bacillus species. With this information, high-through-
put studies can be undertaken to gain prior knowledge about the plant protection
properties and rhizosphere/phyllosphere competence of these biocontrol agents.
Since biofungicides are usually not as effective as their chemical counterparts, this
approach should be viewed as an important component of an integrated disease
management scheme. A significant and permanent reduction in fungicide use is our
main goal, and this may also be very helpful to fungicide resistance management
programmes. As noted by Jacobsen et al. (2004), it is critical that the research base
be expanded so that science-based recommendations for the integration of Bacillus-
based products into IPM systems can be made.
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Chapter 9
Pasteuria penetrans and Its Parasitic Interaction
with Plant Parasitic Nematodes

Alistair H. Bishop

9.1 Introduction

Until quite recently, bacteriology has been the study of culturable organisms. The
proportion of unculturable bacteria in the soil is commonly put at over 99%
(Sharma et al. 2005). The ecology of many of these will be very difficult to discover
(Nannipieri et al. 2003; Riesenfeld et al. 2004) but this is not the case for one
extraordinary group of non-culturable, aerobic, spore-forming bacteria: members of
the genus Pasteuria. The composite species are exclusively obligate parasites of
either water fleas or plant parasitic nematodes. These represent the two lineages
of the different species of Pasteuria. This chapter predominantly focuses on the
nematode parasites because of their residence in soil.

The first time that the characteristic spores of this genus were represented
in publication were as drawings by Metchnikoff (1888) of what is now called
Pasteuria ramosa (Ebert et al. 1996), the parasite of the water fleas Daphnia
magna and D. pulex. This is now the type species of the genus Pasteuria and was
recognized by Metchnikoff (1888) as an endospore-forming bacterium. A Pasteuria
sp. was first reported in a nematode (Dorylaimus bulbiferous), by Cobb (1906), and
the suggestion was made that it should be classified as a protozoan. In keeping with
this suggestion the nematode parasite was later named Duboscgia penetrans by
Thorne (1940) and placed in the family Microsporidiae.

Until quite recently, developments in taxonomy were based solely upon obser-
vations and measurements made from electron micrographs. Mankau (1975) noted
that the parasite of the root knot nematode (RKN) Meloidogyne javanica divided
with the formation of cross walls reminiscent of bacteria, and that it formed spores
similar to those of known endospore-formers. He suggested the adoption of a
position within the eubacteria with the name Bacillus penetrans n. comb. In spite
of the outlandish appearance of the highly differentiated vegetative phase (Fig. 9.1)
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and the unique process of sporulation, this placement has subsequently been proved
by genetic analysis to be surprisingly accurate. The link between the nematode
parasite and that of the cladoceran Daphnia reported by Metchnikoff (1888) was
suggested by Sayre and Wergin (1977). Based solely upon morphology, such as the
elongated and branching septate cells, Sayre et al. (1988) formed the opinion that
the nematode parasite was more in keeping with placement in the Actinomycetales
than the Bacillaceae. Indeed, one could imagine the branching, septate hyphae,
characteristic of some actinomycetes, to be condensed into the ball mycelia of the
vegetative stage (Fig. 9.1). Furthermore, the elaborate differentiation that occurs
during sporulation is more reminiscent of conidiospore than endospore formation.
The designation Pasteuria penetrans (ex Thorne 1940) was finally proposed for the
parasite of Meloidogyne spp. (Sayre and Starr 1985) based upon the morphology of
the vegetative and spore phases and noting the similarity to the parasite of the
cladocerans, P. ramosa.

An overriding factor that must have contributed to the stuttering start to research
into Pasteuria spp. and their uncertain early taxonomy was the inability to culture
them in vitro. This remains a major obstacle to ongoing study and the ultimate goal
of large-scale agricultural exploitation.

9.2 Pathogenesis

The only mechanism by which P. penetrans can reproduce is through parasitism of
certain phytoparasitic nematodes. Spores remain dormant in the soil until they come
into contact with the cuticle of a second-stage juvenile (J2) nematode to which they
can bind (Fig. 9.2). The characteristic “flying saucer” shape of the spore allows it to
adhere, limpet-like, to the body of its nematode host, even over the uneven lateral
fields that run down the length of the body (Fig. 9.3). The crucial event of attachment
of spore to nematode cuticle has, understandably, been the most studied event in the
bacterium’s life cycle. Surrounding the spore is a perisporal “skirt” of proteinaceous
fibres which mediates the attachment (Fig. 9.4). Each spore is initially encased in an
exosporium that impedes attachment, as the increased levels of attachment follow-
ing its removal by sonication have demonstrated (Stirling et al. 1986). This takes
place naturally in the soil, presumably by processes including enzymatic degrada-
tion and abrasion. A close association ensues between the perisporal fibres and the
cuticle of an appropriate nematode. The exact nature of this attachment has not
yet been fully characterized. The initial recognition is presumed to be between
carbohydrates on the surface of the spore, perhaps from glycoproteins containing
N-acetylglucosamine (Persidis et al. 1991) in the perisporal fibres, and lectin-like
proteins on the nematode cuticle. Additionally, it has been suggested that the attach-
ment of spores involves collagen- (Persidis et al. 1991) or fibronectin-like (Mohan et al.
2001; Davies et al. 1996) molecules on the nematode cuticle. At least 13 polypeptides
have been identified as components of the perisporal fibres of P. penetrans using a
polyclonal antibody raised against whole spores (Vaid et al. 2002). Attachment
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Fig. 9.1 Representation of the life cycle of a root knot nematode, Meloidogyne sp. within a root,
both uninfected (outer portion) and infected with Pasteuria penetrans (inner portion of the
diagram). The inner circle of the diagram shows the stages in the life cycle of P. penetrans
corresponding to those of pathogenesis. (1) Entry of second stage juvenile nematodes (J2s) into the
tip of a root, (2) intracellular migration of the J2s to the root cortex, (3) establishment of a feeding
site. At this point the spores of P. penetrans germinate, (4) moult to third stage juvenile, (5) moult
to fourth stage juvenile, (6) development of young females, (7) egg formation in healthy female;
little or no egg production in infected females, (8) healthy female releases eggs; the infected
female becomes filled with spores of P. penetrans, (9) the infected female dies and releases spores
of P. penetrans into the soil. (a) Mature endospores of P. penetrans in the soil, (b) spores attach to
the cuticle of Meloidogyne juvenile, (c) germination of the spore with formation of a germ tube
penetrating the body of the nematode, (d) differentiation into vegetative ball mycelium, (e) release
of fragments of the mycelium by lysis of intercalary “suicide” cells, (f) further disintegration of the
mycelium and swelling of released fragments, (g) formation of quartets and then doublets of thalli
where sporulation ensues at the tips, (h) formation of forespore within the sporangium,
(i) engulfment and maturation of the spore with formation of the perisporal fibres, (j) completion
of spore development, (k) release of spores into the soil (reproduced with permission from Preston
et al. 2003)
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Fig. 9.2 Juvenile root knot
nematode encumbered with
spores of Pasteuria penetrans
(arrowed) (image kindly
supplied by Barbara
Pembroke, University of
Reading, UK)

Fig.9.3 Scanning electron micrograph of a spore of Pasteuria penetrans attached to the cuticle of
a root knot nematode. A tight adhesion has been formed even over the undulating ridges of the
lateral field that runs down the length of the body. Bar = 0.5 pm (image kindly supplied by
Barbara Pembroke, University of Reading, UK)
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Fig. 9.4 Transmission
electron micrograph of a
mature spore of “Pasteuria
hartismeri” still surrounded
by the sporangial wall. The
thinning of the spore coat on
the underside of the spore
through which the germ tube
emerges is arrowed. The
perisporal fibres which
surround the spore are
arrowed. Bar = 1 um

appears to be a complicated process that may initially be reversible but which
develops into a tenacious binding of the spore to the cuticle. Hydrophobic interac-
tions may also play an initial role (Davies et al. 1996; Esnard et al. 1997). Whatever
the mechanism, removal of the spore fibres results in a loss of ability to attach
(Persidis et al. 1991).

Binding of a spore does not necessarily result in pathogenesis: it seems that
spores may bind to nematode species that they cannot infect (Davies et al. 1990).
Spores that have been killed by heating will also bind specifically to nematode
cuticles (Dutky and Sayre 1978). In addition, not all spores germinate: Davies et al.
(1988) estimated that a J2 had to have at least five spores attached to ensure that the
nematode would eventually be infected. In the RKNs the J2s only develop into
females when they establish a feeding cell in the root of a suitable plant species. It
was thought that P. penetrans, the parasite of RKN, would only germinate once the
interaction between the plant and the female nematode had begun (Fig. 9.1): it has,
however, been reported that males (Hatz and Dickson 1992) and J2s (Giblin-Davis
et al. 1990) of the RKN Meloidogyne arenaria have been observed with mature
endospores of a Pasteuria sp. inside them.

In other groups of phytoparasitic nematodes, such as the root lesion, cyst and
sting nematodes, however, germination certainly occurs without the plant interac-
tion (Sayre et al. 1991; Giblin-Davis et al. 2003). Indeed, the Pasteuria isolate
parasitizing the pea cyst nematode completes its life cycle in the migrating juve-
niles and is not found in females (Sturhan et al. 1994). A Pasteuria sp. reported by
Davies et al. (1990) completed its life cycle in the J2s of a root cyst nematode,
Heterodera avenae, but not in the females — while another completed its life cycle
in J2s, males and females of Heterodera glycines (Noel and Stanger 1994;
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Fig. 9.5 Transmission
electron micrograph of a
spore of Pasteuria penetrans
germinating into the body of a
root knot nematode through
the cuticle (C) and
hypodermis (H). The ring or
torus surrounding the germ
tube is arrowed.

Bar = 0.5 pm (reproduced
with permission from Sayre
and Wergin 1977)

Atibalentja and Noel 1997). This complicated picture of pathogenesis may become
clearer when a definitive taxonomy of the genus Pasteuria is completed. The
possibility that different biochemical triggers for germination are required for
different Pasteuria spp. is an intriguing possibility, however.

Typically, 8—10 days (Giannakou et al. 1997) after attachment to an RKN the
P. penetrans spore germinates and produces a germ tube that penetrates the body
wall of the nematode (Fig. 9.5). An enzymatic degradation of the nematode tissue
is assumed but no proof of this has yet been obtained. The germ tube emerges
where the spore integument is at its thinnest (Figs. 9.4 and 9.5). In P. penetrans
this region is surrounded on the outside by a ring or torus of unknown composi-
tion (Fig. 9.5). This ring also binds tightly to the cuticle of the nematode and it
could be hypothesized that this seals degradative enzymes from the bacterium,
facilitating penetration. Somewhat to contradict this idea, however, species such
as “P. hartismeri” (Bishop et al. 2007) (Figs. 9.4 and 9.6) and P. nishizawae
(Sayre et al. 1991) lack any ring on the ventral side of the spore. This ring could
be a later evolutionary development because such species occur prior to
P. penetrans in phylogenetic history (Sturhan et al. 2005; Bishop et al. 2007).
Paradoxically, although the torus can bind strongly to the nematode cuticle its
composition is different from the perisporal fibres because chemical treatments
that dissolve the latter leave the former visibly intact (Vaid et al. 2002). This
does not, however, rule out the possibility that cuticle adhesins could coat the
surface of the torus.

Once the germ tube has entered the pseudocoelom of the nematode it differ-
entiates into the vegetative form in a way that has not yet been witnessed. The
vegetative form of Pasteuria spp. is unlike any other microorganism reported to
date; in the early stages it typically resembles a ball, as if two cauliflower heads had
been joined together (Figs. 9.1 and 9.7). The fine structure of the bacterium,
equating to the florets of the cauliffower structure, are numerous thalli. In the
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Fig. 9.6 Transmission

electron micrograph of a ‘
cluster of spores of
“Pasteuria hartismeri”. The
final stages in sporogenesis
can be seen as a clockwise
progression from the top
spore. These clusters are
natural, developmental stage
of this species and,
presumably, subsequently
break up so that the spores
can attach to susceptible
nematodes

simplest terms, replication of the ball hyphae is by elongation and then longitudinal
division (Fig. 9.7). This is dissimilar from binary fission of other eubacteria and can
occur at multiple sites simultaneously in one mycelium. Any detail of the mecha-
nism of this remarkable process is unknown. Replication of P. penetrans occurs
predominantly in the ovaries, which normally are highly active in the production of
eggs. Parasitized females produce few, if any, eggs (Bird and Brisbane 1988; Chen
et al. 1997). P. ramosa is, similarly, described as a castrating parasite of its water
flea host (Schmidt et al. 2008).

Once replication has ceased it seems that “suicide cells” (Sayre and Wergin
1977) at the centre of the septate ball lyse, allowing it to disintegrate into groups of
thalli. These enlarge greatly (Figs. 9.1 and 9.7) and then disintegrate further into
quartets of thalli, then doublets and so to single sporangia. The endospore develops
at the tip of the sporangium and is finally released as a mature spore.

At the end of sporulation the body of the female RKN is full of spores (Fig. 9.1).
When the female dies and breaks open, the spores are liberated into the rhizosphere.
This is a good location to attach to juveniles that have hatched from egg masses
deposited nearby. The amount of spores of P. penetrans liberated from one infected
RKN female can approach two million (Waterman et al. 2006; Chen and Dickson
1998). Some groups of phytoparasitic nematode, though, do not develop into the
sessile feeding form seen with RKN. These ectoparasitic nematodes such as cyst
and sting nematodes, which do not grow to the size of female RKN nematodes,
contain as few as only several hundreds of the Pasteuria spp. that parasitize them
(Atibalentja et al. 2004).
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Fig. 9.7 Transmission electron micrograph showing, centrally, a quartet of thalli that have broken
off from a vegetative ball mycelium and swollen immensely. Some of the intercalary, “suicide”
cells joining the four thalli will then break to liberate two doublets of thalli and eventually single
mature spores will form at the tips of the sporangia which develop in each of the four terminal cells
of this quartet. The ball mycelia are also visible around the sporulating quartet and a dividing
mycelium is arrowed. Reproduced with permission from Sayre and Wergin (1977)

9.3 Taxonomy and Phylogeny

As more examples of the nematode parasite were discovered, in over 51 countries
(Siddiqui and Mahmood 1999), it appeared that P. penetrans had a very broad host
range. At least 323 nematode species belonging to 116 genera of nematodes have
been reported as infected (Chen and Dickson 1998; Atibalentja et al. 2000; Ciancio
et al. 1994; Sturhan 1988). It is becoming increasingly clear, in fact, that an
unknown number of different species or strains of Pasteuria exist, each with a
specific host range.
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From comparisons with the de facto reference species of plant parasitic nema-
todes, P. penetrans (Sayre and Starr 1985), it became noticeable that, while the
parasites of other nematodes had the same vegetative and spore phases, differences
were apparent in their sizes and structural detail (Sayre et al. 1988; Ciancio et al.
1994). The spore form has been used exclusively for these comparisons because the
vegetative form is very prone to lysis once out of its host, and it is fragile and much
less easy to isolate, while the spore has easily identifiable structural features. Thus,
morphometric properties and host specificity were used as much less exacting
criteria than normally accepted for bacterial classification (Sharma and Davies
1996) to define two new species for the nematode, giving three species overall:
P. penetrans (Sayre and Starr 1985), P. thornei (Starr and Sayre 1988), and
P. nishizawae (Sayre et al. 1988, 1991), these being hyper-parasites of root knot,
lesion and cyst nematodes, respectively.

More definitive analysis has been made possible by the use of PCR amplification
of 16S rRNA fragments. This technique was first applied to P. ramosa (Ebert et al.
1996). Phylogenetic analysis showed that it actually fell within the genus Bacillus
rather than Actinomycetales. Strangely, from this analysis, the most closely related
species were Alicyclobacillus spp. which are acidophilic extremophiles. A similar
analysis applied to P. penetrans (Atibalentja et al. 2000) proved, predictably, its
relatedness to the cladoceran parasite, and also their positioning within the genus
Bacillus. Using a number of different isolates of Pasteuria spp., Duan et al. (2003)
confirmed the positioning within the low G+C Gram-positive genera and, in
particular, with the family “Alicyclobacillaceae”. Fortunately, the differences in
host range and morphometrics that had resulted in the designation of two other
presumptive species, P. thornei and P. nishizawae were borne out in this analysis by
genetic differences large enough to be significant.

Remarkably, comparison of fragments of the sporulation-related sigma factor
genes sigE and sigF (Preston et al. 2003) with homologues from a subtype of
P. penetrans placed its ancestor as a progenitor to both the genera Bacillus and
Clostridium. Using a fragment of sigE Schmidt et al. (2004) aligned P. penetrans
closely with the genera Clostridium and Bacillus, in particular, with Paenibacillus
polymyxa. To date, the only full Pasteuria gene that has been cloned and expressed
was that reported by Trotter and Bishop (2003). Comparison with homologues from
other endospore-formers placed P. penetrans amongst the genus Bacillus. Never-
theless, expression of the cloned gene from P. penetrans failed to complement a
spoOA deficient mutant of the archetypal spore former B. subtilis; evidence, per-
haps, of the evolutionary distance between the species. Nevertheless, by virtue of
the presence of these orthologues of key components of the sporulation pathway of
endospores, these studies provided support for the earlier assertions based on 16S
rRNA gene sequences of the taxonomical placement of P. penetrans. In view of the
ultimate goal of the exploitation of P. penetrans in nematode control, an investiga-
tion into the biochemical and molecular bases of germination in P. penetrans would
be highly desirable.

The most definitive genetic study to date was done by Charles et al. (2005).
Multiple locus sequence typing was used to compare 40 orthologous sequences in
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P. penetrans, identified by similarity to B. subtilis as house-keeping genes from a
wide range of acid fast and Gram-positive and Gram-negative bacteria. This list
regrettably lacked representation from the genus Clostridium even though previous
studies had placed the genus Pasteuria within the Bacillus—Clostridium clade.
Amino acid translations of the genes were analysed singly and with concatenation
both with and without the removal of insertions and deletions. Results from all of
these analyses placed P. penetrans firmly in the low G+C content Bacillus group.
Astonishingly, as found by Preston et al. (2003) P. penetrans emerged as not being
arecently evolved species but actually as being ancestral to the Bacillus species. As
thought provoking a finding as this is, the use by Charles et al. (2005) of 40 genes as
a basis for comparison makes this a reliable assertion. The evolutionary route by
which this occurred can only be speculated upon, particularly in view of the stark
differences in the vegetative forms and sporulation processes that exist between
Pasteuria and Bacillus spp. Furthermore, of the organisms used in the comparison,
P. penetrans was more closely related to the extremophile B. halodurans than to
species with pathogenic potential such as B. anthracis or B. thuringiensis (Charles
et al. 2005).

As with all other research on this bacterium, whole-genome analysis of
P. penetrans is hampered by the inability to produce large amounts of DNA
using in vitro culture. As always, DNA is extracted from spores cultured in vivo.
Several genomic libraries have been constructed from the broad-host-range
P. penetrans strain RES147 (Bird et al. 2003). The size of the Pasteuria genome
is estimated to be less than 4.2 Mb. Preliminary analyses show that more than half
of the sequences so far obtained have greater than 50% similarity to known genes
on the NCBI databases.

9.4 Technical Problems

9.4.1 Obtaining the Bacteria

Taxonomic, biochemical or genetic analysis of Pasteuria spp. has really only been
possible because it produces the robust endospore form. The vegetative stage is very
fragile and prone to lysis. Of the published attempts to culture P. penetrans in vitro
(Williams et al. 1989; Bishop and Ellar 1991) the best that has been achieved has
simply been to create conditions suitable for the ball mycelia extracted from a
female nematode to go through an apparently pre-programmed and limited number
of divisions and differentiate into sporangia and produce spores. There is no reliable
report to date of any sustained vegetative growth or triggering of germination.

To obtain sufficient supplies of P. penetrans, for example, J2 nematodes of an
appropriate species have to be incubated with spores until attachment has occurred.
The encumbered J2s are then added to the soil of pot plants of a suitable host such as
tomato. After several weeks, the roots are washed free of soil to reveal the swollen
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and knotted roots characteristic of nematode infection. Conventionally, the infected
female nematodes are then laboriously and delicately removed with the aid of fine
tweezers and a magnifying lens. Less time-consuming methods involve drying the
roots and then macerating them in a pestle and mortar, or partially digesting the
roots with pectinase, then macerating them and sieving the spores from the root
debris (Chen et al. 1996a). Such spores were found to have little contaminating
material. For more stringent removal of contaminating material the spores can be
further purified by ultracentrifugation in sucrose or sodium bromide density gra-
dients (Persidis et al. 1991; Vaid et al. 2002).

For most genetic analysis the inevitable microbial contamination has to be
removed from the spore preparations derived from nematode-infected roots. This
is all the more important because PCR is integral to obtaining enough DNA to
analyse and amplification of DNA from contaminating bacteria must be avoided at
all costs. Vegetative bacteria can be destroyed, by exploiting the resistance of
spores to enzymatic and chemical agents (Atibalentja et al. 2000; Ebert et al.
1996). The subsequent extraction of DNA from the spores is not without its
problems, particularly because this needs to be optimized in view of the difficulty
of obtaining sufficient spores in the first place; proprietary kits (Bekal et al. 1999) or
laboratory protocols involving chemical agents (Schmidt et al. 2008) have been
used, while bead-beating has also proven successful (Anderson et al. 1999).

It is possible to culture plant roots axenically and infect them with surface-
sterilized nematode egg masses and surface-sterilized Pasteuria spores. The use of
antifungal agents helps maintain the agar plates free of contamination, but most
workers do not generally favour this approach, presumably because of the effort
involved. Such a gnotobiotic approach was, however, used by Bekal et al. (1999) to
clone 16S rRNA from the Pasteuria sp. infecting the sting nematode Belonolaimus
longicaudatus.

9.4.2 Genetic Heterogeneity of Pasteuria “Strains”

One of the problems that brought uncertainty to the study of the interaction of this
host and parasite is again due to the inability to culture the bacterium in vitro. With
free-living microorganisms it is easy to obtain a clone by growth on a solid medium.
On the other hand, the “populations” (Davies et al. 1988; Persidis et al. 1991; Bekal
et al. 2001) of Pasteuria spp. that have been used by researchers are just that:
undefined mixtures of unknown genetic composition. Admittedly, as a population
of Pasteuria spp. is maintained experimentally for a long period of time a particular
race of nematode selection might be expected to diminish the genetic diversity of
the bacterium. Nevertheless, this population will have arisen from an initial infec-
tion of a nematode by multiple spores of different genetic constitution. This
obviously makes interpretation of experiments difficult because the population of
spores used cannot be expected to be homogenous.
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Trotter et al. (2004) finally resolved this problem by producing a clone resulting
from a single spore that had been allowed to attach to J2 of Meloidogyne incognita.
A single spore cannot be guaranteed to result in infection of a nematode so this
process had to be repeated several times and each J2 examined microscopically to
ensure that only one spore was attached. Genetic proof that the resultant population
of spores was a clone was obtained by cloning and sequencing the PCR amplifica-
tion products of fragments of the spoOA gene. Due to the nature of the DNA
extraction and amplification processes it could have been the case, conceivably,
that the DNA amplified had resulted from very few spores. The PCR primers,
however, were degenerate and by sequencing from primer binding sites within the
vector the individual spo0OA primer sequences were obtained. It could be shown that
the sequences of all of the many clones were identical but each of the spo0A gene
primers was slightly different. This proved that the single spore population was
genetically identical and that these sequences had each been obtained from the
DNA of different spores. Even with a true clone of P. penetrans spores the
attachment to J2s was not complete, illustrating the complexity of the attachment
process.

9.4.3 Detection of P. penetrans

Although it has limitations, the conventional method for assessing population
densities of most common bacteria in soil (Ellis et al. 2003) is to plate a sample
onto a solid growth medium and count the resulting colonies. Such a simple
approach is obviously not possible for unculturable bacteria such as Pasteuria spp.

A variety of simple methods were evaluated by Chen et al. (1996a) to count the
number of P. penetrans spores in infected tomato roots. Grinding of roots followed
by microscopic enumeration gave the highest estimate (with least variance) but the
method was laborious, required expertise and, should the spore density be low, was
not considered sensitive enough. At best, about 1% of the spores present were
retrieved. After mechanical disruption, the second most effective approach was a
baiting method which is also the conventional approach for assessing spore levels in
soils: a sample of the soil is taken, cultivated J2s are added and incubated for a
period of time, e.g. 18 h and then recovered using sucrose density centrifugation.
The nematodes effectively act like fly paper and allow the spores to be extracted
from the otherwise impenetrable matrix of the soil and the average number of
spores attached to each J2 is counted microscopically. Estimation of the density of
spores per gram of sample is facilitated by regression analysis using a standard
curve. This is prepared by adding a range of known amounts of spores to soil
previously free of Pasteuria spp., adding J2s and, after recovery, counting the mean
number of spores per nematode for each spore density (Chen et al. 1996a). Obvi-
ously, only those Pasteuria spp. which are able to attach to the species of J2 added
will be counted. A method using enzymatic softening of roots followed by various
sieving stages (Waterman et al. 2006) has been reported to be even more effective
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than the best method used by Chen et al. (1996a); this is claimed to give recovery
rates of about 30% of the theoretical maximum.

Molecular techniques are now available for detecting and enumerating Pasteuria
spp. in soil. These rely either on the use of antibodies or DNA amplification.

9.4.3.1 Polyclonal Antibodies

Polyclonal antibodies have been used with indirect immunofluorescence to visua-
lize spores directly in soil suspensions (Fould et al. 2001). These authors also
developed an ELISA technique for indirect quantification of P. penetrans spores.

A fortuitous discovery that a particular monoclonal antibody (MAb 2A41D10)
recognizes an antigen common to all nematode-parasitic Pasteuria spp. has
allowed the quantification of spores in soil. The target of MAb 2A41D10 is
putatively a [-1,4-linked N-acetyl glucosamine carbohydrate residue that is
uniformly distributed on the surface of P. penetrans spores and is formed in the
late stages of spore maturation (Charnecki et al. 1998).

Using a chemical mixture of urea, dithiothreitol and CHES buffer, Schmidt et al.
(2003) extracted this soluble spore envelope antigen which could then be assayed
by ELISA using MAb 2A41D10. The lowest limit of detection was about 300
spores g ' of soil. The specificity was demonstrated using extracts of Pasteuria-
free soil or from pure cultures of other endospore-forming bacteria isolated from the
soil and showing that no response was elicited from the assay. The limitation of
these antibody techniques is, of course, that only mature spores will be detected;
they cannot be applied to the detection and enumeration of vegetative forms within
nematodes.

9.4.3.2 16S rRNA Gene Fragments

Analysis of 16S rRNA gene fragments from 30 new isolates of Pasteuria spp. from
infected nematodes and the soil by Duan et al. (2003) allowed the design of
Pasteuria-specific PCR primers. The resulting amplification fragments shared
highly conserved restriction enzyme sites not found in any of the non-Pasteuria
sequences that were interrogated in silico. This raised the possibility of checking
presumptive Pasteuria amplification products prior to sequencing. Furthermore,
digestion with Hhal showed variation between different Pasteuria spp. clones,
suggesting that differentiation of biotypes may be possible. A sensitivity as good
as 100 Pasteuria spores per gram of soil was obtainable with these specific primers
after purification of the released DNA.

Using PCR primers to fragments of atpF, sigE and spollAB Schmidt et al. (2004)
used real-time PCR to differentiate between infected and uninfected females of
M. arenaria. Fluorescent in situ hybridization was used to show that the sigE probe
localized within vegetative forms of P. penetrans. The current problem with this
method is that, surprisingly, attempts to obtain amplifiable DNA from mature
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spores by chemical, physical and enzymatic means failed. Hence, only nematodes
infected with vegetative or early sporulation stage bacteria could be detected.

One potentially significant advantage of DNA amplification techniques, how-
ever, is that sequence heterogeneity should provide a means of differentiating
between different species and biotypes of Pasteuria. This is particularly true for
the sporulation genes (Schmidt et al. 2004) and may provide a rapid method of
discerning the Pasteuria spp. in soils that are naturally suppressive to phytoparasitic
nematodes. Another method to aid in epidemiological and ecological studies is the
use of repeat sequences within the genome. Variable number tandem repeats
(VNTRs) are useful markers to study genetic variability and have even been used
successfully to characterize highly clonal species such as B. anthracis (Andersen
et al. 1996). A sub-set of VNTRs (Mouton et al. 2007), called short sequence
repeats, have been identified in the genome of the cladoceran parasite, P. ramosa
(Mouton and Ebert 2008). These authors were able to use this technique to
demonstrate genetic differences between P. ramosa isolates in separate geographi-
cal locations and also to show within-population variations. Given the similarities
in the genomes of the members of the genus Pasteuria (Schmidt et al. 2008), it
seems inevitable that the same technique will be applicable to other Pasteuria
species.

The problem for large amounts of biological material as a pre-requisite for
genome analysis can be mitigated by the multiple strand-displacement assay
(MDA) This technique (Dean et al. 2001) uses a viral enzyme to replicate faithfully
the whole genomes of organisms from small initial samples of DNA. It is thus ideal
for unculturable bacteria. Nong et al. (2007) applied this approach to females of
M. incognita infected with vegetative cells of P. penetrans. They found that 2,000
vegetative Pasteuria cells were sufficient to give complete genome coverage of the
MDA-amplified template following PCR with specific primers. While direct PCR
of individual and infected females gave no amplification products, the correct-sized
products were obtained for two genes in half of the females tested after an initial
MDA treatment. Sequencing of the MDA-amplified DNA uncovered single nucle-
otide polymorphisms (SNPs) in the genes analysed from a single female; this
demonstrates that infection by more than one spore had occurred and also illustrates
the genetic heterogeneity of the “populations” of P. penetrans commonly used
(Trotter et al. 2004).

9.5 Agricultural Exploitation

The unique morphology, life cycle and subsequent discovery of intriguing genetic
lineages with the genus Bacillus and its relatives would be ample reasons to study
the genus Pasteuria but, of course, Pasteuria spp. also have an agricultural and
ecological values that may be exploited biotechnologically. Phytoparasitic nema-
todes are major pests of agriculture in temperate and particularly tropical regions.
Losses of crops owing to these pests are reckoned to amount to $100 billion a year
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(Oka et al. 2000). The conventional method of control has been fumigation of the
soil but, because of the dense, reactive nature of soil, this could only been done for
high-value crops (Aktar and Malik 2000; Siddiqui and Mahmood 1999). Some
successful fumigants, such as methyl bromide, are powerful greenhouse warming
gases when they reach the atmosphere and, as a group, these fumigants are
unspecifically toxic agents. It is impossible, however, for a biological agent to be
as effective, easy to apply and show such rapid effects as chemical nematicides
(Tian et al. 2007). The need for alternative control measures is great and other
agricultural methods exist such as solarization, transgenic plants and rotation of
crops, but these show variable levels of success (Aktar and Malik 2000; Oka
et al. 2000).

The members of the genus Pasteuria have obviously co-evolved with their hosts
over millions of years and have managed to maintain themselves to date by this
parasitic way of life, but could they be used economically to control phytoparasitic
nematodes? The overriding obstacle to this, of course, is the inability to culture
them in vitro. Another problem is the specificity of attachment and pathogenesis.
While the narrow spectrum of activity that biological pest control agents invariably
display is a big ecological advantage, it is a serious disadvantage when a particular
strain or species only attacks a narrow range (even within a particular family or
order) of the pest organisms that a farmer has to contend with. This certainly will
be a problem in the deployment of Pasteuria spp. Some isolates have, however,
been reported to have cross-generic host ranges (Bhattacharya and Swarup 1988;
Mankau and Prasad 1972; Mankau 1975; Pan et al. 1993; Oostendorp et al. 1990;
Sharma and Davies 1996). Cross-generic attachment has been proven in the labo-
ratory (Davies et al. 1990; Hewlett and Dickson 1994; Winkelheide and Sturhan
1996). Crucially, none of the work included in these reports went on to prove
whether infection and spore production took place in the secondary nematode
species to which spores attached.

Other isolates of P. penetrans have been found to be much more host-specific
even in attachment: spores which parasitized the citrus nematode Tylenchulus
semipenetrans would not attach to M. incognita, M. javanica or Radophilus citro-
philus (Kaplan 1994). Comparable findings were reported by Sharma and Davies
(1996) and such host specificity seems very much to be normal. Even when an
isolate of P. penetrans is capable of parasitizing two species of nematode, it will
attach with higher frequency in the host that it last infected. When it has completed
a life cycle in the second host its level of attachment to this host will increase while
binding to the former host will be decreased. This is not just a selection of sub-
populations in a heterogeneous mixture because it is apparent in single spore
isolates (Bishop, unpublished data). Conversely, what must be assumed to be
different Pasteuria spp., one with large endospores and one with smaller ones,
were found parasitizing the same two species of nematode (Giblin-Davies et al.
1990).

It is not even necessary for spores of P. penetrans to germinate in order to exert a
controlling effect on their host; the simple attachment of spores has been found to
decrease plant invasion noticeably. The required number has been variously
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reported to be between 40 and 3 (Stirling 1984; Brown and Smart 1985; Davies
et al. 1988; Kariuki et al. 2006). The movement of the juvenile is simply hindered
by the attached spores and the attraction between spores attached to one juvenile
and the cuticle of others causes the nematodes to become inextricably clumped
together.

Notwithstanding the vagaries of the spectra of pathogenicity that Pasteuria spp.
demonstrate, there have been numerous small-scale agricultural experiments that
prove their efficacy in controlling phytonematode damage. The phenomenon of
“suppressive soils” has long been reported with respect to decreased nematode
damage to a particular crop in one field as opposed to another. This can be due to the
presence of nematode-controlling fungi (Kerry 1988) but has also been attributed to
the natural presence of P. penetrans. It has been shown to be possible to transfer
what was, probably, a mixed population of Pasteuria spp. from a suppressive soil
and endow a new field with an inherent protection against phytoparasitic nema-
todes. Kariuki and Dickson (2007) obtained endospores by collecting females of
RKNS that were infesting peanut plants; these were then dried in the sun for 2 weeks
to kill any nematode inoculum. This material was then incorporated into the soil in a
plot that had not shown the presence of RKNs or Pasteuria spp. Crops of peanuts
and okra were subsequently planted in the plots and the RKN M. arenaria added to
the soil. Suppression of the phytonematode in the new plot was evident even within
a year. Melki et al. (1998) followed a cumulative build up of P. penetrans to
produce a suppressive soil but recommended that at least a year was necessary
for this to occur. A similar effect, against a cyst nematode, was produced by
Westphal and Becker (1999). The addition of 10,000 spores of P. penetrans g~
soil effectively suppressed infection of peanut plants by M. arenaria (Chen et al.
1996b, 1997). This effect became established and magnified over the 3-year study
period.

Numerous other experiments at various scales have shown that Pasteuria spp.
can have a significant, enduring and increasing effect in controlling phytoparasitic
nematodes (reviewed in Chen and Dickson 1998). Realistically, the future agricul-
tural application of P. penetrans would be as part of an integrated pest management
scheme. To this end, several authors, including Tzortzakakis and Gowen (1994),
have shown that it is compatible with a chemical nematicide and solarization of the
soil and has an additive effect in controlling nematodes when used in conjunction
with these methods.

The specificity of Pasteuria spp. for different species of nematode will certainly
be a restraining factor if it is ever used as a widespread biological control agent. A
possible solution is to apply a mixture of Pasteuria spp. so that at least one would
parasitize each of the nematode pests of a crop in a certain habitat. Such customized
control measures will not add to its attraction as a biological control agent,
especially for commercial exploitation. Other factors militating against this are
that the RKN, which are the major agricultural pest problem, typically inhabit
tropical, and hence generally poorer, parts of the world. The fact that this bacte-
rium is obviously so fastidious and also so fragile in the vegetative stage, ensure
that if any in vitro culture method is developed the product will not be cheap.
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Although greatly needed it is hard to imagine that P. penetrans will enjoy the
biotechnological exploitation that B. thuringiensis has (Bishop 2002). The fact that,
unlike B. thuringiensis, once spores have been applied to a field P. penetrans can
establish itself as a self-perpetuating control agent will also not endear it to
companies wishing to exploit it commercially. Such practical considerations should
not detract from the fascination that this organism holds for some nematologists,
bacteriologists and molecular biologists. In many ways it could be regarded as the
most remarkable bacterium yet discovered. Although progress is difficult, it is
proceeding at an increasingly rapid rate, and yet there are so many areas about
which we currently know very little. Even without comparison to its much simpler
relatives in the supergenus Bacillus, the study of its unique vegetative development
and sporulation and germination pathways is probably what will entice more
scientists to study this most infectious bacterium.
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Chapter 10
Aerobic Endospore-forming Bacteria
and Soil Invertebrates

Helmut Konig

10.1 Introduction

The soil is not only an important natural habitat but also a constantly changing
environment. Changes are caused by natural environmental factors as well as by
microbial, human and animal activities. The microbial community in soil plays
a major part in the degradation of organic material (Coleman and Crossley 1996;
Konig and Varma 2005). It represents the first step of the soil food web, contributes
to soil fertility, and especially, the degradation of lignin and xenobiotics is an
important activity of microbes. Investigations have included both those organisms
that are mainly free-living, and the particle-bound microorganisms. In addition, soil
invertebrates harbour a great variety of intestinal microbes, which have a significant
impact on the recycling of organic compounds. The roles of intestinal microbes
occurring in the gut systems of soil animals have been studied less intensively than
those of the free-living and the particle-bound microorganisms.

Important soil litter decomposers are the lumbricines (earthworms), the diplo-
pods (millipedes), the isopods (woodlice) and dipteran larvae, as well as termites in
subtropical and tropical regions. Only a small portion of the intestinal microbes of
soil invertebrates has been screened axenically. Pioneering investigations into the
distribution of microbes in the intestines of invertebrates were performed by Paul
Buchner (1953). With the aid of molecular methods, a rough estimate of the total
population of these organisms, and the as-yet uncultured microbes special to
invertebrate gut systems, was obtained in recent decades. The microbiotas of
collembola (springtails), earthworms, nematodes, isopods, millipedes and termites
have, especially, been studied in more detail. Aerobic endospore-formers represent
an important portion of the intestinal microbiota of soil invertebrates (Konig 2006),
and this chapter summarizes our scarce knowledge about this group of bacteria.

H. Konig

Institut fir Mikrobiologie und Weinforschung (Institute of Microbiology and Wine Research),
Johannes Gutenberg Universitat (Johannes Gutenberg University), Becherweg 15, 55128 Mainz,
Germany

e-mail: hkoenig@uni-mainz.de

N.A. Logan and P. De Vos (eds.), Endospore-forming Soil Bacteria, Soil Biology 27, 203
DOI 10.1007/978-3-642-19577-8_10, © Springer-Verlag Berlin Heidelberg 2011



204 H. Konig

10.2 Aerobic Endospore-Formers in the Guts of Termites

Termites occur over 68% of the earth’s surface. The main areas of distribution are
the tropical and subtropical regions (Krishna 1970), but they can occur between the
latitudes 47° north and 47° south. With an estimated population of 2.4 x 107
individuals (Zimmerman et al. 1982) termites are among the most successful
animals on earth. This fact is underlined by investigations of Fittkau and Klinge
(1973) who found that termites (Isoptera) and ants (Formicidae) represented 80%
of the individual insects and 30% of the total animal biomass near Manaus in Brazil.
The main fermentation chamber (paunch) of an individual animal is very small (e.g.,
for Mastotermes darwiniensis it is about 10 pl; Noirot 1995; Noirot and Noirot-
Timotheé 1969; Brune 1998; Berchtold et al. 1999), but because of the high number
of individuals they play a major role in the degradation of organic material,
especially in the recycling of lignocellulose (Wood and Sands 1978). The transit
time of the food through the intestinal tract is only about 24 h (Breznak 1984).

The termite gut represents an anaerobic gradient system, which exhibits distinct
spatial gradients of pH, oxygen or hydrogen (Noirot 1995; Noirot and Noirot-
Timotheé 1969; Brune and Kiihl 1996). Several hundred microbial clones/strains
have been identified by 16S rRNA gene sequence analysis, or have been obtained in
pure culture from termite guts (Fig. 10.1; Brune 1998; Breznak and Brune 1994;
Konig et al. 2002, 2005; Ohkuma 2003; Ohkuma et al. 2005), but the most of the
microbial species of more than 2,000 species of termite still remain uninvestigated.

Several bacilli from the termite gut have been described (Table 10.1; Kuhnigk
1996; Kuhnigk and Konig 1997; Kuhnigk et al. 1994, 1995; Konig et al. 2005).
Enzyme activities for the degradation of polysaccharides and aromatic compounds
have been detected. Because of the high volume-to-surface ratio the gut is well
supplied by oxygen by the trachea; in contrast to the rumen, where strictly anaero-
bic cellulolytic bacteria belonging to the genera Ruminococcus, Butyrivibrio and
Bacteroides are present, the cellulolytic bacteria in the termite gut are facultatively
anaerobic or microaerophilic. Aerobic endospore-forming species are predominant,
with populations of up to 10’ ml~" gut contents (Wenzel et al. 2002).

10.3 Aerobic Endospore-Formers in the Guts of Earthworms

While termites occur as degraders of organic soil litter mainly in tropical and
subtropical regions, earthworms contribute significantly to the recycling of organic
matter in soils of more temperate zones (Edwards and Bohlen 1996). Most isolates
of the gut microbiota were affiliated with the class Gammaproteobacteria of the
phylum Proteobacteria or with the Gram-positive phylum Firmicutes. The identi-
fied species of Bacillus and Paenibacillus belong to the latter group (Table 10.2).
That the gut contents are habitats of these organisms were demonstrated by
enhancement of spore germination from Bacillus species (Fischer et al. 1997) and
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Table 10.1 Aerobic endospore-formers isolated from the guts of termites

Species

Termite

Reference

Bacillus (now Brevibacillus®)
brevis®

. .d
Bacillus cereus®

Bacillus cereus-related isolate®
Bacillus circulans-related
isolate®

Bacillus coagulans®

Bacillus ﬁrmusd

Bacillus licheniformis® ¢

. . b
Bacillus megaterium

Bacillus mycoides

Bacillus oleronius
Bacillus sp.

Bacillus (now Lysinibacillus®)
sphaericus® ¢

Bacillus subtilis®

Paenibacillus macerans®
Paenibacillus sp.

Anacanthotermes ahngerianus
(h), Zootermopsis
angusticollis (1)
Anacanthotermes ahngerianus
(h), Coptotermes
curvignathus (1),
Cryptotermes brevis (1),
Kalotermes flavicollis (1),
Nasutitermes nigriceps (h),
Neotermes castaneus (1),
Reticulitermes hesperus (1),
Reticulitermes

santonensis (1)

Zootermopsis angusticollis (1)
Zootermopsis angusticollis (1)

Mastotermes darwiniensis (1)
Reticulitermes santonensis (1)
Reticulitermes santonensis (1)

Anacanthotermes ahngerianus
(h), Mastotermes

darwiniensis (1),
Zootermopsis

angusticollis (1)
Anacanthotermes ahngerianus
(h)

Reticulitermes santonensis (1)
Schedorhinotermes intermedius
(1), Coptotermes
acinaciformis (1),
Coptotermes formosanus

(1), Heterotermes

indicola (1)

Odontotermes distans (h),
Odontotermes obesus (h),
Reticulitermes santonensis

(1), Zootermopsis
angusticollis (1)
Anacanthotermes ahngerianus
(h), Reticulitermes
santonensis (1)

Mastotermes darwiniensis (1)
Zootermopsis angusticollis (1)

Krasil’nikov and Satdykov
(1969), Wenzel et al. (2002)

Krasil’nikov and Satdykov
(1969), Kuhnigk and Konig
(1997), Margulis et al.
(1998), Ramin et al. (2009),
Thayer (1976),

Schafer et al. (1996)

Wenzel et al. (2002)
Wenzel et al. (2002)

Schafer et al. (1996)
Kuhnigk (1996)

Kuhnigk and Konig (1997),
Kuhnigk et al. (1994),
Schafer et al. (1996)
Krasil’nikov and Satdykov
(1969), Kuhnigk (1996),
Mannesmann and
Piechowski (1989), Wenzel
et al. (2002)

Krasil’nikov and Satdykov
(1969)

Kuhnigk et al. (1995)
Eutick et al. (1978), Kuhnigk
(1996), Mannesmann and
Piechowski (1989)

Kuhnigk (1996), Kuhnigk and
Konig (1997), Schéfer et al.
(1996)

Krasil’nikov and Satdykov
(1969), Kuhnigk and Konig
(1997), Schafer et al. (1996)
Schafer et al. (1996)
Wenzel et al. (2002)

[ lower termite; A higher termite

#Valid new genus designation

PCellulolytic activity was shown

“Hemicellulolytic activity was shown
dCapability to degrade aromatic compounds was shown
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Table 10.2 Aerobic endospore-formers isolated from the earthworm Aporrectodea caliginosa

Closest relative Reduction Reduction % of N from nitrate or
of nitrate  of nitrite  nitrite recovered in N,O

Bacillus mycoides + 0 <0.5

Bacillus mycoides + 0 7

Paenibacillus sp. strain P51-3 + + 6

Paenibacillus sp. strain P51-3 + + 3

Paenibacillus sp. strain 61724 + + 11

“Paenibacillus burgondia” B2 + + 8

Paenibacillus borealis KK19 - + 10

Paenibacillus amylolyticus NRRL B-290T — + <0.5

From Ihssen et al. (2003), Gebhardt et al. (2002).

the detection of increased numbers of Bacillus cells compared to soil samples by
fluorescence techniques (Fischer et al. 1995; Schonholzer et al. 2002). Interestingly,
the emanation of nitrous oxide (N,O) by earthworms has been attributed to their gut
microbiota (Thssen et al. 2003; Drake et al. 2005).

Although the worm gut is a habitat of several bacteria, Khomyakov et al. (2007)
showed that the digestive fluid of the earthworm Aporrectodea caliginosa inhibited
the growth or germination of certain bacteria, spores and fungal hyphae; a strain
of Bacillus megaterium was found to be susceptible. The surface excreta of the
A. caliginosa suppressed the dehydrogenase activity of various taxa of soil bacteria,
including strains of Bacillus subtilis, B. mojavensis and Paenibacillus sp., as well
as of Bacillus thuringiensis. In addition, some strains exhibited no reaction or
showed stimulation of growth. These experiments demonstrated that earthworms
have an effect on the soil microbiota by direct stimulation or suppression of growth
or spore germination (Oleynik and Byzov 2008).

Seven aerobic endospore-forming species (Bacillus (now Brevibacillus) brevis,
Bacillus insolitus, B. megaterium, B. (now Paenibacillus) pabuli, B. (now Sporo-
sarcina) pasteurii, B. (now Lysinibacillus) sphaericus and B. thuringensis) have
been isolated from the gut wall material of Ochochaeta borincana, an annelid
described only from Puerto Rico (Alonso et al. 1999; Méndez et al. 2003; Valle-
Molinares et al. 2007).

10.4 Aerobic Endospore-Formers in the Guts of Springtails

The springtails (Collembola) are small soil hexapods possessing a size of only
between 0.2 mm and 1 cm. With 7,500 species and a high number of estimated
individuals, springtails are not only among the most abundant arthropods on earth
(Hopkins 1997; Tebbe et al. 2005), but also with an existence of about 400 X 10°
years they are probably the oldest hexapods.

Collembola live mainly in soil or litter, and feed on live or dead organic material
from plants as well as on nematodes or fungi (Chen et al. 1995, 1996; Thimm and
Larink 1995). Their guts have volumes of only some nanolitres (Thimm et al. 1998).
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In the case of Folsomia candida, 4 x 10'"" cfu bacterial cells per g faeces were
determined (Borkott and Insam 1990). Because of the high number of individuals,
they have important roles in the degradation of organic material in soil; and micro-
arthropods such as collembola and mites enhance the destruction of organic material.

Several collembolan gut bacteria have been identified or obtained in pure culture.
Among these were the two chitin-degraders Stenotrophomonas maltophilia and
Curtobacterium sp., as well as a chitin-hydrolysing Bacillus sp. (Hale 1967).
Thimm et al. (1998) isolated 45 different bacterial strains from the gut of Folsomia
candida; the isolates belonged to the species Erwinia amylovora, Staphylococcus
captitis and Pantoea agglomerans, and the ascomycete Acremonium charticola was
also found; interestingly, Tochot et al. (1982) found fungal mycelia in the gut
contents of Folsomia candida. Additional cultured strains could be assigned to the
genera Ochrobactrum, Alcaligenes, Comomonas, Pseudomonas and Paracoccus
(Hoffmann et al. 1998). A cultivation-independent molecular approach led to the
identification of clones from Paracoccus denitrificans, Stenotrophomonas malto-
philia and Bacillus weihenstephaniensis (Jensen et al. 2003).

10.5 Aerobic Endospore-Formers in the Guts of Isopoda

The isopods live as cosmopolitans in diverse habitats ranging from marine envir-
onments to dry deserts. More than one-third of the described isopodan species
belong to the terrestrial woodlice (Schmalfuss 2003). The guts of woodlice have
been well studied with respect to their morphologies and nutritional conditions
(Hames and Hopkin 1989; Zimmer 2002). Porcellio scaber and Oniscus asellus are
among the most studied species with respect to the compositions of their microbiota
(Hopkin 1989; Drobne 1997; Kostanjsek et al. 2002, 2004, 2005).

The common sow bug, Porcellio scaber, is a terrestrial arthropod, feeding on
decaying leaf litter, wood and vegetable matter, substances that are rich in cellulose
and other polysaccharides (Zimmer and Brune 2005). The oniscidean digestive system
(Hames and Hopkin 1989; Strus et al. 1995 ; Molnar et al. 1998; Zimmer 2002) contains
an autochtonous flora (Kostanjsek et al. 2002, 2004, 2005). Two Bacillus cereus strains
and another Bacillus strain not identified to the species level were isolated from the gut
of P. scaber (Kostanjsek et al. 2005). Seventy percent of the investigated animals of the
sow bug harboured B. cereus in their gut (Swiecicka and Mahillon 2006; Swiecicka
2008), and this indicates a symbiotic relationship. Margulis et al. (1998) also found
B. cereus cells that had lost their flagella and grew filamentously in long chains
(Arthromitus of Leidy, 1849) under certain circumstances; the microorganisms were
involved in the degradation of cellulosic material (Zimmer and Topp 1998).

10.6 Aerobic Endospore-Formers in the Guts of Millipedes

Soil millipedes (Diplopoda) possess specific gut microbiotas that include Gam-
maproteobacteria, Actinobacteria and yeasts (Byzov 2005). In addition, a variety
of bacterial morphotypes and yeasts are attached to the gut walls (Byzov 2005).
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The foreguts of millipedes are poorly populated by microorganisms, but the
cuticle-lined hindgut bears both flat cuticular surfaces and ornaments, which are
colonized by microbes (Crawford et al. 1983); Bignell (1984) found actinomycete-
like filaments attached to cuticular surfaces of Cylindroiulus sp. The inner surfaces
of the intestinal walls of the millipedes Chromatoiulus rossicus and Glomeris
connexa are colonized by bacteria of different morphotypes. Ineson and Anderson
(1985) found 2.8 x 10° cfu/g dry weight in the whole gut of the diplopod Glomeris
marginata. The numbers of bacteria isolated from the peritrophic membrane of
G. connexa were similar to those in the gut tissue (ca. 107 cfu/g dry membrane;
Byzov et al. 1996). Yeast cells colonize mainly the hindguts of Glomeris connexa,
Leptoiulus polonicus and Megaphyllum projectum (Byzov et al. 1993b).

Most of the bacterial isolates from millipede guts and gut contents belong to the
gamma subclass of Proteobacteria and the Actinobacteria. The dominant bacterial
microbiota belong to the family of facultative anaerobes, the Enterobacteriaceae,
including the genera Klebsiella, Enterobacter, Plesiomonas, Salmonella, Erwinia
and Escherichia and Vibrio from the Vibrionaceae (Byzov 2005). Several aerobic
endospore-forming isolates have also been isolated (Table 10.3). From the diplopod
Glomeris sp. a B. subtilis isolate was obtained (Gebhardt et al. 2002), which
produced the antifungal antibiotic bacillomycin D.

Furthermore, free methanogenic prokaryotes and ciliates (Nyctotherus type)
with intracellular endosymbiotic methanogens have been detected microscopically
by their characteristic autofluorescence in the tropical diplopods Chicobolus sp.,
Orthoporus sp., Rhapidostreptus virgator and two unidentified species (Hackstein
and Stumm 1994).

Most yeast strains isolated from millipede guts and gut contents are ascomycetes.
In Pachyiulus flavipes, the predominating species were Debaryomyces hansenii,
Torulaspora delbrueckii, Zygowilliopsis californicus (=Williopsis californica) and
Pichia membranaefaciens (Byzov et al. 1993a).

Table 10.3 Aerobic endospore-formers isolated from, or detected in, the guts and fresh faeces of
millipedes

Group/Genus/Species Host Source

Bacillus sp. Schizophyllum sabulosum var. rubripes Gut contents

Bacillus spp. Chromatoiulus projectus, Cylindroiulus Gut contents

boleti

Bacillus spp. Pachyiulus flavipes Intestinal walls

Bacillus spp. Pachyiulus flavipes Gut contents

Bacillus megaterium, B. cereus, Glomeris connexa, Chromatoiulus Gut contents
B. licheniformis rossicus

Bacillus sp. Ommatoiulus sabulosus Gut contents

Bacillus (now Brevibacillus®) Glomeris sp. Hindgut
brevis

Bacillus subtilis

From Byzov (2005), Gebhardt et al. (2002)
#Valid new genus designation
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10.7 Conclusions

Convincing evidence now exists that distinctive autochthonous communities live in
the guts of soil invertebrates, and that these contribute to the degradation of
recalcitrant biological materials such as chitin and lignocellulose. Intestinal aerobic
endospore-formers, especially, have significant impacts in the degradation of poly-
meric soil material (Fig. 10.1). They possess cellulolytic and hemicellulolytic
activities and some have the potential to degrade aromatic compounds if the oxygen
supply is sufficient (Kuhnigk 1996; Kuhnigk and Konig 1997; Kuhnigk et al. 1994,
1995; Wenzel et al. 2002). The cellulolytic bacteria in the termite gut are faculta-
tively anaerobic or microaerophilic; aerobic endospore-forming species are pre-
dominant, with counts of up to 10’ m1~" gut contents (Wenzel et al. 2002), and they
play major parts in the first and second steps (Fig. 10.1) of the degradation of
polymeric material in the guts of soil invertebrates.
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Chapter 11
Bacillus thuringiensis Diversity in Soil
and Phylloplane

Michio Ohba

11.1 Introduction

Bacillus thuringiensis, an aerobic Gram-positive saprophyte, is allocated to the Bacillus
cereus group together with the three other species, Bacillus anthracis, Bacillus cereus
and Bacillus mycoides. It was first isolated early in the last century from sotto-diseased
larvae of the silkworm (Bombyx mori), an economically important insect for the
silk industry in Japan at that time (Ishiwata 1901). Later, Berliner (1915) described
B. thuringiensis, as a new bacterial species pathogenic for insects, on the basis of a
spore-forming bacterium isolated in Germany from larval cadavers of the Mediter-
ranean flour moth, Ephestia kiihniella. It is now well established that the organism is
cosmopolitan and naturally occurring in most regions of the world (Martin and
Travers 1989), even in Antarctica (Forsyth and Logan 2000).

B. thuringiensis is differentiated from other related species by the formation of
noticeable crystalline parasporal inclusions during sporulation (Logan 2005).
Strong and specific insecticidal activity of B. thuringiensis is largely due to the
oral toxicity of the crystal (Cry) proteins contained in parasporal inclusions,
although insecticidal activity is also associated with some other vegetative cell
products: VIPs (Vegetative Insecticidal Proteins), thuringiensin and cytotoxic
enzymes including phospholipases (Glare and O’Callaghan 2000). This unique
property has made B. thuringiensis an environmentally safe and ecologically
sound microbial agent that is effective for the control of insect pests of agricultural
and medical importance (Charles et al. 2000; Glare and O’Callaghan 2000). For the
last three decades, extensive efforts have been made to screen for B. thuringiensis
strains that are more useful for pest control than current commercial strains, from
natural populations occurring in various environments: phylloplane and plant
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material, soil of various types, insect and insect-inhabited environments, stored
products, food and others (Damgaard 2000). Among the sources explored, soil and
phylloplane have proved to be the good reservoirs of B. thuringiensis populations
with great diversity in several key characteristics.

The efforts have provided novel isolates with unique insecticidal activities
specific for dipteran vectors, mosquitoes and blackflies (Goldberg and Margalit
1977) and agriculturally important coleopterans (Krieg et al. 1983; Ohba et al.
1992a). It is noteworthy that numerous isolates lacking insecticidal activities have
also been recovered from soils and phylloplanes, some of them producing unusual
Cry proteins that preferentially kill human cancer cells (Mizuki et al. 1999b), a
human-pathogenic trichononad protozoan (Kondo et al. 2002), and human- and
animal-pathogenic nematode parasites (Kotze et al. 2005; Cappello et al. 2006) (see
Sect. 11.4.4).

11.2 Isolation and Identification

Two steps are involved in the procedure for screening of B. thuringiensis from soil
and phylloplane. The first step is the isolation of members of the B. cereus group, a
complex of B. cereus and B. thuringiensis, on the basis of colony morphology
characteristic of this group (Logan 2005). Two techniques are commonly used for
isolation of the organism from phylloplane: the leaf-imprinting technique and the
shaken-flask technique (Smith and Couche 1991). For effective isolation, several
methods have been used to suppress the levels of background microbial populations
or to increase the population levels of the B. cereus group. Examples include the
screenings with pasteurization procedure (Ohba and Aizawa 1986), acetate selec-
tion (Travers et al. 1987) and selection on culture media containing antibiotics
(Johnson and Bishop 1996).

The second step involves discrimination between B. cereus and B. thuringiensis.
It has been well accepted that B. thuringiensis is phenotypically indistinguishable
from B. cereus. Thus, selective medium specific for this organism is presently
unavailable. The only key character that differentiates B. thuringiensis from
B. cereus is the ability to produce parasporal inclusions in sporangia (Logan
2005). Practically, phase-contrast microscopy has been a popular choice for obser-
vation of parasporal inclusions (Ohba and Aizawa 1986). Also, parasporal inclu-
sions can be easily identified by light microscopic observation of stained bacterial
smears. It should be emphasized that the observation of fully developed sporangia,
prior to cell lysis, is highly desirable for correct identification of “parasporal”
inclusions. Hyakutake et al. (2001) developed a computer-based image processing
technique for rapid screening of B. thuringiensis. The technique automatically
discriminates in 5 s between B. thuringiensis and B. cereus based on the ratio of
spores and parasporal inclusions.
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11.3 Occurrence in Soil and Phylloplane
11.3.1 Soil

DeLuccaet al. (1981) were the first to report the natural occurrence of B. thuringiensis
in soils. A large-scale isolation experiment with many types of soils, sampled from
various regions in USA, yielded 250 isolates of B. thuringiensis, accounting for 0.5%
of B. cereus group colonies examined. Ohba and Aizawa (1986) showed that
B. thuringiensis was retained in natural soils of Japan at a frequency of 2.7% among
the B. cereus group. Thereafter, numerous studies have provided evidence that the
organism is commonly distributed in soils throughout the world, from seashores to
high mountains and from tropics to high latitudes.

Table 11.1 shows natural frequencies of B. thuringiensis in soils of the areas with
no history of application of B. thuringiensis-based microbial insecticides. Only
investigations that examined more than 3,000 isolates of the B. cereus group are
listed. In general, B. thuringiensis-containing soil samples are found at the frequen-
cies varying between 10% and 20%. Occasionally, however, the positive frequency
increases up to greater than 50%. For instance, Martin and Travers (1989) recov-
ered B. thuringiensis from 785 (70%) out of 1,115 soil samples collected from USA
and 29 other countries (Table 11.1).

Usually, the proportion of B. thuringiensis to the populations of members of the
B. cereus group ranges between 0.5% and 5%. Differences in soil types, geographic
locations and population sizes of B. cereus group members examined, as well as
technical differences, may account for variations in the frequency of B. thuringiensis
in soil environments.

Table 11.1 Occurrence of Bacillus thuringiensis in soil

Locality References® Frequency of Frequency of
(country) B. thuringiensis- B. thuringiensis
positive among B. cereus
soils (%) group (%)
Greece Aptosoglou et al. (1997) 11 2.1
Japan Ohba and Aizawa (1986) 37 2.7
Ohba and Aratake (1994) 8 0.6
Sasaki et al. (1994) 18 0.8
Ohba et al. (2000) 13 1.1
Kikuta et al. (2001) 11 1.9
Ohba et al. (2002b) 12 1.3
Spain Iriarte et al. (1998) 18 4.8
Quesada-Moraga et al. 24 7.3
(2004)
USA DeLucca et al. (1981) 17 0.5
USA® Martin and Travers (1989) 70 28
Vietnam Yasutake et al. (2006) 34 1.6

“The investigations examining >3,000 colonies of the B. cereus group are selectively listed
PUSA and 29 other countries
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11.3.2 Phylloplane

B. thuringiensis naturally occurs on phylloplanes of various plants growing in areas
with no histories of the application of B. thuringiensis-based insecticides. This
organism can be commonly found on various types of vegetation: arboreous,
herbaceous, deciduous, evergreen, broad-leaved and coniferous. Also, it occurs
on both abaxial (lower) and adaxial (upper) leaf surfaces. Table 11.2 is a list of
several selected studies that assessed the frequency of B. thuringiensis among
members of the B. cereus group occurring on phylloplanes. Most of these studies
examined the leaves sampled from low-statured (<3-m) vegetation. In an excep-
tional case, Noda et al. (2009) assessed the B. thuringiensis frequency on phyllo-
planes of 5- to 10-m-high canopies. The organism has also been recovered, in many
other investigations not listed in Table 11.2, from a variety of species and types of
plants growing in various regions of the world. In general, B. thuringiensis fre-
quencies in phylloplane populations of the B. cereus group are greater than those in
soil populations. However, this is not the case with the B. thuringiensis populations
occurring in Japan. As shown in Table 11.1, the organism is distributed in Japanese
soils at frequencies of 0.6-2.7% among the B. cereus group, while it constitutes
0.8-3.2% of phylloplane populations (Table 11.2). Obviously, there is no signifi-
cant difference in the frequencies of B. thuringiensis between the two environ-
ments, soils and phylloplanes, in Japan.

Ubiquity of B. thuringiensis on phylloplanes has provided insights into the origin
of the populations associated with certain other environments. Ohba (1996)

Table 11.2 Occurrence of Bacillus thuringiensis on phylloplane

Locality =~ References® Frequency of Frequency of Plant
(country) B. thuringiensis- B. thuringiensis
positive leaf among
samples (%) B. cereus
group (%)
Colombia Maduell et al. 74 20.2 Black pepper
(2002) (13 Piper spp.)
Denmark Damgaard et al. 54 11.6 Cabbage
(1997)
India Kaur and b 7-20 Chickpea and three other
Singh (2000) leguminous species
Japan Ohba (1996) 11 32 Mulberry
Mizuki 47 34 Japanese cherry and 30
et al. (1999a) other arboreous and
four herbaceous species
Noda et al. (2009) 1.4 0.8 Camellia and eight other
arboreous species
USA Smith and 50-70° 30-100 Brittle willow and six
Couche (1991) other arboreous species

“The investigations with assessment of B. thuringiensis frequency in B. cereus group are listed
"Unknown
“Positive-tree frequency
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suggested that the B. thuringiensis population occurring on mulberry leaves is a
possible source of the populations associated with silkworm-rearing insectaries of
Japanese sericultural farms. Lee et al. (2002) also suggested that the high-level of
B. thuringiensis populations in faeces of herbivorous animals is due to the intake of
food plants carrying this organism. Unlike the faeces of herbivorous animals, those
of carnivorous animals, in particular feline mammals, contain rather low levels of
B. thuringiensis (Lee et al. 2002). Also, there is no reason to exclude the possibility
that the B. thuringiensis populations occurring on phylloplanes are the major
sources of the populations associated with stored product environments (Damgaard
2000).

11.4 Diversity of Soil and Phylloplane Populations

11.4.1 Vegetative Cell Surface Antigens

11.4.1.1 Flagellar (H) Antigen

Vegetative cells of the B. cereus/B. thuringiensis group are usually motile and
peritrichously flagellated, having two major surface antigens, the flagellar (H)
antigen and the heat-stable somatic (cell wall) antigen consisting of polysacchar-
ides. The former antigen is not associated with B. anthracis, which is non-motile
(Logan 2005). H-serotyping of B. thuringiensis was started by de Barjac and
Bonnefoi (1962), for intraspecific classification of the organism. It was believed
that the use of flagellar (H) antigenicity for subgrouping of B. thuringiensis is
taxonomically sound rather than the use of insect pathogenicity, characteristics of
Cry proteins and other phenotypic properties. In the last 40 years, intensive efforts
to screen for B. thuringiensis in natural environments have provided as many as 69
H-serotypes. In several H-serotypes, there are two or more subserotypes. For
instance, H-serotype 3 is divided into the following four subserotypes due to the
existence of five H-antigenic subfactors (3a, 3b, 3c, 3d, and 3e): H3ac (serovar
alesti), H3abc (serovar kurstaki), H3ad (serovar sumiyoshiensis) and H3ade (ser-
ovar fukuokaensis). Thus, the current H-serotyping scheme contains 82 serovars
belonging to 69 H-serotypes (Lecadet et al. 1999).

Tables 11.3 and 11.4 summarize the findings on the H-serotype flora associated
with soil and phylloplane environments in several countries. The observations pro-
vide evidence that the B. thuringiensis populations in both environments consist of
highly heterogeneous multiple H-serogroups. Quesada-Moraga et al. (2004) reported
that the soil populations indigenous to Spain contained as many as 24 H-serotypes,
with predominance of: H7 (aizawai), H10ab (darmstadiensis), H27 (mexicanensis),
HS52 (kim) and H34 (konkukian). Ohba et al. (2000) also showed that the H-serotype
flora in soils of the Ryukyus, Japan contained >21 H-serotypes, with predominant
occurrence of H5ac/21 (canadensis/colmeri), H3ad (sumiyoshiensis), H16 (indiana),
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H10ac (londrina) and H13 (pakistani) (Table 11.3). The serological diversity on
phylloplanes was comparable to those of soil. This is supported by the observations of
Ohba (1996) who detected as many as 19 H-serotypes on the surface of mulberry
leaves in Japan (Table 11.4).

As shown in Table 11.3, differences in geographic locations lead to the marked
variations in the predominant H-serotypes. In particular, there is little similarity in
the predominant serotypes between the seven local soil populations within Japan. In
contrast to the populations in soil, those on phylloplanes commonly contain H3abc
(kurstaki) as the predominant serotype, regardless of the differences in geographic
locations and types of plant (Table 11.4). It should be noted that this serotype is
rather rare in soil microflora (Table 11.3). Accordingly, Damgaard et al. (1997)
claimed that the population of B. thuringiensis on phylloplane is different from that
normally found in soil.

One of the most striking aspects of B. thuringiensis serology is the omnipresence
of acrystalliferous B. cereus isolates in nature that have H-antigens reactive to
antisera against B. thuringiensis reference strains. Shisa et al. (2002b) reported that
the majority of the B. cereus isolates recovered from natural environments in Japan
gave positive reactions to the reference antisera against B. thuringiensis H1-H5S.
The frequencies of seropositive isolates were 77%, 60%, and 68%, in soils, animal
faeces and on phylloplanes, respectively. The observations provide a perspective
that the frequency of B. cereus isolates with B. thuringiensis H-antigens may increase
in future with increasing numbers of B. thuringiensis H-serotypes being recognized,
approaching 100%. Also, it is clear from the findings that the H-serotyping is of
little value in discriminating between B. thuringiensis and B. cereus; however, it
is still of great value in discriminating between B. thuringiensis strains (Lecadet
et al. 1999).

Shisa et al. (2002b) also showed that the B. cereus populations contained as
many as 45 H-serogroups, with predominancy of five H-serotypes: H22 (shandon-
giensis), H6 (entomocidus), H16 (indiana), H13 (pakistani) and H24ab (neoleo-
nensis). Interestingly, the phylloplane microflora, as well as the populations in soils
and animal faeces, contained no B. cereus isolates with H3abc (kurstaki) antigen.
This is in marked contrast to the above facts that the serotype H3abc (kurstaki) is
among the dominant members in phylloplane populations of B. thuringiensis in
Japan (Table 11.4).

11.4.1.2 Heat-Stable Somatic Antigens

Like many other bacteria, B. thuringiensis has heat-stable somatic antigens (HSSAs)
in its vegetative cell walls. It produces a substantial amount of water-soluble extra-
cellular HSSAs (polysaccharides) during vegetative cell growth, through normal cell
wall turnover. Extracellular HSSAs can be easily detected by the precipitin halo
formation (PHF) test on nutrient agar plates that contain specific antibodies against
HSSAs. By using the PHF test, Ueda et al. (1991) classified the reference strains of 24
B. thuringiensis H-serotypes into 16 HSSA serogroups designated I to XVIL. It is
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noteworthy that the serogroup IV contained the reference strains of five H-serotypes:
H3abc (kurstaki), H4ac (kenyae), H5ab (galleriae), H7 (aizawai) and H18ab (kuma-
motoensis). It is well accepted that the strains with strong toxicities against insects, in
particular lepidopterans, are densely distributed in these H-serotypes. Thus, the
observations may support a hypothesis that there exists a relationship, even if not
direct, between insecticidal activities and HSSAs. It is clear from the findings that the
degree of variation in HSSA is smaller in this organism than that of H-antigens.

Another interesting fact is that when examined with the PHF test, the isolates
belonging to a single H-serotype were allocated to a single HSSA serogroup at a
high frequency of 87-100%; for example, a total of 114 isolates belonging to H7
(aizawar), recovered from various geographic locations in Japan, were all allocated
to the HSSA serogroup IV (Ohba et al. 1992b).

Relatively little is known about the serological relationships between HSSAs of
B. thuringiensis and B. cereus. Earlier, Ohba and Aizawa (1978) reported that,
among 22 environmental B. cereus isolates possessing B. thuringiensis H-antigens,
10 (45%) were seropositive for B. thuringiensis HSSA antisera, when examined
by slide agglutination test. The finding suggests that common HSSAs occur
between B. thuringiensis and B. cereus at high frequencies. It should be noted,
however, that there was a discrepancy between the two serotypings; for instance,
five B. cereus isolates with the H6 (enfomocidus) antigen were not agglutinated
with any of the HSSA antisera used, including the VII antiserum against the
reference strain of B. thuringiensis H6 (Ohba and Aizawa 1978).

11.4.2 Parasporal Inclusion Morphotypes

During sporulation, B. thuringiensis synthesizes highly heterogeneous parasporal
proteins (Cry and Cyt proteins) with hydrophobic and amphipathic domains. This
leads to the formation of noticeable parasporal inclusions of several morphotypes.
The shape of the inclusion is a genetically heritable character. The inclusion
morphotypes commonly found in environmental isolates are: bipyramidal (thom-
boidal), spherical (round), cuboidal/rectangular and irregularly pointed. Also,
inclusions with atypical shapes are occasionally found. It is noteworthy that the
spherical parasporal inclusions are often covered with thick, highly electron-dense
envelopes (Wasano et al. 2000; Shisa et al. 2006). Little information is presently
available about the origin and chemical composition of the envelopes.

It is generally accepted that the organisms producing bipyramidal inclusions are
predominantly distributed in both soil and phylloplane environments, followed by
those producing spherical or irregularly pointed ones (Bernhard et al. 1997; Hansen
et al. 1998; Maduell et al. 2002; Armengol et al. 2007). There is a poor correlation
between parasporal inclusion morphotypes and insecticidal activities. Hastowo
et al. (1992) reported that (1) 29% of 41 Indonesian soil isolates with bipyramidal
inclusions exhibited Lepidoptera-specific toxicity, while 71% were non-toxic to
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both Lepidoptera and Diptera, and (2) among 80 isolates with spherical inclusions,
27% were toxic to Lepidoptera, while 73% were non-insecticidal.

11.4.3 Cry Proteins and cry Genes

The current classification scheme for B. thuringiensis parasporal proteins comprises
as many as 55 Cry proteins and two Cyt protein families (Crickmore et al. 2009).
Furthermore, many of these families consist of multiple subfamilies. For the last
three decades, intensive efforts have been made to screen for strains useful for the
microbial control of insect pests.

For this purpose, Cry and Cyt proteins associated with B. thuringiensis natural
isolates have been identified by gene typing that involves PCR tests with specific
primers for the several existing major families of cry genes (Ibarra et al. 2003;
Wang et al. 2003; Apaydin et al. 2005; Binh et al. 2005; Hernandez et al. 2005; Jara
et al. 2006; Armengol et al. 2007; Rosas-Garcia et al. 2008). This method is useful
for primary screening of B. thuringiensis strains with desirable insecticidal activ-
ities. It is conceivable, however, that the presence of cry genes is not always
accompanied by the actual activities wanted. In fact, Shisa et al. (2002a) showed
the discrepancy existing between cry gene-predicted and bioassay-determined
insecticidal activities. In addition, previous investigators have reported the occur-
rence of cryptic cry genes in B. thuringiensis (Hodgman et al. 1993). However, very
little is presently known about the frequency of cryptic cry genes in natural
populations of the organism.

It is generally accepted that the genes predominantly distributed in natural
environments are cryl-allied genes encoding Lepidoptera-specific Cryl proteins.
Also, commonly found are: cry2 genes encoding the proteins toxic to both Lepi-
doptera and Diptera and cry4/cryll genes specific for Diptera. The other cry genes,
including Coleoptera-specific cry3 and Lepidoptera-specific cry9, are occasionally
found, as well as cyt genes encoding Cyt proteins with broad-spectrum cytolytic
activities. Usually, B. thuringiensis isolates retain heterogeneous multiple cry
genes. For example, Maduell et al. (2002) reported that approximately 55% of the
Colombian isolates, recovered from Piper (pepper) phylloplanes, had a gene profile
consisting of five cryl genes (crylAa, crylAb, crylAc, crylAd, and crylB), while
cryl and cryll coexisted in 8%, and 2% harboured three genes (cryl, cry4, and
cryll). It is noteworthy that the isolates with a gene profile consisting of cry/ and
cry2 occur in natural populations of B. thuringiensis at high frequencies (Hernan-
dez-Rodriguez and Ferré 2009). It is very likely that the transfer of these two genes
between bacteria usually occurs in pairs in natural environments. By analogy, the
isolates with strong mosquitocidal activities commonly contain the combination of
cryd/eryll and cyt genes (Delécluse et al. 2000).

It has been established that the plasmids harbouring cry genes can be experi-
mentally transferred between strains of the B. thuringiensis/B. cereus group at high
frequencies not only in cadavers of lepidopteran insects but also in soils (Glare and
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O’Callaghan 2000). Jarrett and Stephenson (1990) suggested that the plasmid
transfer between B. thuringiensis strains occurs in nature, leading to the production
of new combinations of Cry proteins within populations of bacteria. Subsequently,
in an isolation experiment, Ishii and Ohba (1993) obtained ten B. thuringiensis
isolates, belonging to the three different H serotypes, from a single soil microhabi-
tat. Interestingly, there was no difference between these isolates in characteristics of
parasporal inclusion proteins, in mosquitocidal and hemolytic activities, SDS-
PAGE profiles and immunological properties (Ishii and Ohba 1993, 1994). The
observations strongly suggest that the mosquitocidal activity of these isolates is due
to a single-origin-derived genetic element that is transmissible among bacterial
populations inhabiting soils. Similarly, Wasano et al. (1998) reported that two
Lepidoptera-specific B. thuringiensis isolates, derived from a single soil source,
were allocated to different H-serotypes, while no significant differences were
evident in other characteristics between the two isolates.

11.4.4 Cry Protein-Associated Biological Activities

11.4.4.1 Insecticidal Activity

As mentioned above (see Sect. 11.3), B. thuringiensis is widely distributed in both
soil and phylloplane environments. It seems, however, that there is a difference
between the two environments in the frequencies of insecticidal B. thuringiensis.
Damgaard et al. (1997) reported that 68% of the isolates, recovered from cabbage
phylloplanes in Denmark, exhibited larvicidal activity against Lepidoptera, sug-
gesting that the population of B. thuringiensis on phylloplanes is different from that
normally found in soils. Similarly, in Japan insecticidal isolates occurred on
phylloplanes of various plants at relatively high frequencies: 23% (Mizuki et al.
1999a) and 49% (Noda et al. 2009). These results are in marked contrast to those
obtained in Japanese soils, where the soil populations contained insecticidal
B. thuringiensis at rather low levels of <10% (Ohba and Aratake 1994; Ohba
et al. 2002a, b), and often as low as <3% (Ohba et al. 2000; Yasutake et al.
2007). These findings lead to the hypothesis that the organisms with insecticidal
Cry proteins have a habitat preference for the phylloplane rather than soil.

Another fact, that should be stressed, is that non-insecticidal B. thuringiensis
strains outnumber insecticidal ones in natural environments. There is argument
over the use of the term “non-insecticidal”, because the insecticidal activity test
usually involves only several major insect pests, representing Lepidoptera, Diptera
and Coleoptera. Thus, it is likely that the non-insecticidal group contains, if not
many, at least some organisms with unidentified narrow-spectrum insecticidal
activities. However, a more likely possibility is that the non-insecticidal parasporal
proteins may have biological activities as yet undiscovered. The examples include
anti-cancer cytocidal activities as described below.
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11.4.4.2 Anti-cancer Activity

B. thuringiensis populations in nature contain organisms that synthesize parasporal
proteins that have unique biological activities apart from toxicity to insects. Mizuki
et al. (1999b) were the first to report the occurrence of non-insecticidal B. thur-
ingiensis strains, whose Cry proteins are preferentially toxic to certain human
cancer cells in vitro but not to normal cells. These anti-cancer activities were
found in 22 motile isolates, belonging to several H serotypes, and 20 non-motile
isolates. Subsequently, a Cry protein, designated parasporin, was cloned from one
of the non-motile organisms (Mizuki et al. 2000). According to the current classifi-
cation scheme for parasporin (PS), a total of 12 PS proteins, belonging to the four
families PS1, PS2, PS3, and PS4, have been cloned from B. thuringiensis isolates,
mostly occurring in soils of Japan (Ohba et al. 2009). Interestingly, there are no
genealogical relationships between the four PS protein families. Also, marked
differences are evident in anti-cancer cytotoxicity spectra and activity levels
between the four PS proteins (Ohba et al. 2009). It is very likely that each of the
four PS proteins has its own cancer cell-killing mechanism through specific binding
to its respective receptor.

Members of the soil microflora commonly contain aerobic and anaerobic endo-
spore-forming bacteria that produce parasporal inclusions, belonging to various
species of several genera: Bacillus, Brevibacillus, Paenibacillus, and Clostridium.
It would be worthwhile to examine such bacteria, in addition to B. thuringiensis, for
the production of novel parasporal proteins with anti-cancer activities.

11.4.4.3 Others

The diversity of B. thuringiensis Cry proteins has provided two more unique
activities of medical and veterinary importance. One is toxicity against animal
and human parasitic nematodes and the other is against protozoans causing human
and animal diseases.

Wei et al. (2003) showed that the three Cry proteins (Cry5SB, 14A, and 21A)
were highly toxic not only to free-living and plant parasitic nematodes, but also to
free-living larvae of the rodent-parasitic nematode Nippostrongylus. Subsequently,
Kotze et al. (2005) reported that the two strains, selected from 410 B. thuringiensis
strains, were significantly toxic to the three economically important nematode
parasites of livestock in Australia. These two strains contained either Cry5SA and
Cry5B proteins or a Cryl3 protein. It is of particular interest to note that a
therapeutic activity against the human and animal hookworm parasite Ancylostoma
ceylanicum, a blood-feeding gastrointestinal nematode, is associated with Cry5
proteins (Cappello et al. 2006).

Kondo et al. (2002) examined parasporal inclusion proteins from 816 Japanese
strains of B. thuringiensis, isolated from soils, aquatic environments and silkworm-
rearing insectaries, for anti-protozoan activity against Trichomonas vaginalis, the
causative agent of sexually transmitted vaginal trichomoniasis. This provided two
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soil isolates, both belonging to H serotype 13/29 (serovar pakistani/amagiensis),
with parasporal proteins highly toxic to the protozoan in vitro. Neither insecticidal
activity nor parasporin activity against cancer cells was associated with these two
isolates. The toxic proteins have not been identified as yet. In addition, it is
uncertain whether the protozoan-killing factors from these strains have a therapeu-
tic activity against vaginal trichomoniasis.

Recently, Xu et al. (2004) have claimed that the injection of parasporal proteins
of seven B. thuringiensis soil isolates protected mice from infection with Plasmo-
dium berghei, a malaria parasite of animals. It is unclear, however, from the
observation that the proteins of the isolates are capable of killing Plasmodium cells.

11.5 Dispersal and Persistence in Nature

For years, extensive ecological studies have been made by many investigators to
understand how B. thuringiensis is dispersed and how it persists in natural environ-
ments. Overall studies have shed some light on the life of B. thuringiensis strains
with highly insecticidal Cry proteins (Jensen et al. 2003). However, it is still among
the basic questions how non-insecticidal B. thuringiensis, outnumbering insecti-
cidal ones as mentioned above (see Sect. 11.4.4.1), live in natural ecosystems.

It has been generally accepted that B. thuringiensis spores can survive in soil for
long periods, with half-lives of 100-200 days, while the half-life on phylloplane
and in water is much shorter than in soil (Glare and O’Callaghan 2000). Usually,
B. thuringiensis hardly grows in natural soils. Akiba et al. (1980) showed that none
of the 24 soils from different localities were permissive for the growth of
B. thuringiensis, while the growth was evident in sterilized soils with pH values
of 5.5-7.1. The observations strongly suggest that the failure of B. thuringiensis to
proliferate in natural soils is largely due to the presence of competitive soil micro-
organisms and low pH. Later, West et al. (1985) reported that supplementing soil
with additional nutrients supported a good growth of the organism. By analogy,
cadavers of insects provide nutrient-rich environments supporting the proliferation
of B. thuringiensis (Akiba 1986; Takatsuka and Kunimi 1998). These findings
provide insight into the life of B. thuringiensis, as a saprophyte, in soil environ-
ments. Interestingly, Takatsuka and Kunimi (1998) reported that there was little
evidence available for horizontal transmission of B. thuringiensis in larval popula-
tion of Ephestia kuehniella, a lepidopteran pest in stored-product environments.

As described above (see Sect. 11.3.2), B. thuringiensis is commonly found on
phylloplanes of various plants. However, its life cycle on plants has been little
explored. Recently, Maduell et al. (2007) reported that B. thuringiensis was dis-
persed poorly from the soil or the seed to bean leaves, and between the leaves of the
same plants. In this regard, it is noteworthy that the organism multiplies to some
extent on bean phylloplanes, but much less than do the other coexisting epiphytic
bacteria such as Pseudomonas fluorescens (Maduell et al. 2008). Apparently,
B. thuringiensis is a poor colonist on bean phylloplanes, and the limitation of
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nutrients available from leaf surface is solely responsible for poor colonization of
the organism.

Of particular interest are the results obtained by Bizzarri and Bishop (2007) that
B. thuringiensis was recovered from the phylloplane of clover, Trifolium hybridum,
over a growing season, and three simultaneous and sudden rises and declines of
both spore and vegetative cell densities were observed. The findings clearly show
that B. thuringiensis is able to complete its life cycles on the phylloplane. However,
it is presently uncertain whether the organism has a plant preference for inhabiting
the phylloplane.

11.6 Concluding Remarks

B. thuringiensis is a common member of the microbial flora associated with soil and
phylloplane environments. It is a cosmopolitan, found in most regions of the world,
even in Antarctica. Usually, the organism occurs at a frequency of <10% among
the populations of the B. cereus group in soil and phylloplane. B. thuringiensis
populations in nature show a great diversity of genetic and phenotypic character-
istics. In fact, numerous flagellar (H) serotypes and cry-gene types are contained in
both soil and phylloplane populations. Of particular interest is that various
biological activities are associated with parasporal inclusion proteins. Examples
include (1) the insecticidal activities, with different toxicity spectra and various
toxicity levels, against several insect orders including Lepidoptera, Diptera and
Coleoptera, (2) the toxicity specific for free-living and human and animal parasitic
nematodes, (3) the protozoan toxicity against human-pathogenic Trichomonas and
(4) the cytocidal activity preferential for human cancer cells. Another interesting
fact is that the majority of B. thuringiensis natural isolates produce parasporal
inclusion proteins with orphan activities. B. thuringiensis parasporal inclusion
proteins have hydrophobic and amphipathic domains that easily interact with cell
membranes by recognizing target proteins specifically. This encourages us to fish
for orphan receptors with parasporal inclusion proteins in search of novel biological
activities.

References

Akiba Y (1986) Microbial ecology of Bacillus thuringiensis. VII. Fate of Bacillus thuringiensis in
larvae of the silkworm, Bombyx mori, and the fall webworm, Hyphantria cunea. Jpn J Appl
Entomol Zool 30:99-105

Akiba Y, Sekijima Y, Aizawa K, Fujiyoshi N (1980) Microbial ecological studies on Bacillus
thuringiensis. IV. The growth of Bacillus thuringiensis in soils of mulberry plantations. Jpn J
Appl Entomol Zool 24:13-17

Apaydin O, Yenidiinya AF, Harsa S, Giines H (2005) Isolation and characterization of Bacillus
thuringiensis strains from different grain habitats in Turkey. World J Microbiol Biotechnol
21:285-292



230 M. Ohba

Aptosoglou SG, Sivropoulou A, Koliais SI (1997) Distribution and characterization of Bacillus
thuringiensis in the environment of the olive in Greece. Microbiologica 20:69-74

Armengol G, Escobar MC, Maldonado ME, Orduz S (2007) Diversity of Colombian strains of
Bacillus thuringiensis with insecticidal activity against dipteran and lepidopteran insects.
J Appl Microbiol 102:77-88

Berliner E (1915) Uber die Schlaffsucht der Mehlmottenraupe (Ephestia kiihniella Zell.) und ihren
Erreger Bacillus thuringiensis n. sp. Z Angew Entomol 2:29-56

Bernhard K, Jarrett P, Meadows M, Butt J, Ellis DJ, Roberts GM, Pauli S, Rodgers P, Burges HD
(1997) Natural isolates of Bacillus thuringiensis: worldwide distribution, characterization, and
activity against insect pests. J Invertebr Pathol 70:59-68

Binh ND, Chau NQ, Nguyet NA, Canh NX, Herrou J, Huong PM, Tuan ND, Asano S, lizuka T
(2005) Bacillus thuringiensis distribution in soil of Vietnam. In: Binh ND, Akhurst RJ, Dean
DH (eds) Biotechnology of Bacillus thuringiensis, vol 5. Science and Technics, Hanoi,
pp 141-152

Bizzarri MF, Bishop AH (2007) Recovery of Bacillus thuringiensis in vegetative form from the
phylloplane of clover (Trifolium hybridum) during a growing season. J Invertebr Pathol
94:38-47

Cappello M, Bungiro RD, Harrison LB, Bischof L], Griffitts JS, Barrows BD, Aroian RV (2006)
A vpurified Bacillus thuringiensis crystal protein with therapeutic activity against the hook-
worm parasite Ancylostoma ceylanicum. Proc Natl Acad Sci USA 103:15154-15159

Charles J-F, Delécluse A, Nielsen-LeRoux C (2000) Entomopathogenic bacteria: from laboratory
to field application. Kluwer Academic, Dordrecht

Crickmore N, Zeigler D, Bravo A, Schnepf E, Lereclus D, Baum J, Van Rie J, Dean D (2009)
Bacillus thuringiensis toxin nomenclature. http://www.lifesci.sussex.ac.uk/home/Neil_
Crickmore/Bt/

Damgaard PH (2000) Natural occurrence and dispersal of Bacillus thuringiensis in the environ-
ment. In: Charles J-F, Delécluse A, Nielsen-LeRoux C (eds) Entomopathogenic bacteria: from
laboratory to field application. Kluwer Academic, Dordrecht, pp 23-40

Damgaard PH, Hansen BM, Pedersen JC, Eilenberg J (1997) Natural occurrence of Bacillus
thuringiensis on cabbage foliage and in insects associated with cabbage crops. J Appl Micro-
biol 82:253-258

Damgaard PH, Abdel-Hameed A, Eilenberg J, Smits PH (1998) Natural occurrence of Bacillus
thuringiensis on grass foliage. World J Microbiol Biotechnol 14:239-242

de Barjac H, Bonnefoi A (1962) Essai de classification biochimique et sérologique de 24 souches
de Bacillus du type B. thuringiensis. Entomophaga 7:5-31

Delécluse A, Juarez-Pérez V, Berry C (2000) Vector-active toxins: structure and diversity. In:
Charles J-F, Delécluse A, Nielsen-LeRoux C (eds) Entomopathogenic bacteria: from labora-
tory to field application. Kluwer Academic, Dordrecht, pp 101-125

DeLucca AJ, Simonson JG, Larson AD (1981) Bacillus thuringiensis distribution in soils of the
United States. Can J Microbiol 27:865-870

Forsyth G, Logan NA (2000) Isolation of Bacillus thuringiensis from Northern Victoria Land,
Antarctica. Lett Appl Microbiol 30:263-266

Glare TR, O’Callaghan M (2000) Bacillus thuringiensis: biology, ecology and safety. Wiley,
Chichester

Goldberg LJ, Margalit J (1977) A bacterial spore demonstrating rapid larvicidal activity against
Anopheles sergentii, Uranotaenia unguiculata, Culex univittatus, Aedes aegypti and Culex
pipiens. Mosquito News 37:355-358

Hansen BM, Damgaard PH, Eilenberg J, Pedersen JC (1998) Molecular and phenotypic charac-
terization of Bacillus thuringiensis isolated from leaves and insects. J Invertebr Pathol
71:106-114

Hastowo S, Lay BW, Ohba M (1992) Naturally occurring Bacillus thuringiensis in Indonesia.
J Appl Bacteriol 73:108-113


http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/
http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/

11 Bacillus thuringiensis Diversity in Soil and Phylloplane 231

Hernandez CS, Andrew R, Bel Y, Ferré J (2005) Isolation and toxicity of Bacillus thuringiensis
from potato-growing areas in Bolivia. J Invertebr Pathol 88:8—-16

Hernandez-Rodriguez CS, Ferré J (2009) Ecological distribution and characterization of four
collections of Bacillus thuringiensis strains. J Basic Microbiol 49:152—-157

Hodgman TC, Ziniu Y, Shen J, Ellar J (1993) Identification of a cryptic gene associated with an
insertion sequence not previously identified in Bacillus thuringiensis. FEMS Microbiol Lett
114:23-30

Hyakutake T, Ichimatsu T, Mizuki E, Ohba M (2001) A rapid screening technique for Bacillus
thuringiensis using image processing. Jpn J Appl Entomol Zool 45:9-14

Ibarra JE, del Rincon MC, Orduz S, Noriega D, Benintende G, Monnerat R, Regis L, de Oliveira
CMF, Lanz H, Rodriguez MH, Sanchez J, Pefia G, Bravo A (2003) Diversity of Bacillus
thuringiensis strains from Latin America with insecticidal activity against different mosquito
species. Appl Environ Microbiol 69:5269-5274

Iriarte J, Bel Y, Ferrandis MD, Andrew R, Murillo J, Ferré J, Caballero P (1998) Environmental
distribution and diversity of Bacillus thuringiensis in Spain. Syst Appl Microbiol 21:97-106

Ishii T, Ohba M (1993) Characterization of mosquito-specific Bacillus thuringiensis strains
coisolated from a soil population. Syst Appl Microbiol 16:494-499

Ishii T, Ohba M (1994) Haemolytic activity associated with parasporal inclusion proteins of
mosquito-specific Bacillus thuringiensis soil isolates: a comparative neutralization study.
FEMS Microbiol Lett 116:195-200

Ishiwata S (1901) On a kind of severe flacherie (sotto disease). Dainihon Sanshi Kaiho 114:1-5

Jara S, Maduell P, Orduz S (2006) Diversity of Bacillus thuringiensis strains in the maize and bean
phylloplane and their respective soils in Colombia. J Appl Microbiol 101:117-124

Jarrett P, Stephenson M (1990) Plasmid transfer between strains of Bacillus thuringiensis infecting
Galleria mellonella and Spodoptera littoralis. Appl Environ Microbiol 56:1608-1614

Jensen GB, Hansen BM, Eilenberg J, Mahillon J (2003) The hidden lifestyles of Bacillus cereus
and relatives. Environ Microbiol 5:631-640

Johnson C, Bishop AH (1996) A technique for the effective enrichment and isolation of Bacillus
thuringiensis. FEMS Microbiol Lett 142:173-177

Kaur S, Singh A (2000) Natural occurrence of Bacillus thuringiensis in leguminous phylloplanes
in the New Delhi region of India. World J Microbiol Biotechnol 16:679-682

Kikuta H, Igarashi N, Tatebayashi C, Ogino S, Murata K (2001) Distribution of Bacillus thur-
ingiensis in forest soil of Hokkaido. J Seric Sci Jpn 70:1-9

Kondo S, Mizuki E, Akao T, Ohba M (2002) Antitrichomonal strains of Bacillus thuringiensis.
Parasitol Res 88:1090-1092

Kotze AC, O’Grady J, Gough JM, Pearson R, Bagnall NH, Kemp DH, Akhurst RJ (2005) Toxicity
of Bacillus thuringiensis to parasitic and free-living life-stages of nematode parasites of
livestock. Int J Parasitol 35:1013-1022

Krieg A, Huger AM, Langenbruch GA, Schnetter W (1983) Bacillus thuringiensis var. tenebrio-
nis: ein neuer, gegeniiber Larven von Coleopteren wirksamer Pathotyp. Z Angew Entomol
96:500-508

Lecadet M-M, Frachon E, Cosmao Dumanoir V, Ripouteau H, Hamon S, Laurent P, Thiéry I
(1999) Updating the H-antigen classification of Bacillus thuringiensis. J Appl Microbiol
86:660-672

Lee D-H, Machii J, Ohba M (2002) High frequency of Bacillus thuringiensis in feces of herbivo-
rous animals maintained in a zoological garden in Japan. Appl Entomol Zool 37:509-516

Logan NA (2005) Bacillus anthracis, Bacillus cereus, and other aerobic endospore-forming
bacteria. In: Borriello SP, Murray PR, Funke G (eds) Topley & Wilson’s microbiology and
microbial infections. Bacteriology. Hodder Arnold, London, pp 922-952

Maduell P, Callejas R, Cabrera KR, Armengol G, Orduz S (2002) Distribution and characteriza-
tion of Bacillus thuringiensis on the phylloplane of species of Piper (Piperaceae) in three
altitudinal levels. Microb Ecol 44:144-153



232 M. Ohba

Maduell P, Armengol G, Llagostera M, Lindow S, Orduz S (2007) Immigration of Bacillus
thuringiensis to bean leaves from soil inoculum or distal plant parts. J Appl Microbiol
103:2593-2600

Maduell P, Armengol G, Llagostera M, Orduz S, Lindow S (2008) B. thuringiensis is a poor
colonist of leaf surfaces. Microb Ecol 55:212-219

Martin PAW, Travers RS (1989) Worldwide abundance and distribution of Bacillus thuringiensis
isolates. Appl Environ Microbiol 55:2437-2442

Mizuki E, Ichimatsu T, Hwang S-H, Park YS, Saitoh H, Higuchi K, Ohba M (1999a) Ubiquity of
Bacillus thuringiensis on phylloplanes of arboreous and herbaceous plants in Japan. J Appl
Microbiol 86:979-984

Mizuki E, Ohba M, Akao S, Yamashita S, Saitoh H, Park YS (1999b) Unique activity associated
with non-insecticidal Bacillus thuringiensis parasporal inclusions: in vitro cell-killing action
on human cancer cells. J Appl Microbiol 86:477-486

Mizuki E, Park YS, Saitoh H, Yamashita S, Akao T, Higuchi K, Ohba M (2000) Parasporin, a
human leukemic cell-recognizing parasporal protein of Bacillus thuringiensis. Clin Diagn Lab
Immunol 7:625-634

Noda T, Kagoshima K, Uemori A, Yasutake K, Ichikawa M, Ohba M (2009) Occurrence of
Bacillus thuringiensis in canopies of a natural lucidophyllous forest in Japan. Curr Microbiol
58:195-200

Ohba M (1996) Bacillus thuringiensis populations naturally occurring on mulberry leaves: a
possible source of the populations associated with silkworm-rearing insectaries. J Appl Bac-
teriol 80:56-64

Ohba M, Aizawa K (1978) Serological identification of Bacillus thuringiensis and related bacteria
isolated in Japan. J Invertebr Pathol 32:303-309

Ohba M, Aizawa K (1986) Distribution of Bacillus thuringiensis in soils of Japan. J Invertebr
Pathol 47:277-282

Ohba M, Aratake Y (1994) Comparative study of the frequency and flagellar serotype flora of
Bacillus thuringiensis in soils and silkworm-breeding environments. J Appl Bacteriol
76:203-209

Ohba M, Iwahana H, Asano S, Suzuki N, Sato R, Hori H (1992a) A unique isolate of Bacillus
thuringiensis serovar japonensis with a high larvicidal activity specific for scarabaeid beetles.
Lett Appl Microbiol 14:54-57

Ohba M, Ueda K, Aizawa K (1992b) Serotyping of Bacillus thuringiensis environmental isolates
by extracellular heat-stable somatic antigens. Can J Microbiol 38:694—695

Ohba M, Wasano N, Mizuki E (2000) Bacillus thuringiensis soil populations naturally occurring in
the Ryukyus, a subtropical region of Japan. Microbiol Res 155:17-22

Ohba M, Shisa N, Thaithanun S, Nakashima K, Lee D-H, Ohgushi A, Wasano N (2002a) A unique
feature of Bacillus thuringiensis H-serotype flora in soils of a volcanic island of Japan. J Gen
Appl Microbiol 48:233-235

Ohba M, Tsuchiyama A, Shisa N, Nakashima K, Lee D-H, Ohgushi A, Wasano N (2002b)
Naturally occurring Bacillus thuringiensis in oceanic islands of Japan, Daito-shoto and Oga-
sawara-shoto. Appl Entomol Zool 37:477-480

Ohba M, Mizuki E, Uemori A (2009) Parasporin, a new anticancer protein group from Bacillus
thuringiensis. Anticancer Res 29:427-434

Quesada-Moraga E, Garcia-Tovar E, Valverde-Garcia P, Santiago—Alvarez C (2004) Isolation,
geographical diversity and insecticidal activity of Bacillus thuringiensis from soils in Spain.
Microbiol Res 159:59-71

Rosas-Garcia NM, Mireles-Martinez M, Hernandez-Mendoza JL, Ibarra JE (2008) Screening of
cry gene contents of Bacillus thuringiensis strains isolated from avocado orchards in Mexico,
and their insecticidal activity towards Argyrotaenia sp. (Lepidoptera: Tortricidae) larvae.
J Appl Microbiol 104:224-230

Sasaki J, Asano S, Bando H, lizuka T (1994) Characteristics of Bacillus thuringiensis isolated
from soil in Hokkaido area of Japan. J Seric Sci Jpn 63:361-366



11 Bacillus thuringiensis Diversity in Soil and Phylloplane 233

Shisa N, Wasano N, Ohba M (2002a) Discrepancy between cry gene-predicted and bioassay-
determined insecticidal activities in Bacillus thuringiensis natural isolates. J Invertebr Pathol
81:59-61

Shisa N, Wasano N, Ohgushi A, Lee D-H, Ohba M (2002b) Extremely high frequency of common
flagellar antigens between Bacillus thuringiensis and Bacillus cereus. FEMS Microbiol Lett
213:93-96

Shisa N, Maeda S, Ohba M (2006) Unusual envelopes associated with parasporal inclusions of a
mosquitocidal Bacillus thuringiensis serovar fukuokaensis isolate. J Basic Microbiol 46:64—67

Smith RA, Couche GA (1991) The phylloplane as a source of Bacillus thuringiensis variants. Appl
Environ Microbiol 57:311-315

Takatsuka J, Kunimi Y (1998) Replication of Bacillus thuringiensis in larvae of the Mediterranean
flouer moth, Ephestia kuehniella (Lepidoptera: Pyralidae): growth, sporulation and insecticidal
activity of parasporal crystals. Appl Entomol Zool 33:479-486

Travers RS, Martin PAW, Reichelderfer CF (1987) Selective process for efficient isolation of soil
Bacillus spp. Appl Environ Microbiol 53:1263-1266

Ueda K, Ohba M, Aizawa K (1991) Serogrouping of Bacillus thuringiensis by extracellular heat-
stable somatic antigens. Syst Appl Microbiol 14:291-294

Wang J, Boets A, Van Rie J, Ren G (2003) Characterization of cry/, cry2, and cry9 genes in
Bacillus thuringiensis isolates from China. J Invertebr Pathol 82:63-71

Wasano N, Kim K-H, Ohba M (1998) Delta-endotoxin proteins associated with spherical para-
sporal inclusions of the four Lepidoptera-specific Bacillus thuringiensis strains. J Appl Micro-
biol 84:501-508

Wasano N, Yasunaga-Aoki C, Sato R, Ohba M, Kawarabata T, Iwahana H (2000) Spherical
parasporal inclusions of the Lepidoptera-specific and Coleoptera-specific Bacillus thuringien-
sis strains: a comparative electron microscopic study. Curr Microbiol 40:128-131

Wei J-Z, Hale K, Carta L, Platzer E, Wong C, Fang S-C, Aroian RV (2003) Bacillus thuringiensis
crystal proteins that target nematodes. Proc Natl Acad Sci USA 100:2760-2765

West AW, Burges HD, Dixon TJ, Wyborn CH (1985) Survival of Bacillus thuringiensis and
Bacillus cereus spore inocula in soil: effects of pH, moisture, nutrient availability and indige-
nous microorganisms. Soil Biol Biochem 17:657-665

Xu Z, Yao B, Sun M, Yu Z (2004) Protection of mice infected with Plasmodium berghei by
Bacillus thuringiensis crystal proteins. Parasitol Res 92:53-57

Yasutake K, Binh ND, Kagoshima K, Uemori A, Ohgushi A, Maeda M, Mizuki E, Yu YM, Ohba
M (2006) Occurrence of parasporin-producing Bacillus thuringiensis in Vietnam. Can J
Microbiol 52:365-372

Yasutake K, Uemori A, Kagoshima K, Ohba M (2007) Serological identification and insect
toxicity of Bacillus thuringiensis isolated from the island Okinoerabu-jima, Japan. Appl
Entomol Zool 42:285-290



Chapter 12

Brevibacillus, Arbuscular Mycorrhizae
and Remediation of Metal Toxicity

in Agricultural Soils

Juan Manuel Ruiz-Lozano and Rosario Azcon

12.1 Introduction

Increasing industrial and anthropogenic activities have raised the concentrations of
toxic metals and have caused environmental pollution in agricultural soils, water
and the atmosphere (Amoozegar et al. 2005). In fact, metals such as lead, cadmium,
copper, zinc, nickel and mercury are continuously being added to our soils and pose
a threat to food safety and have other potential health risks for humans owing to
soil-to-plant transfer of metals. Toxic metals can also have considerable detrimental
effects on soil ecosystems and the environment (Khan 2005). Metal contamination
of soil is especially problematic because of the strong adsorption of many metals to
the surfaces of soil particles. From a physiological point of view, metals fall into
three main categories (1) essential and basically non-toxic (e.g. Ca and Mg), (2)
essential but harmful at high concentrations (typically Fe, Mn, Zn, Cu, Co, Ni and
Mo) and (3) toxic (e.g. Hg, Pb or Cd) (Valls and de Lorenzo 2002).

The remediation of soils contaminated with heavy metals is a challenging task
because metals are not easily degraded; the dangers they pose are aggravated by
their almost indefinite persistence in the environment. At present, methods used for
the remediation of soils contaminated by heavy metals, such as physical separation,
acid leaching or electrochemical processes, are not suitable for practical applications
because of their high cost and low efficiency (Rajkumar et al. 2008). Bioremediation,
i.e., the use of living organisms to manage or remediate heavy metal-polluted soils, is
an emerging technology. It is defined as the elimination, attenuation or transforma-
tion of polluting or contaminating substances by the use of biological processes, and
it is a good choice for removing industrial pollution from the environment (Wenzel
2009). In this respect, soil microorganisms play major roles in bioremediation or
biotransformation processes (Kinkle et al. 1994; Amoozegar et al. 2005). Unfortu-
nately, metals cannot be biodegraded. However, microorganisms can interact with
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these contaminants and transform them from one chemical form to another by
changing their oxidation state through the addition of (reduction) or removal of
(oxidation) electrons (Tabak et al. 2005). It is well known that microorganisms
already living in contaminated environments are often well-adapted to survival in
the presence of existing heavy metals and to the oxidation—reduction potential of
the sites. In fact, increased resistance against metal pollution comprises one of the
best-documented examples of rapid microevolutionary changes in soil organisms
that appear to be specifically adapted to constrained habitat conditions. Nonethe-
less, a cornerstone of this adaptative potential is the battery of specific stress
responses that these organisms can deploy, which allow them to respond to the
environmental signals by changing their pattern of gene expression (Aertsen and
Michiels 2005). Certainly, much more research on bacterial heavy-metal resistance
is needed if we are to understand the bacterial evolutionary adaptation mechanisms
related to growth and survival in metalliferous environments.

Bacteria are usually the most numerous organisms in soil, with 10°~10° viable
cells cm 3 (Hafeburg and Kothe 2007). Due to their small sizes, bacteria have a
high surface-to-volume ratio and therefore provide large contact areas for interac-
tions with the surrounding environment. Besides their occurrence in high numbers
and their high surface-to-volume ratios, it is the negative net charge of their cell
envelopes that makes these organisms prone to accumulate metal cations from the
environment (Hafeburg and Kothe 2007). However, although prokaryotes are
usually the agents responsible for most bioremediation strategies, eukaryotes such
as fungi can also transform and degrade contaminants (Tabak et al. 2005).

Microbes exist in complex biogeochemical matrices in subsurface sediments and
soils. Their interactions with metals are influenced by a number of environmental
factors, including solution chemistry, sorptive reactive surfaces, and the presence or
absence of organic ligands and reductants. Microorganisms can interact with metals
via many mechanisms, some of which may be used as the basis of potential
bioremediation strategies. The major types of interaction are summarized in Fig. 12.1.

In addition to the mechanisms outlined in Fig. 12.1, accumulation of metals by
plants (phytoremediation) is becoming an additional established route for the
bioremediation of metal contamination (Tabak et al. 2005). Phytoremediation
uses plants as a way to extract heavy metals from soil (phytoextraction) or to
stabilize the metals in the soil (phytostabilization) and is receiving considerable
attention due to its low cost and high efficiency (Mulligan et al. 2001). However,
heavy metals at elevated levels are toxic to most plants, impairing their metabo-
lisms and reducing plant growth. The efficiency of phytoremediation relies on the
establishment of vital plants with sufficient shoot and root biomass growth, active
root proliferation and/or root activities that can support a flourishing microbial
consortium assisting phytoremediation in the rhizosphere (Wenzel 2009). Soil
microorganisms, including plant root-associated, free-living ones, as well as sym-
biotic rhizobacteria and mycorrhizal fungi in particular, are an integral part of the
rhizosphere biota. The overall result of plant—rhizosphere—microbe interactions is a
higher microbial density and metabolic activity in the rhizosphere, even in metal-
contaminated soils (Khan 2005). Thus, the interactions between plant roots and
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Fig. 12.1 Metal-microbe interactions impacting bioremediation. Taken from Tabak et al. (2005),
with kind permission from Springer Science + Business Media

microbes in the rhizosphere may have a great influence both on the increase of
nutrient uptake and on the decrease of metal toxicity (Rajkumar et al. 2008).
Therefore, the potential use of alternative methods that exploit rhizosphere
microbes to reduce the toxicity of metals, or to eliminate these metals, has been
proposed (Zaidi et al. 2006).

Beneficial interactions between plants and rhizosphere microorganisms have
been demonstrated to alleviate metal toxicity and nutrient deficiency. In fact,
inoculation of heavy metal-resistant, rhizosphere bacterial strains that have been
isolated from metal-polluted soils substantially improved plant growth and devel-
opment (Sheng and Xia 2006; Zaidi et al. 2006). This effect is even more evident if
metal-resistant bacteria are co-inoculated with indigenous arbuscular mycorrhizal
(AM) fungal strains (Vivas et al. 2003a, b, c; 20054, b; 20064, b, c). Thus, we need a
better understanding of the interactions between beneficial microbes such as AM
fungi and heavy metal-resistant rhizobacteria (Whitfield et al. 2004). AM fungi
improve the growth and biomass accumulation of plants and their yields mainly
through the mobilization of nutrients from the soil (Smith and Read 1997), but also
by protecting the host plants from heavy metals in the soil (Vivas et al. 2003a).
Many rhizosphere-colonizing bacteria typically produce metabolites, such as side-
rophores, biosurfactants or organic acids that stimulate plant growth (Glick 1995)
and also may reduce metal availability in the medium. So far, AM fungi and bacteria
have been found in heavy metal-contaminated soils, which is an indication of fungal
and bacterial tolerance (Azcon et al. 2009). Thus, the combination of AM fungi and
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soil bacteria able to remediate metal toxicity is a promising strategy that is being
analyzed in several research projects. These projects allowed isolation of several
AM fungal and Brevibacillus strains from lead-, nickel-, cadmium- and zinc-
contaminated soils (Kadar 1995), showing enhanced tolerances of these metals in
comparison with culture collection strains (Vivas et al. 2003a, b, c; 2005a, b; 200064,
b, ¢). The results obtained so far are summarized in the following section.

12.2 Remediation of Metal Toxicity in Agricultural Soils
by Brevibacillus and Arbuscular Mycorrhizae

12.2.1 Lead

The pollution of soils with lead owing to human activities poses a major environ-
mental and human health problem (Leyval et al. 1997). The sources of lead in the
soil are diverse, including the burning of fossil fuels, mining and smelting of
metalliferous ores, municipal wastes, fertilizers, pesticides, sewage sludge, pig-
ments and spent batteries (Mercier et al. 2002). There are public health implications
if plant foods accumulate high concentrations of leads; furthermore, leaf fall and
dispersal may pose a hazard (Pichtel et al. 2000).

An agricultural soil from Nagyhorcsok Experimental Station (Hungary) was
contaminated in 1991 with suspensions of 13 microelement salts applied separately.
Each salt was applied at four levels (0, 30, 90 and 270 mg kg~ ') as described by
Bir6 et al. (1998). In a later study Vivas et al. (2003a) isolated an indigenous
bacterial strain (initially named strain B) from the Pb-polluted soil 10 years after
contamination and tested its influence both on red clover (Trifolium pratense)
growth and on the functioning of native mycorrhizal fungi in the face of Pb toxicity.

Results showed that bacterial strain B increased plant growth (Fig. 12.2) and
nutrient accumulation, as well as legume nodule numbers and mycorrhizal infec-
tion, demonstrating its plant-growth-promoting (PGP) activity. In addition, this
bacterial strain exhibited a high Pb tolerance when cultivated under increasing Pb
levels in the growth medium. Therefore this bacterial strain was subjected to
molecular identification. 16S rDNA sequence analysis unambiguously identified
strain B as a member of the genus Brevibacillus, showing the highest similarity
(more than 97%) with the 16S rDNA sequence of Brevibacillus brevis.

The mechanisms involved in the positive effect of the isolated Brevibacillus sp.
as a plant-growth-promoting rhizobacterium (PGPR) are not totally known, but
some authors have reported that PGPRs can influence plant development not only
directly (production of hormones, siderophores or antibiotics, P solubilization or
asymbiotic N fixation), but also indirectly through modifications to the activity of
other plant-microbe interactions, such as the mycorrhizal or the Rhizobium sym-
bioses (Meyer and Linderman 1986; Azcon 1993; Garbaye 1994; Barea et al. 1996),
or by inducing changes in the microbial population balance, for instance by exerting
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Fig. 12.2 Shoot (SDW) and 400 «
root (RDW) dry weights
(mg plant™") of red clover
plants cultivated in soil
amended with 30 mg Pb kg ™. —F—
Treatments were C, Control;
B, Brevibacillus sp.; M, 200 - c
mycorrhizae; M+B,
mycorrhizae + Brevibacillus
sp. a—d, values sharing the
same letter are not
significantly different
according to Duncan’s 0 4 _—
Multiple Range Test

(P < 0.05). Taken from
Vivas et al. (2003a), with
kind permission from
NRC Research Press ¢
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c B M M+B
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Table 12.1 Ratio of Pb concentration to root-weight-unit (mg Pb g dw root™ ") in red clover
plants cultivated in soil amended with 30, 90 or 270 mg Pb kg™

Treatment 30 mg kgf1 90 mg kgf1 270 mg kgf1
C 0.12ab 1.03a 6.60a
B 0.08b 0.74b 4.10b
M 0.07bc 0.35¢ 4.00b
M+B 0.05¢ 0.33¢ 3.30c

Taken from Vivas et al. (2003a), with kind permission from NRC Research Press
Treatments were: C, Control; B, Brevibacillus sp.; M, mycorrhizae; M+B, mycorrhizae
+ Brevibacillus sp.; a—c, see legend to Fig. 12.2

biological control against plant pathogens (Weller and Thomashow 1994). This
Brevibacillus sp. was able to produce 3.8 mg L ™" indole-3-acetic acid (IAA) in vitro
and this might have contributed to the beneficial effects observed, since the
production of IAA or ethylene has been proposed as a mechanism for plant growth
promotion under heavy metal stress (Pishchik et al. 2002).

The amount of Pb absorbed per root-weight-unit decreased considerably in
plants inoculated with Brevibacillus sp. or with AM fungi plus Brevibacillus sp.
(Table 12.1). It has been proposed that soil bacteria are associated with the clay and
organic fractions of the soil microenvironment and would be expected to participate
in the metal dynamics typically ascribed to these soil fractions (Mullen et al. 1989).
Bacteria have a high surface-to-volume ratio (Beveridge 1988) and, as a strictly
physical cellular interface, should have a high capacity for sorbing metals from
solutions (Mullen et al. 1989). Our results show an important ability of Brevibacillus
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sp. for Pb biosorption (26% of the biomass weight) that may have contributed to Pb
removal from soil and to alleviate Pb toxicity for plants.

Another mechanism by which Brevibacillus sp. could have contributed to the
protection of plants against Pb toxicity is by stimulation of root exudates. Root
exudates have a variety of roles, including metal chelation (Hall 2002). In this
study, Brevibacillus sp. induced a bigger root system, probably due to IAA activity.
Thus, it is likely that the amount of root exudates has also increased. In addition, it
is known that the AM mycelium has a high metal sorption capacity compared to
other soil microorganisms (Joner et al. 2000). The ability of soil bacteria to
stimulate the development of arbuscular mycorrhizae has been well documented
(Azcoén 1987; Requena et al. 1997: Gryndler et al. 2000). Hence, it is also likely that
the bacterial stimulation of extra-radical mycelium production by the AM fungi
could have contributed to the protection of host plants from Pb toxicity.

12.2.2 Cadmium

No biological or physiological functions are attributed to cadmium, and it is toxic at
certain concentrations (Bir6 et al. 1995). Based on the chemical properties of Cd,
the possibility of conversion to a less toxic form is likely to be very low. High levels
of Cd negatively affected soil biomass and had a negative effect on dehydrogenase
activity, which was similar to the Cd effect on the microbial biomass (Vivas et al.
2003b). However, microbial inoculation using strains adapted to high Cd concen-
trations can restore the biomass values, since the stimulation of indigenous soil
microbial activity is essential to enhance natural detoxification of contaminated
environments (Voros et al. 1998). In addition, the AM mycelium has been shown to
have a high metal sorption capacity (Joner et al. 2000). Thus, studies were con-
ducted with the objective of testing the effectiveness and compatibility of autoch-
thonous B. brevis and Glomus mosseae strains isolated from a Cd-polluted soil and
adapted to Cd toxicity versus a non-autochthonous G. mosseae strain, not adapted
to Cd, in terms of plant growth, nutrition, heavy metal uptake and symbiotic
development under Cd toxicity (Vivas et al. 2003b, c, 2005b).

The interaction between autochthonous B. brevis and G. mosseae isolated from
Cd-polluted soil increased plant growth, AM colonization and physiological char-
acteristics of the AM infection. Both microorganisms showed the highest functional
compatibility and benefit to the plant when compared with a reference G. mosseae
strain (Fig. 12.3).

The dually inoculated (AM fungus plus B. brevis) plants achieved further growth
and nutrition and less Cd concentration, particularly at the highest Cd level. In fact,
these plants acted in reducing Cd concentration and lowering the proportion of Cd
soil/plant transfer (Table 12.2), but at the same time they were also able to increase
the total Cd accumulation in the shoots, mainly in plants dually inoculated at the
two lowest Cd levels (13.6 and 33.0 mg kg ' Cd). Thus, treated plants can also be
used to facilitate remediation since microbial ability to increase Cd content in
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Fig. 12.3 Effect of indigenous (IM) or reference (RM) Glomus mosseae strains or Brevibacillus
brevis (B) in single or in dual inoculation on shoot and root dry weight (mg) and nodule number of
clover plants cultivated in soil contaminated with 8 pg Cd g~'; C, control; a—e, see legend to
Fig. 12.2. Taken from Vivas et al. (2005b), with kind permission from Elsevier

inoculated plants has the potential to decontaminate the soil in which they
are growing. Results from this study provide evidence that the inoculation of
G. mosseae and B. brevis (both adapted to Cd) decreased Cd concentration by
1.5-, 3.3- or 2.8-fold depending on the available Cd in the soil and increased Cd
uptake by Trifolium plants by two or threefold at 13.6 and 33 mg kg~ ' of Cd,
respectively. These results are consistent with reports suggesting the beneficial use
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Table 12.2 Effect of the inoculation of Brevibacillus brevis (B) and/or mycorrhizal fungus (M)
on soil-plant Cd transfer and cadmium concentration (mg kg~ ' in shoots of clover plants growing
in soil with increasing cadmium levels; a—d, see legend to Fig. 12.2

Microbial treatments  Available Cd (mg kgfl)

13.6 33.0 85.1

Cd transf. Cdconc. Cdtransf. Cdconc. Cd transf. Cd conc.
Control 1.20a 16.3a 1.78a 58.8a 2.60a 149.6a
B 1.30a 17.8a 0.82b 27.0b 1.20b 99.7b
M 0.65b 10.7b 0.45¢ 15.0¢c 0.88¢c 75.6¢
M-+B 0.83b 11.3b 0.30c¢ 17.6¢ 0.64d 54.4d

Taken from Vivas et al. (2003c), with kind permission from Elsevier

of bacteria or mycorrhizal-colonization in plants growing in metal-contaminated
sites (Shetty et al. 1994a, b).

In such a study, B. brevis behaved as a PGPR (Kloepper 1992) but its positive
effect on root biomass was greater than that observed on the shoot. In a comple-
mentary study (Vivas et al. 2005b), B. brevis also behaved as a mycorrhizae-helper
(MH) bacterium (Garbaye 1994), since it promoted mycorrhizal-colonization
(quantitatively and qualitatively) mainly in interaction with autochthonous
G. mosseae. Azcon (1987) described the stimulation of mycorrhizal root coloniza-
tion by IAA-producing bacteria since growth promoting compounds were able to
stimulate the plant susceptibility to AM infection and the growth of extra-radical
AM mycelium. Increased amounts of IAA in the rhizosphere of B. Brevis-inocu-
lated plants were also found, and they may have been correlated to the effect of this
bacterium not only on root growth and nodule formation, but also on the stimulation
of level and activity of mycorrhizal-colonization (Fig. 12.4).

Several mechanisms may be involved in the enhancement of plant Cd tolerance
by the co-inoculation of microorganisms, e.g. the effects of increasing nutrients and
of decreasing concentrations of metals (Cd, Cr, Mn, Cu, Mo, Fe and Ni). The
greater intra- and extra-radical mycorrhizal development and activity by autoch-
thonous microbial strains increased nutrient uptake. Also, the protective effect of
AM colonization against Cd toxicity has been explained by the possibility that
much Cd was retained in the mycorrhizal roots and thus the translocation to the
shoots was inhibited (Weissenhorn and Leyval 1995). Cd biosorption by B. brevis
seems also to contribute to the effects described in this study. In addition, in this Cd-
contaminated soil, rhizospheres from non-inoculated plants showed reduced enzy-
matic activities, which is an indicator of the perturbations caused to the ecosystem
functioning under polluted conditions (Naseby and Lynch 1997). The increase of
enzymatic phosphatase, B-glucosidase and dehydrogenase activities in the rhizo-
spheres of inoculated plants could be due to the effect of nutrient leakage from roots
(quantitative and/or qualitative changes in root exudates). Microbially inoculated
plants showed increased root systems that, in turn, increased carbon and nutrient
leakage to the rhizosphere zone, and this could also account for the enhancement of
plant Cd tolerance by the co-inoculation of these microorganisms.
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Fig. 12.4 Effect of indigenous (IM) or reference (RM) G. mosseae strains or B. brevis (B) in
single or in dual inoculation with IM or RM on phosphatase, B-glucosidase, dehydrogenase
activities and indole acetic acid (IAA) content in rhizospheric soil of Trifolium plant cultivated
in soil contaminated with Cd; C, control; a—e, see legend to Fig. 12.2. Taken from Vivas et al.
(2005b), with kind permission from Elsevier

12.2.3 Nickel

Although nickel is generally known as an essential microelement, excessive con-
centrations of this and other metals in soils are toxic to plants, bacteria and fungi.
Thus, elevated Ni levels might reduce AM-root-colonization and root nodule
formation even at levels which did not yet affect plant growth (Chao and Wang
1990). According to Charudhry et al. (1998), Ni was among the most toxic metals to
R. leguminosarum bv trifoli. Reductions in nodule size and nitrogenase activity
were also observed in white clover grown in metal-polluted soils (Martensson
1992). This evidence suggests that microorganisms are far more sensitive to
heavy metal stress than plants growing on the same soils.

In a study carried out with a Ni-contaminated soil 10 years after soil contamina-
tion (Kadar 1995) we could isolate two bacterial strains and a G. mosseae strain,
both adapted to Ni-toxicity. The activities of these microorganisms against Ni
toxicity were tested in a study with clover plants in soil contaminated with three
different levels of Ni (Vivas et al. 2006b). The two bacterial strains showed
different behaviours. Both strains exhibited higher tolerance to Ni than a reference
Brevibacillus strain when growing axenically in culture media supplemented with
Ni (Fig. 12.5), with strain B (identified as B. brevis) being more tolerant and
effective than strain A.
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with 0 (control), 20, 40, 60 or 80 mg Ni L. Taken from Vivas et al. (2006b) with kind permission

from Elsevier
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Fig. 12.6 Nodule numbers
in red clover grown in soil
amended with 30 (Ni I), 90
(Ni II) or 270 mg NiSO, kg™
(Ni III). Treatments were:

C, Control; A, bacterium A;
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Fig. 12.7 Shoot and root dry weights (mg plant™') in red clover grown in soil amended with
270 mg NiSO, kg™'; a—f, see legend to Fig. 12.2. Treatments were as described for Fig. 12.6.
Taken from Vivas et al. (2006b) with kind permission from Elsevier

Results from this study showed that the formation of symbiotic associations
(mainly in the nodules) decreased as available Ni in the soil increased (Fig. 12.6).
However, under more stressed Ni conditions the combination of B. brevis (strain B)
and AM symbiosis were very effective in enhancing growth values (Fig. 12.7) and
in decreasing Ni acquisition (Fig. 12.8).

N,-fixation by Rhizobium spp. is one of the most important biological processes,
but it is highly sensitive to metal contamination as determined at the highest Ni
level used. It is observed that an important role of microbial inoculation of Ni-
polluted soils is the ability to improve symbiotic associations by AM colonization
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Fig. 12.8 Ni concentration in red clover plants grown in soil amended with 270 mg NiSO, kg™ ;

a—d, see legend to Fig. 12.2. Treatments were as described for Fig. 12.6. Taken from Vivas et al.
(2006b) with kind permission from Elsevier

and rhizobial nodulation of legume plants. The factors involved in improving
nodule formation under such stress conditions may be a combination of effects,
including the supply of available P to nodules, which is critical for legume-
development in polluted habitats. The bacterial inoculation could, in addition,
facilitate plant root development by altering the hormonal balance (Burd et al.
2000). Thus, mycorrhizal-colonization, particularly in B. brevis-inoculated plants,
was very effective in increasing nodulation whatever the Ni level.

Results also showed that at whatever the level of Ni supplied to the soil,
inoculated plants have decreased amounts of Ni absorbed per unit of root mass.
Retention of this metal in the root zone would result in a lower amount being
transported to the shoot, as found for inoculated plants. Simon et al. (2001) reported
the potential importance of Ni availability on toxicity to plants. But results provided
by Vivas et al. (2006b) showed that the detrimental effect of Ni could be reduced by
the interactive effect of selected beneficial microbes in the soil-plant system. When
roots of the plants growing in Ni-polluted soils were co-inoculated with B. brevis
and the AM fungus G. mosseae, the plants’ uptake of Ni per mg of root (specific
absorption rate, SAR) reduced considerably, and this decreased SAR for Ni seems
to be the main effect associated with the improved plant biomass of inoculated
plants (Table 12.3).

In the study conducted by Vivas et al. (2006b), AM-colonized roots reduced the
total Ni uptake. Both the metal tolerant mycorrhizal inoculum of G. mosseae and
B. brevis protected the plants against the toxic effect of excessive concentration of
Ni, by reducing Ni concentration in plant tissues. The microbial associations
assayed may potentially affect the uptake of Ni in different ways depending on
the combination of factors, such as via hyphal chelation or sequestration in the
vacuolar membrane vesicles (Nishimura et al. 1998). Similarly, the bacterial iso-
lates can immobilize metals by a direct mechanism as was demonstrated for Cd
(Vivas et al. 2005b), and/or as mycorrhizae by helping organisms to improve extra-
radical biomass of the AM fungus (Garbaye 1994).

Mycorrhizal root development when associated with B. brevis was less nega-
tively affected by Ni stress conditions. This fact could be particularly relevant for
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Table 12.3 Effect of native bacteria A or B (B. brevis) and/or native AM inoculum M (G.
mosseae) on specific absorption rate (SAR, expressed as pg Ni g_1 root) values for Ni in plants
growing with increasing levels of available Ni in soil; a—f, see legend to Fig. 12.2

Microbial treatments Available Ni (mg kgfl)
11.7 27.6 65.8

C 0.070a 0.139a 0.450a
A 0.046b 0.092b 0.310b
B 0.022cd 0.067¢ 0.166¢
M 0.022cd 0.040d 0.177c
M+A 0.032c 0.047d 0.166¢
M-+B 0.015f 0.018f 0.056d

Taken from Vivas et al. (2006b) with kind permission from Elsevier.

improving plant growth and nutrient acquisition. Different strategies might be
involved in preventing plant toxicity damage. Changes in metal uptake and/or
internal transportation storage can confer metal tolerance to the host plant (Scholeske
et al. 2004). The microbial inocula used (AM fungus and/or B. brevis) seem to confer
tolerance to Ni by affecting metal availability and uptake. Changes in root exudates,
pH and physico-chemical properties of the soil (Grichko et al. 2000) may be involved
and such changes could reduce metal root uptake or translocation from root to shoot
tissue. The benefits that legume plants obtain from the AM symbiosis under Ni-
polluted conditions are more relevant in co-inoculations with B. brevis.

12.24 Zinc

Zinc is an essential metal for normal plant growth and development since it is a
constituent of many enzymes and proteins. However, excessive concentrations of
this metal are well known to be toxic to most living organisms. Elevated concen-
trations of Zn exist in many agricultural soils owing to management practises
including application of sewage sludge or animal manure, and from mining activ-
ities, and this may represent a risk to environmental quality and sustainable food
production (Li and Christie 2001). Zinc only occurs as the divalent cation Zn**,
which does not undergo redox changes under biological conditions. Zinc is a
component in a number of enzymes and DNA-binding proteins, for example
zinc-finger proteins, which exist in bacteria. In humans, zinc toxicity may be
based on zinc-induced copper deficiency; however, zinc is apparently less toxic
than copper. In Escherichia coli, the toxicity of zinc is similar to that of copper,
nickel and cobalt (Crowley and Dungan 2002).

Using white clover (Trifolium repens), Vivas et al. (2006c) tested the effect of
inoculation with an indigenous bacterial isolate and an AM fungus on Zn tolerance
in terms of plant growth, nutrient uptake, Zn acquisition and symbiotic develop-
ment. The microbial strain used was isolated from a long-term Zn contaminated
area from a Hungarian (Nagyhorcsok) experimental field (Kadar 1995). This
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bacterial strain (B) stimulated biomass production by plants growing in Zn polluted
soil, mainly in co-inoculation with the AM fungus (Fig. 12.9) and it was subjected to
molecular identification, which unambiguously identified the strain B as B. brevis.

Microbially treated plants also showed reduced shoot concentrations of Zn since
the proportion of soil/plant Zn transfer was decreased by the inoculants, particularly
when in association (Table 12.4).

Most commonly, the mechanism of resistance in prokaryotes is an efflux of the
toxic metals by the action of P-type ATPases or secondary efflux systems (Nies and
Silver 1995; Paulsen and Saier 1997). An important mechanism in this respect is the
synthesis of extracellular polymeric substances, a mixture of polysaccharides,
mucopolysaccarides and proteins which can bind significant amounts of potentially
toxic metals and entrap precipitated metal sulphides and oxides. In bacteria,
peptidoglycan carboxyl groups are main cationic binding sites in Gram-positive
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Fig. 12.9 Shoot and root dry weights (mg plant™") of white clover plants cultivated in soil
amended with 24, 68 or 215 pg Zn gfl. Treatments were: C, control; B, Brevibacillus brevis;
M, mycorrhizae; M+B, mycorrhizae + B. brevis; a—d, see legend to Fig. 12.2. Taken from Vivas
et al. (2006¢), with kind permission from Elsevier

Table 12.4 Ratio Zn concentration to root-weight-unit (jig Zn g~ ' dw root) in white clover plants

cultivated in soil amended with 24, 68 or 215 pg Zn g"; a—d, see legend to Fig. 12.2
1 1

1

Treatment 24 ng g 68 ug g 215pg g™
C 0.49a 0.45a 1.06a
B 0.13b 0.10b 0.37b
M 0.05¢ 0.05¢ 0.40c
M+B 0.03d 0.02d 0.13d

Taken from Vivas et al. (2006c), with kind permission from Elsevier.
Treatments were as described for Fig. 12.9.
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species. Chitin, phenolic polymers and melanins are important structural compo-
nents of fungal walls and these are also effective biosorbents for metals.

The B. brevis strain studied possesses cellular mechanisms (biosorption and
bioaccumulation) involved in the detoxification of Zn in the growth medium.
Such metabolic abilities may be related to the Zn tolerance and also to the Zn
reduction in the medium (Zhou 1999). However, Brevibacillus cells accumulated
only a 5.6% of Zn from a culture medium supplemented with Zn (Vivas et al.
2006c¢). Thus, this biomass sorption did not totally explain the effects found. The
data obtained rather suggest that the ability of the bacteria tested to protect plants
against the inhibitory effects of high concentrations of Zn is related to their capacity
to stimulate plant growth by synthesis of IAA, as has been shown for many PGPRs
(Burd et al. 2000). A low level of IAA produced by rhizobacteria promotes primary
root elongation, whereas a high level of IAA stimulates lateral and adventitious root
formation but inhibits primary root growth (Xie et al. 1996). Thus, PGP bacteria can
facilitate plant growth by altering the plant hormonal balance.

In addition, in AMF-colonized plants, the expression of genes encoding plasma
membrane transporters affecting element accumulation by plants has been reported
(Burleigh and Bechmann 2002). The expression of a Zn transporter gene (MtZI1P2)
was decreased in roots of mycorrhizal plants at a high Zn concentration of
100 mg g~ ', as described by Burleigh et al. (2003). Thus, concentration of Zn in
tissues of AM plants was lower than in non-mycorrhizal plants growing under Zn
contamination. Also, Gonzalez-Guerrero et al. (2005) suggested the role of
GintZnTI, encoding a putative Zn transporter in Zn compartmentalization and in
the protection of Glomus intraradices against Zn stress. Thus, if AM fungal-
colonized plants accumulate Zn in the roots such as Chen et al. (2003) observed,
and if on the other hand bacteria can also bind some (5.6%) of this metal, apart from
the benefit to plant growth and nutrition, the additive effects can explain the
alleviation of the detrimental effects caused by Zn in dually inoculated plants.

In another study aimed at investigating the effect of B. brevis on the axenic
development of G. mosseae (its rate of spore germination and hyphal development)
under different levels of Zn added to a water agar medium, we observed that axenic
development of the AM fungus was enhanced under increasing levels of Zn when
B. brevis was inoculated (Vivas et al. 2005a). Bacterial inoculation was a critical
factor for reaching maximum growth rates of germination and mycelial develop-
ment under non-polluted, and particularly, under polluted conditions. In fact,
G. mosseae isolated from polluted sites required this biological influence from bacteria
to achieve greater development. Spores of G. mosseae demonstrated a 56% increase in
mycelial growth (without Zn) and a 133% increase (with 200 pg Zn ml™") when
inoculated with the bacterium, in comparison with uninoculated spores (Table 12.5).
Moreover, in a subsequent study, the same bacterium not only stimulated presymbiotic
AM fungal development but also the quantity and quality (metabolic characteristics)
of mycorrhizal-colonization, with the highest improvement being for arbuscular
vitality and activity (Vivas et al. 2006a).
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Table 12.5 Effect of Brevibacillus brevis on mycelial (hyphal) growth from G. mosseae spores on
axenic medium supplemented with three different concentrations of Zn after 3 weeks of incuba-
tion; a—c, see legend to Fig. 12.2

Treatment Zn levels Hyphal development % of control
(ng mL’l) (mm spore") treatment
G. mosseae 0 16.0b 100
10 12.0b 75
50 6.0c 38
200 3.0c 19
G. mosseae + B. brevis 0 25.0a 156
10 15.0b 94
50 10.0bc 63
200 7.0c 44

Taken from Vivas et al. (2005a), with kind permission from Springer Science + Business Media

12.3 Conclusions and Future Prospects

Current research in biotechnology includes investigations that use plants to facili-
tate remediation. Results highlight that the most adapted rhizosphere microbial strains
(fungi and/or bacteria) tend to cope and to prevail in heavy metal-contaminated
soils, and microbial interactions seem to be crucial for plant survival in heavy
metal-polluted soils. Hyphae of metal-adapted AM fungi may have the capacity to
bind metals present in roots or in the rhizosphere and this activity would decrease
metal translocation from the root to the shoot, which has been proposed as a
mechanism for enhancing plant tolerance. On the other hand, metal-adapted
Brevibacillus strains have demonstrated metal biosorption abilities, and PGP and
MH activities. Thus, dual inoculation of plants with native Brevibacillus strains and
AM fungi seems to be a strategy which can be recommended for promoting plant
growth in heavy metal-polluted soils. The isolation of efficient metal-adapted
microorganisms may be an interesting biotechnological tool for inoculation pur-
poses in contaminated soils. Knowledge of the mechanisms by which mycorrhizal
adapted fungi and bacteria alleviate heavy metal toxicity in plants growing in
contaminated environments would allow the management of microbial groups
with suitable characteristics to be used in bioremediation purposes.

The future research should also take into account the combination of these
microbial activities with those of transformed agrowaste residues. In fact, in order
to successfully establish the plant cover in a contaminated soil, biological and
physical soil characteristics need to be improved. To reach this objective, the
application of transformed organic agrowaste residues has been proposed as an
interesting and sustainable tool (Medina et al. 2004, 2006). Lignocellulosic materi-
als can be used after biotransformation processes, as organic amendments. Agro-
wastes treated with Aspergillus niger and supplemented with rock phosphate (RP)
have been applied in soil alone or together with PGP microorganisms such as
AM fungi for revegetation purposes (Medina et al. 2006). During the agrowaste
fermentation process by A. niger, RP is solubilized and the cellulosic product is
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transformed into more simple sugar compounds. These simple sugars can be used as
energy sources for heterotrophic microorganisms that require such compounds for
growth and metabolic activities (Bowen and Rovira 1999).

The use of agrowastes as soil amendments represents an input of organic matter
that can improve soil structure and fertility (Roldan et al. 1996). Moreover, physical
immobilization of heavy metals in soil could be accomplished using amendments
since organic matter makes strong complexes with heavy metals (Bolan and
Duraisamy 2003; Hartley et al. 2004). The influence of the amendment on AM
intra- and extra-radical mycelium in contaminated soils is also important. Previous
studies made by our research group have shown the positive effect of the applica-
tion of A. niger-treated sugar beet in improving the stability of soil aggregates, soil
biological characteristics, enzymatic activities, AM functionality and plant growth
in single or multicontaminated soils (Medina et al. 2006; Vivas et al. 2009).

Also, A. niger-treated dry olive cake residue, having high lignin and phenolic
contents, seems to have a direct effect on plant growth by improving plant
nutrition and decreasing Cd bioavailability in soil (Medina, personal communica-
tion). Another positive effect may be the recovery of soil properties, as has been
reported earlier. Microbial (A. niger) degradation of agrowastes of lignocellulosic
composition provides compounds rich in polysaccharides and available P (from
RP solubilization). The metabolic (enzymatic) activity of rhizosphere microor-
ganisms involved in nutrient cycling increased with amendments applied to
contaminated soils.

Our results showed that the combination of PGPR such as Brevibacillus, AM
fungi and the transformed agrowaste amendments is a successful biotechnological
tool for improving plant growth in contaminated soils. Thus, we conclude that this
combined sustainable system can be regarded as an important strategy in order to
improve bioremediation of heavy metal-contaminated soils.

12.4 Protocols

12.4.1 Molecular Identification of Bacteria

Total DNA from bacterial isolates is obtained as described by Giovannetti et al.
(1990) and characterized by sequence analysis of the small ribosomal subunit (16S
ribosomal DNA). PCR amplification is carried out with the eubacterial primers 27f
(5-GAGAGTTTGATCCTGGCTCAG-3’) and 14951 (5'-CTACGGCTACCTTGT-
TACGA-3") (Lane 1991) located, respectively, at the extreme 5’ and 3’ ends of the
ribosomal rDNA sequence, which allows the amplification of nearly the entire
gene. The amplification reactions are performed in a 20-ml volume containing
0.5 mM concentrations of each primer, 100 mM dNTPs, 1x PCR buffer (Sigma,
St. Louis, MO, USA), 2.5 mM MgCl,, 10 ng of genomic DNA and 0.25 U Taqg DNA
polymerase (Sigma). The Thermal Cycler is programmed with the following
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parameters: initial denaturation at 95°C for 4 min, followed by 30 cycles of
denaturation at 94°C for 30 s, annealing at 56°C for 45 s, elongation at 72°C for
1 min and a final elongation at 72°C for 5 min. The amplified DNA is then purified
following electrophoresis through a 1.2% agarose gel with the QIAEX II Gel
Extraction Kit (Qiagen, Hilden, Germany) and cloned into a T-A-type plasmid
(e.g. pGEM plasmid, Promega) for sequencing. The sequence obtained is then sub-
jected to database searches for 16S rDNA sequence similarity using FASTA and
BLAST algorithms, which will allow identification of the closest bacterial relative.

12.4.2 Bacterial Capability for Metal Biosorption

The study of the metal biosorption ability for different bacterial strains can be
carried out as described by Kanazawa and Mori (1996) with some modifications.
Briefly, bacteria are grown in 250 mL of nutrient broth until reaching one unit of
optical density (600 nm). Then the cells are harvested by centrifugation at 7,000 x g
for 30 min, and the bacterial pellet is washed twice with Ringer’s solution (NaCl
0.85%, CaCl, 0.03%, KCI 0.025%, NaHCO5; 0.02%). The harvested biomass is
incubated for 1 h at 28°C with a solution containing known amounts of the metal
under study (e.g. 267 pg Zn mL ™" as Zn SO4.7H,0, in the case of Zn as the metal
under study).

The suspension is then centrifuged at 7,000 x g and filtered through a 0.45-pm
Millipore membrane to separate the biomass from the filtrate. The biomass is dried,
weighed and heavy metals are extracted by nitric acid (24 h). The metal content of
both biomass and supernatants is determined by atomic absorption spectrometry.
The metal biosorption capacity is determined by the ratio between the metal present
in the bacterial biomass and that present in the supernatant.

12.4.3 Bacterial Production of Indole-3-Acetic Acid

The production of IAA by bacteria can be measured by the method of Wohler
(1997). The bacteria are grown overnight in nutrient broth and then collected by
centrifugation at 1,000 x g for 5 min. The bacterial pellet is then incubated at 37°C
for 24 h with 3 mL of phosphate buffer (pH 7.5) with glucose (1%) and 2 mL of
L-tryptophan (1%). After incubation, 2 mL of 5% trichloroacetic acid and 1 mL of
0.5 M CaCl, are added to inactivate the enzymes involved in the bioassay of auxin.
The resulting solution is filtered through Whatman no. 2 filter paper. Three mL of
the filtrate are transferred to a test tube and mixed with 2 mL of salper solution
(2 mL 0.5 M FeCl; and 98 mL 35% perchloric acid). The mixture is incubated for
30 min at 25°C in the dark. Then the absorbance of the resulting solution is
measured at 535 nm. The calibration curve ranges from 0.5 to 10 ug IAA mL ™.
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12.4.4 Bacterial Capacity to Tolerate Increasing Amounts
of Metal in the Medium

The growth of the bacterial strains isolated from heavy metal-polluted soils can be
tested in comparison with reference bacterial strains from culture collections (Vivas
et al. 2003a). Bacterial strains are cultivated at 28°C in nutrient broth (8 g L
supplemented with increasing amounts of the metal under study (e.g. 0, 25, 50, 75
or 100 pg mL ™" Zn, supplied as ZnSO,). The number of viable cells is estimated as
cfu mL™" at 1-h intervals from O to 16 h following the conventional procedure:
1 mL of suspension is spread-plated on agar nutrient broth medium (8 g L ™).

12.4.5 Specific Metal Absorption Rate (SAR)

SAR for a given metal is defined as the amount of metal absorbed per unit of root
biomass (Gray and Schlesinger 1983) and is calculated as follows:
SAR = Plant metal content (pg)/Root mass (g).

12.4.6 Bacterial Ability to Stimulate Germination
and Development of AM Fungal Spores
in Presence or Absence of Heavy Metal

The study is conducted in 9-cm diameter Petri dishes containing water-agar (1%
Difco Bacto agar) adjusted to pH 7.0 with or without addition of a range of heavy
metal (e.g. 0, 10, 50, or 200 pg mL " Zn levels as ZnSO,). Spores of an AM fungus
are obtained from the AM inoculum by the wet sieving and decanting technique
(Ann et al. 1990). The spores are surface sterilized with Chloramine-T, streptomy-
cin and Tween 80 mixture for 20 min and then washed five times in sterile water
(Mosse 1962). A total of five surface-sterilized spores of the AM fungus are
transferred by sterile capillary pipettes to each Petri dish and located on the vertices
of a pentagon of about 3.5 cm each side. The bacterium grown in nutrient broth
medium for 24-48 h at 28°C is inoculated (0.5 mL having 108 cfu mL™") in the
centre of the dish, equidistant from the five AM spores.

The incubation is carried out at 25°C in the dark and the plates are sealed with
parafilm to reduce dehydration and contamination risks. At least seven replicates
per treatment must be run. Germination rate and hyphal growth of AM spores are
assessed after 3 weeks of incubation. An AM spore is considered germinated if a
germ tube is clearly visible. Hyphal development is determined as described by
Hepper and Jakobsen (1983).



254 J.M. Ruiz-Lozano and R. Azc6n

12.4.7 Soil Enzymatic Activities

In rhizosphere soil samples, acid phosphatase activity is determined using
p-nitrophenyl phosphate disodium (PNPP, 0.115 M) as substrate. Two millilitres
of 0.5 M sodium acetate buffer adjusted to pH 5.5 using acetic acid (Naseby and
Lynch 1997) and 0.5 ml of substrate are added to 0.5 g of soil and incubated at 37°C
for 90 min. The reaction is stopped by cooling at 2°C for 15 min. Then, 0.5 ml of
0.5 M CaCl, and 2 ml of 0.5 M NaOH are added, and the mixture is centrifuged at
15,000 x g for 5 min. The p-nitrophenol (PNP) formed is determined in a spectro-
photometer at 398 nm (Tabatabai and Bremner 1969). Controls are made in the
same way, although the substrate is added after the CaCl, and NaOH.

B-glucosidase is determined using p-nitrophenyl-B-p-glucopyranoside (PNG,
0.05 M; Masciandaro et al. 1994) as substrate. Two millilitres of 0.1 M maleate
buffer (pH 6.5) and 0.5 mL of substrate are added to 0.5 g of sample and incubated
at 37°C for 90 min. The reaction is stopped with tris-hydroxymethyl amino-
methane, according to Tabatabai (1982). The amount of PNP is determined in a
spectrophotometer at 398 nm (Tabatabai and Bremner 1969).

Dehydrogenase activity is determined according to Garcia et al. (1997). For this,
1 g of soil at 60% of its water holding capacity is exposed to 0.2 mL of 0.4% INT
(2-p-iodophenyl-3-p-nitrophenyl-5-phenyltetrazolium chloride) in distilled water
for 20 h at 22°C in darkness. The INTF (iodo-nitrotetrazolium formazan) formed
is extracted with 10 mL of methanol by shaking vigorously for 1 min and filtering
through a Whatman no. 5 filter paper. INTF is measured spectrophotometrically at
490 nm.
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Chapter 13
Geobacillus Activities in Soil and Oil
Contamination Remediation

Ibrahim M. Banat and Roger Marchant

13.1 Introduction

The genus Geobacillus has only existed since the year 2001, when it was proposed
by Nazina et al. (2001). That is not to say, however, that we were unaware of this
group of organisms, since Nazina et al. built the new genus around previously
described members of the genus Bacillus that had been placed in genetic group V by
Ash et al. (1991), using 16S rRNA gene sequence information. Nazina et al. used
Bacillus stearothermophilus, a well known and extensively investigated thermo-
philic organism, as the type species for the new genus and transferred a number of
related thermophilic species of Bacillus into Geobacillus. Adding to this core of
Geobacillus species, Nazina et al. (2001) proposed two new species that they had
isolated from deep oil reservoirs. Since that original description of the genus with
eight species a further nine, from a variety of sources, have been described. These
include G. toebii from composting plant material (Sung et al. 2002), G. debilis from
temperate soil environments (Banat et al. 2004), Geobacillus pallidus which was
originally proposed as Bacillus pallidus by Scholz et al. (1987) and reassigned by
Banat et al. (2004), G. vulcani (proposed as Bacillus vulcani, Caccamo et al. 2000)
from marine geothermal sources and transferred to Geobacillus by Nazina et al.
(2004) and G. tepidamans (Schaffer et al. 2004) from geothermal sources in Austria
and Yellowstone National Park. A complete listing of current valid species for the
genus Geobacillus can be found at http://www.bacterio.cict.fr/g/geobacillus.html.
What is clear from this listing of species is that members of the genus can be
isolated from a wide variety of different environmental sources. Some of these
situations are those where we would expect to find obligately thermophilic bacteria,
i.e., geothermally active areas, both terrestrial and marine. The observation that
Geobacillus spp. also occur in composting plant material is logical, since this is
another environment where temperatures up to 60°C are readily experienced by
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microorganisms. On the other hand, the recovery of quite high concentrations of
thermophilic Geobacillus spp. from temperate soil environments, and not just in the
surface layers but also at considerable depth, is much harder to explain (Marchant
et al. 2002a, b). Traditionally, the search for thermophilic microorganisms has
focused on hot environments, but we must now examine a wider range of potential
habitats and explore the means by which thermophiles can be transported to such
areas if they are unable to grow and reproduce in the conditions found there. The
first requirement of any such investigation is to establish the actual and potential
activities of these thermophiles.

13.2 The Growth and Metabolism of Geobacillus Species

A starting point is to look at the description of the genus published by Nazina et al.
(2001). The organisms were described as rod-shaped and producing one endospore
per cell, with cells occurring either singly or in short chains and being motile by
means of peritrichous flagella. Interestingly, subsequent observations of Geobacillus
spp. have shown that extremely long cells may be produced under some conditions
(Marchant et al. 2002a). These cells appear to lack cross walls and are therefore not
chains of short rods, but they are subsequently capable of dividing to yield normal-
sized rods through a process of progressive binary fission. The factors controlling
this behaviour have not yet been identified. Cells have a Gram-positive cell wall
structure but may stain Gram-variable. They are chemo-organotrophs that are
aerobic or facultatively anaerobic, using oxygen as the terminal electron acceptor
— replaceable by nitrate in some species. Geobacillus spp. are obligately thermo-
philic with a growth range of 37-75°C and optima of 55-65°C, and they are
neutrophilic with a growth range of pH 6.0-8.5. The G+C content of DNA is
48.2-58 mol% with 16S rRNA gene sequence similarities of higher than 96.5%
(Nazina et al. 2001).

From the above definition of the genus it would appear that any Geobacillus spp.
existing in subsurface soil layers in temperate regions would be non-growing. The
standard methods for evaluating growth of bacteria under laboratory conditions
involve setting up cultures either on solid media or in liquid culture at appropriate
temperatures and observing growth over relatively short periods of time. This does
not exclude the possibility that organisms may be growing and dividing extremely
slowly. To test this, Marchant et al. (2006) employed a molecular technique to
examine gene expression over a temperature range in G. thermoleovorans. A gene
not expected to be present in other thermophilic bacteria, alkane hydroxylase, was
selected and the level of expression of this gene was determined at temperatures
above and below the permissive growth temperature of 40°C, using reverse tran-
scriptase PCR techniques. The system was first established in pure culture condi-
tions and subsequently in soil microcosms. It was clear from this work that the
alkane hydroxylase gene was readily expressed at or above 40°C, but that expres-
sion could not be detected below this temperature. These data seemed to eliminate
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the hypothesis that aerobic growth was taking place in sub-surface soil layers.
There did, however, remain the possibility that G. thermoleovorans, which pos-
sesses a full set of denitrification genes, could grow and divide anaerobically at
lower temperatures in the lower soil layers. This hypothesis was tested by examining
the denitrification activity of the organism over a temperature range that spanned
the permissive growth temperature (Pavlostathis et al. 2006). Once again, activity
was detectable only above 40°C — seemingly eliminating the likelihood of growth
and cell division taking place at ambient temperatures in soil.

One interesting observation connected with G. toebii was recorded by Rhee et al.
(2000, 2002) who described a bacterium, “Symbiobacterium toebii” that has a
symbiotic relationship requiring the products of cell lysis of G. foebii to allow
growth. Further work (Kim et al. 2008) has now been carried out to characterize the
cell lysis and metabolic products involved in this symbiosis, although complete
identification of the molecules has not been made. This rather unusual symbiotic
relationship raises the question of whether other Geobacillus spp. could be involved
in similar interactions and whether cell lysis on a scale sufficient to provide
metabolites for a symbiont is likely to occur during growth. Pavlostathis et al.
(2006) have carried out an extensive study of the growth of G. thermoleovorans in
batch and continuous flow fermentation systems. These studies have shown that
under conditions of high growth rate followed by substrate exhaustion, not just of
carbon but of other nutrients as well, extensive cell lysis takes place and that —
beyond a certain point of commitment — reinstatement of the nutrient level fails to
prevent lysis. Flow cytometry studies carried out at the same time demonstrated that
at these high growth rates the death rate was correspondingly high. Since G. toebii
and S. roebii have been isolated from thermophilic fermentation of plant material, it
is quite possible that cell lysis sufficient to sustain the symbiotic relationship does
actually take place.

13.3 Hydrocarbon Degradation by Geobacillus Species

Many of the species of Geobacillus have been isolated from oilfields and more
specifically from deep oil wells. Not surprisingly, these organisms show well-
developed abilities to degrade a range of hydrocarbons of different chain lengths.
The ability of all Geobacillus spp. to degrade such molecules has not been fully
investigated, and thus alkane-degrading activity has not been reported for G.
lituanicus, G. pallidus, G. tepidamans and G. thermoglucosidasius, with G. debilis
reported to have only weak ability (Banat et al. 2004). The absence of a reported
alkane-degrading activity does not necessarily imply the inability of the organism
in this activity, but may simply represent the fact that it has not been examined. We
can say therefore that hydrocarbon degradation is a widespread capability of
members of the genus Geobacillus, but may not be universal. There have been
few reports on the range of hydrocarbons utilized by particular organisms. Marchant
et al. (2002b) examined the ability of soil isolates of G. caldoxylosilyticus, G. toebii
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and G. thermoleovorans, to utilize a range of alkanes from pentane to nonadecane,
including hexane, heptane, dodecane, hexadecane and octadecane and the polyaro-
matic hydrocarbons (PAHs) naphthalene, anthracene and kerosene. The patterns of
utilization were dissimilar between the different species, and different strains of G.
thermoleovorans also differed in their abilities to use these substrates. There was
not even a clear differentiation between use of short-chain and longer-chain
alkanes. The main conclusion to be drawn from this work was that the PAHs are
more refractory to degradation. In a recent study (Sood and Lal 2008) it has been
shown that a strain of Geobacillus kaustophilus has the ability to degrade paraffinic
hydrocarbons (waxes) that create problems in some oilfields through deposition in
pipe work. Hydrocarbons in the range C,0—C3( are broken down by this organism,
which raises the possibility that the organism can be used to clean and maintain the
systems in problematic oilfields.

Feng et al. (2007) have recently reported the presence of a plasmid-borne
putative monooxygenase gene in Geobacillus thermodenitrificans NG80-2, which
is responsible for the conversion of C;5—Cj3¢ alkanes into the corresponding primary
alcohols. Crude oil used as the sole carbon source for growth led to a 120-fold
increase in gene transcription. The gene is somewhat unusual in that it has only 33%
sequence identity with DBT-5,5'-dioxide monooxygenase of Paenibacillus sp.
A11-2 (Ishii et al. 2000) and no similarity with other alkane monooxygenases.

Feitkenhauer et al. (2003) have reported the use of G. thermoleovorans in a
continuous-flow fermentation system to degrade phenol at 65°C, but this was a
laboratory-scale set of experiments and there have been no other studies of alkane
degradation either at a laboratory scale or at a larger industrial scale. One feature of
other hydrocarbon-degrading bacteria is the ability to produce biosurfactant mole-
cules that can make the hydrocarbons more amenable to degradation. There have,
however, not been any reports of Geobacillus spp. producing biosurfactants, and we
have never observed evidence of such production in any of our cultures.

13.4 The Genetics of Geobacillus

A considerable amount of genetic information exists for members of the genus
Geobacillus since complete genome sequences have been published for G. kausto-
philus HTA426 (Takami et al. 2004a) and G. thermodenitrificans NG80-2 (Feng
et al. 2007), and draft sequences for G. stearothermophilus strain 10 (prepared at
the University of Oklahoma) and G. thermoleovorans T80 (University of Ulster) are
available in the public databases. Detailed examination of the genome sequences
for these organisms has offered interesting insight into thermophilic adaptation in
Geobacillus spp. Since they are closely related to a wide range of mesophilic,
aerobic endospore-formers, different groups of researchers anticipated that there
would be clear indications of specific adaptation to growth at high temperature in
the genome sequences. These expectations have been, to a great extent, frustrated.
A number of basic mechanisms for thermophily can be postulated and tested: these



13 Geobacillus Activities in Soil and Oil Contamination Remediation 263

include the lateral transfer of specific genes from other thermophilic bacteria such
as Archaea, the specific modification of the mesophilic gene sequences to produce
more thermostable gene products and the use of chaperonins to protect gene
products from damage. The only published analyses are those of Takami et al.
(2004b) and Feng et al. (2007). These workers found it extremely difficult to
identify specific characteristics in the genomes of Geobacillus spp. that could be
linked to thermophily. The published genome of G. kaustophilus is 3.54 Mb in size
and contains 37% of the genes (1,308) shared with other of mesophilic, aerobic
endospore-formers. Very few of the genes that are common with mesophiles,
particularly those in the core metabolic pathways, show any significant sequence
variation and very few of the genes can be identified as orthologues of genes from
other thermophilic organisms such as members of the Archaea. This situation holds
also for the genome of G. thermoleovorans (unpublished results). An identifiable
characteristic of the Geobacillus spp. is, however, the presence of large numbers
of transposon sequences (55 in G. thermodenitrificans, 80 in G. kaustophilus),
and these are in contrast with low numbers in Bacillus subtilis, B. cereus and
B. anthracis (Takami et al. 2004b; Feng et al. 2007). The presence of these
sequences indicates that lateral gene transfer may have been an important feature
for these organisms and may also suggest that active evolution of the species is still
taking place. Analysis of the draft genome sequence for G. thermoleovorans T80
(Matzen et al. unpublished) has led to the identification of two cassettes of genes for
RAMP (Repair Associated Mysterious Proteins) that are not present in the genomes
of mesophilic endospore-formers and which do not appear in the complete genomes
of G. kaustophilus or G. thermodenitrificans. These groups of genes seemed to be
potentially important for the mechanisms of thermophily, and therefore further wet
laboratory experiments were carried out on the genomes of the previously
sequenced strains of G. kaustophilus and G. thermodenitrificans. This work showed
that the RAMP cassettes are indeed present in these organisms and had been either
missed during the original shotgun sequencing or had been eliminated during the
final assembly of the genome (Matzen et al. unpublished). The recent identification
of CRISPRs (clustered regularly interspaced short palindromic repeats) in prokary-
otic genomes and their association with 45 CRISPR-Associated (Cas) protein
families can explain how the RAMP cassettes (which are now known to be Cas
genes) could become eliminated during genome assembly (Haft et al. 2005). What
role these Cas genes play, and whether they are important for thermophily remain
matters for conjecture. There is little evidence from the analysis of the Geobacillus
genomes to support the view that large numbers of key genes have been laterally
transferred from other thermophilic organisms, particularly members of the
Archaea, or that base substitution or coding changes have produced more tempera-
ture-resistant versions of pre-existing mesophile genes. An interesting question is,
therefore, not so much how these organisms grow at high temperatures, but why
they do not grow at the same temperatures as mesophiles?

The genetic basis of alkane degradation has been extensively reported for a
number of different bacteria, including Pseudomonas putida (van Beilen et al.
2001), Acinetobacter (Ratajczak et al. 1998a, b) and Rhodococcus erythropolis
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(Whyte et al. 2002). In these studies it has been shown that the components of the
alkane degradation system are organized into two operons, with an alkane mono-
oxygenase catalysing the first step and with up to four different gene homologues
present (alkBI—alkB4). Marchant et al. (2006) used sequence information from the
genes in Rhodococcus spp. and Prauserella rugosa to construct degenerate primers
for a segment of the alkB gene in G. thermoleovorans T80. The objective of this
approach was to use the expression of the alkane monooxygenase gene as a measure
of the metabolic activity of the bacterium in soil conditions at various temperatures.
The culture work had suggested that there was no detectable growth at temperatures
below 40°C in laboratory conditions. This observation was confirmed by molecular
studies using reverse transcriptase PCR methods — with no expression of the gene
detectable at temperatures below 40°C, but clear evidence of expression at all
higher temperatures. Since many of the species of Geobacillus have been isolated
from high temperature environments, it is not surprising to find that they only grow
at these temperatures, but what is paradoxical is that large numbers of these
seemingly obligate thermophiles can be recovered from temperate soils where the
temperature can never reach the growth-permissive range.

13.5 The Potential of Geobacillus Species for Remediation
of Hydrocarbon-Contaminated Sites

The first real indication that thermophilic bacteria might have significant roles in the
remediation of hydrocarbon-contaminated sites came from the application of a
process for the steam stripping of volatile hydrocarbons from soil (Newmark and
Aines 1998); this was developed at the Lawrence Livermore National Laboratory in
America. The process involved the injection of steam through pipes inserted into the
contaminated site and the collection of the volatile hydrocarbons displaced by the
steam. The system was capable of removing large proportions of the contaminants
but, as a corollary, elevated the temperature of the whole site; this elevated tempera-
ture persisted for extended periods (measured in weeks) following cessation of the
steam injection. It was observed that levels of hydrocarbon contamination continued
to decline during this period, and microbiological investigations established that
thermophilic hydrocarbon-degrading bacteria were responsible. These observations
support the view that elevating the temperature of a contaminated site could promote
the activity of thermophiles and facilitate the process of bioremediation.

Any process of bioremediation requires a number of components to be in place,
including appropriate nutritional status and the presence of active microorganisms
to achieve the remediation. In many instances, specific steps are taken to ensure
suitable conditions through the addition of nutrients and by bioaugmentation with
selected and adapted organisms. In the case of the steam-stripping system, the
temperature increase had caused the growth stimulation of existing microorganisms
in the site and no bioaugmentation was undertaken.
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The observations from contaminated sites are supported by data on n-hexadecane
degradation in various microcosm treatments. These were set up at room tempera-
ture and at 60°C in sterile and non-sterile soils containing 2% (v/v) n-hexadecane,
and either with or without supplements of additional nutrient elements. The results
(Fig. 13.1) showed that the controls containing sterile soil had minimal losses of
hexadecane over a period of 40 days; abiotic loss of alkane in sterile soil owing to
physico-chemical processes such as photo-oxidation, volatilization and evaporation
were shown to be insignificant. In contrast, the microcosms containing non-sterile
soil showed progressive losses of hexadecane over the incubation period, and
nutrient supplementation produced enhanced degradation at both room temperature
and 60°C. These results indicated that the soil, although originally uncontaminated,
contained an indigenous microbial population capable of supporting bioremedia-
tion and also confirmed the ubiquity of hydrocarbon-degrading microorganisms.
Interestingly, these data suggested that in this cool soil there existed a community
not only of mesophilic alkane degraders but also thermophilic degraders. What was
also clear is that degradation at 60°C, reaching more than 65%, was considerably
greater and more rapid than that at room temperature. In parallel with the degrada-
tion there was an increase in microbial numbers, with thermophiles increasing
about 10-fold while the mesophile numbers only doubled (Table 13.1; Marchant
et al. 2006). It should be noted, however, that the initial numbers of mesophiles
were two orders of magnitude greater than those of the thermophiles. These results
demonstrated that degradation of alkanes at ambient temperature is probably
carried out by mesophilic bacteria, but that thermophiles are capable of achieving
higher levels of degradation at appropriate temperatures.
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Table 13.1 Viable cell counts for mesophilic and thermophilic bacteria taken from soil micro-
cosms at 0 and 40 days

Treatments (CFU/g of soil) (CFU/g of soil)
at room temp. at 60°C

At zero time

1 SS ND ND

2 NSS 9.5 x 10° 1.2 x 10*

3 NSS + NPK 7.5 x 10° 2.0 x 10*

After 40 days

4 SS ND ND

5 NSS 1.3 x 108 8.5 x 10*

6 NSS + NPK 1.5 x 108 2.1 x 10°

Results are means of five replicates (Marchant et al. 2006).
SS sterile soil, NSS non-sterile soil, NPK nitrogen, potassium and phosphorous additive, ND no
colonies detected.
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Further microcosm experiments were carried out, in which non-sterile soils
containing hexadecane were augmented with G. thermoleovorans T80, then incu-
bated at ambient temperature and 60°C; the latter is optimum for this species
(Perfumo et al. 2007). The results (Fig. 13.2) showed higher hexadecane degrada-
tion at the higher temperature, and this was significantly increased by augmentation
with the bacterium (>70%); it was less than approximately half this amount for
those kept at ambient temperature, where augmentation had no significant effect on
the amount of degradation. G. thermoleovorans T80 was isolated from a similar soil
(i.e. it was an autochthonous organism) and has been shown to have no apparent
activity at temperatures below 40°C. Being an autochthonous soil strain was an
additional advantage, as that probably helped it to avoid the survival difficulties
faced by exogenous microorganisms when introduced to the soil.

In general the above results demonstrated that, irrespective of the treatment, all
the microcosms incubated at 60°C had hydrocarbon degradation levels approxi-
mately twofold higher than those of microcosms kept at ambient temperature. This
indicated that increased operating temperatures might significantly enhance natural
attenuation in soil, by removal of contaminants from the soil particles by mobilizing
them and increasing their solubilities. Moreover, the response of the indigenous
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microbial population at the elevated temperature showed the activation of a community
of thermophilic degraders, which suggested an intrinsic potential for natural atten-
uation in such cool soils through thermally enhanced bioremediation techniques.

The supplementing of soils with limiting nutrients or their augmentation with
thermophilic Geobacillus spp. produced additional degradation, resulting in a
maximum of >70% removal of n-hexadecane within a 40-day period. Thermally
enhanced bioremediation may therefore reduce in situ remediation treatment times
or be used as a complementary treatment to follow other physical techniques.
Further investigation into the most cost-effective methods to provide the energy
needed for soil heating, and augmentation procedures to stimulate the process,
remain to be carried out.

13.6 Geographical Distribution of Geobacillus Species

A critical question to be answered, therefore, if such remediation processes are to be
more widely exploited, is whether we can be certain that hydrocarbon-degrading
thermophiles are reliably present at every site. Basic studies of the distribution of
these organisms, since we know that they are unable to grow at temperatures below
40°C, assume greater importance in this context and will allow us to know whether
we can expect every site to contain them, without specific testing.

Since it seemed that the relatively large numbers of Geobacillus spp. found in
sub-surface regions of temperate soils (< 10%/g soil Marchant et al. 2002b) could not
come from growth in situ, the possible input from other sources was investigated.
Surprisingly, significant numbers of thermophiles are deposited annually through
rainfall, and the population structure of these organisms differs markedly from the
population of purely airborne thermophiles (Marchant et al. 2008). This population
structure difference between airborne and rainwater bacteria, and the fact that
numbers of organisms in rainfall cannot be correlated with wind direction or with
intensity of rainfall, support the hypothesis that these are not airborne bacteria
washed out of the air by rain. If this is the case then we must look more widely for
the sources of thermophiles. In the southern part of the Mediterranean region, and
elsewhere in the world, atmospheric dust is periodically precipitated dry. This dust
originates from different desert regions of the world, with the major flow being
westwards across the Atlantic Ocean to the Caribbean and southern states of the
United States. There is a smaller subsidiary flow northwards across Europe, coming
from the Sahel-Sahara region of Africa (Griffin 2007); and preliminary examination
of samples of such dust from Greece and Turkey has shown populations of
thermophilic bacteria that are readily cultivable from the dust and that can be
identified as organisms closely related to existing Geobacillus spp. (Marchant and
Perfumo unpublished results). Further work is necessary to describe these organ-
isms fully and to link them to the sources of the dust in the Sahel-Sahara region of
Africa. At this time, however, it does seem likely that the thermophiles deposited by
rainfall in Northern Europe have come from dust storms generated in Africa and
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that they have been transported in the upper atmosphere. If this is the case, we can
be reasonably certain that hydrocarbon-degrading thermophilic bacteria will be
ubiquitous in environments where this deposition occurs, and might be exploited
directly for bioremediation without the need for bioaugmentation.

13.7 Conclusion

Members of the Geobacillus appear to be present in most soil environments — even
those never experiencing elevated temperatures. Most have some ability to grow on
hydrocarbons and may therefore be exploited in bioremediation processes. In such a
process the need for bioaugmentation may only be necessary to increase the initial
rate of activity. Biostimulation, on the other hand, may have an important role when
depending on Geobacillus spp. in bioremediation processes. The hydrocarbon-
degrading abilities of Geobacillus spp. may therefore find useful bioremediation
applications in a variety of different situations in the future.
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Chapter 14
Studying Denitrification by Aerobic
Endospore-forming Bacteria in Soil

Ines Verbaendert and Paul De Vos

14.1 Introduction

14.1.1 The Genus Bacillus

Ferdinand Cohn, a German botanist, was fascinated by the heat-resistant forms of
bacteria. He described the process of endospore formation and renamed the organ-
ism “Vibrio subtilis” (Ehrenberg 1835) as Bacillus subtilis (1872). This species was
the first member of the very large and diverse genus that is part of the phylum
Firmicutes and the family Bacillaceae. The family’s salient characteristic is the
production of endospores; these are formed within bacterial cells by a process
called sporulation, and may be oval, round or cylindrical. These spores can remain
dormant for extremely long periods, and are extremely heat-resistant and resistant
to other physical agents (e.g., desiccation and UV radiation) and to various chemi-
cal agents (e.g., acids and disinfectants). Endospores are easily detected using
a phase contrast microscope because of their highly refractile nature, but their
presence may be discovered with a mere Gram-stain because the spore remains
unstained while the vegetative cells or the vegetative parts of the cells will stain
(Slepecky and Hemphill 2006).

The genus Bacillus belongs to the endospore-forming, low-GC Gram-positive
bacteria. These organisms follow the biological cycle of spore-formers, namely,
from vegetative cell to spore and from spore to vegetative cell through a very
complex series of events in cellular differentiation. Although most endospore-
forming bacteria seem to share a common ecological characteristic (i.e. being
associated with [agricultural] soils), they form a phylogenetically heterogeneous
group within the Firmicutes. Within this taxon, the family Bacillaceae encom-
passes the strictly aerobic or facultatively anaerobic endospore-formers that were,
until the early 1990s, accommodated within the single genus Bacillus. Since then
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a major taxonomic reshuffling has taken place, reflecting the vast variety in
(1) physiology, (2) ecology, (3) genetics, (4) morphology (mainly in the size and
position of the endospore within the vegetative cell), (5) nutrition and (6) growth
characteristics (Madigan et al. 2003). As a consequence, the genus Bacillus sensu
stricto is now limited to the members phylogenetically closest to B. subtilis (the
type species) and a few others that are awaiting reclassification. We therefore focus
on Bacillus sensu stricto members and their relatives, where it is known that they
have roles in denitrification — one of the main processes in the biogeochemical
nitrogen cycle.

14.1.2 Denitrification in the Genus Bacillus and Related
Organisms

Denitrification refers to the dissimilatory reduction of nitrates (NO3 ™) or nitrites
(NO; ") over nitric oxide (NO) to nitrous oxide (N,O) or nitrogen gas (N,) in oxygen-
depleted conditions. As the oxidized nitrogen compounds are used as alternative
electron acceptors, different metalloproteins encoded by specific genes catalyse the
process (Fig. 14.1) (van Spanning et al. 2007). In this facultative respiratory mecha-
nism, NO, ™ reductase (NiR) and NO reductase (NOR) are the enzymes that perform
the conversion of fixed nitrogen into gaseous nitrogen, and so the involved reductases
and their corresponding genes are considered to be key elements of denitrification.
This part of the process is also called denitrification sensu stricto.

The interest in microbial denitrification exists for several reasons. First, it is
known as a beneficial process in (1) the removal of nitrogen in wastewater treat-
ment to reduce eutrophication (Park and Yoo 2009), and (2) the degradation of
other organic pollutants (Liang et al. 2007; Park et al. 2007). Secondly, it is a
detrimental process for agriculture since it causes nitrogen depletion in (rural) soils

cNOR/
Nar/Nap CuMRfCo‘? NiR qNOR;’qCu\NOR N,OR
n
nitrate rlductase nitrite reduclase nitric omde reductase nitrous oxide reductase
- ~ - ~ ~
narG/napA nirS/nirk cnorB/qnorB nosZ

Fig. 14.1 The denitrification process. The sequential transformations from nitrate (NO3;™) to
nitrogen gas (N,) are catalysed by metalloproteins which are encoded by specific genes. Nitric
oxide, nitrous oxide and nitrogen gas are marked with (g), indicating the gaseous nature of these
compounds. Abbreviations: Nar membrane-bound nitrate reductase encoded by narG; Nap peri-
plasmic nitrate reductase encoded by napA; CuNiR copper-containing nitrite reductase encoded by
nirK; Cdl-NiR cytochrome cd! containing nitrite reductase encoded by nirS; ¢cNOR nitric oxide
reductase accepting electrons from heme c that is encoded by cnorB; qNOR nitric oxide reductase
accepting electrons from quinols that is encoded by gnorB; qCusNOR nitric oxide reductase from
Bacillus azotoformans NCCB 100003 encoded by so-far-unknown genes; N>OR nitrous oxide
reductase encoded by nosZ
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and loss of fertilizer nitrogen (Philippot et al. 2007). Thirdly, it is a mechanism that
adds N,O to the atmosphere, where N,O is involved in the stratospheric degrada-
tion of ozone as a potent greenhouse gas (Van Cleemput and Samater 1996); in
particular, the contribution of waste water systems to atmospheric N,O is of some
concern (Prendez and Lara-Gonzalez 2008). Fourthly, it is one of the main micro-
bial processes in the global nitrogen cycle.

The ability to use nitrogen oxides as alternative electron acceptors is found in a
large variety of physiological and taxonomic groups (ranging from Archaea to
Gram-negative Bacteria and Fungi) and the potential for denitrification exists in a
broad spectrum of habitats. However, the information about which Gram-positive
organisms are jointly responsible for the denitrification activities observed in certain
systems is virtually non-existent. In particular, little is known about the denitrifica-
tion capacity and the distribution of the key denitrification genes in species of the
genus Bacillus and its relatives, such as Brevibacillus, Paenibacillus, etc.

The genus Bacillus is considered among the groups of bacteria that are classi-
cally seen as containing true denitrifiers (Tiedje 1988). Undoubtedly, the majority
of the publications on Gram-positive denitrifying taxa focus on members of the
Firmicutes (Table 14.1). However, although the denitrifying capacity of Bacillus
isolates has long been recognized, most published data on denitrifying Firmicutes are
rather old, and denitrification capacities were often not accurately studied. Hence,
many nitrate-respiring and ammonium-producing isolates have been misidentified
as denitrifiers (Philippot et al. 2007), and others might have been overlooked.
Various species are/were thought to be involved in this denitrification process
(Table 14.1), but only a few denitrification genes have been sequenced from them
or other denitrifying bacilli (Table 14.2). Hence, only a few denitrifying aerobic
endospore-formers have so far been biochemically and genomically characterized
as true denitrifiers, and as a consequence limited reliable information is available on
the occurrence and the distribution of this trait and the responsible genes amongst
the species. Numerous denitrifying Bacillus sensu stricto strains have already been
isolated from soil (Kim et al. 2005; Heylen 2007) and activated sludge (Heylen
2007; Park et al. 2007). Therefore, the members of the genus Bacillus sensu stricto
might have outstanding denitrifying capabilities in wastewater treatment systems
and soil-bound ecosystems. However, their exact role in these processes has not
been elucidated yet and amplification of the responsible genes in pure cultures of
these isolates is currently not easy (Sect. 14.2.2).

14.2 Methods to Determine the Denitrifying Capacity
of Bacillus Isolates

In the past, several techniques were applied to measure the denitrification process in
pure cultures and in environmental samples: combinations of nitrate or nitrite
removal from the medium, bubble production in Durham tubes and an increase
in pH detected by a pH indicator (De Barjac and Bonnefoi 1972; Delaporte 1972;
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Table 14.2 Denitrification gene sequences in Bacillus sensu stricto and related organisms®

Species/isolate Accession number
nirk nirS cnorB gnorB nosZ
Bacillus sp. R13 - AF335924 — - -
Bacillus sp. R22 - AJ626841 - - -
Bacillus sp. R-31770 - - - AM778672 —
Bacillus sp. R-31841 - - - AM778671 —
Bacillus sp. R-31856 AM404293 - - - -
Bacillus sp. R-32526 - - - AM403579 —
Bacillus sp. R-32546 AM404294 — - - -
Bacillus sp. R-32656 - - - AM778673 —
Bacillus sp. R-32694 - - AM403581 AM778668 -
Bacillus sp. R-32702 - - - AM778670 —
Bacillus sp. R-32709 - - - AM778667 —
Bacillus sp. R-32715 - - - AMA404295 —
Bacillus sp. R-33773 - - - AM778674 —
Bacillus sp. R-33802 - - - AMT778669 —
Bacillus sp. SH3 - - - EU374113 -
Bacillus sp. SHS - - - EU374114 -
Bacillus sp. SH8 - - - EU374115 -
Bacillus sp. SH10 - - - EU374116 -
Bacillus sp. SH11 - - - EU374117 -
Bacillus sp. SH14 - - - EU374118 -
Bacillus sp. SH19 - - - EU374119 -
Bacillus sp. SH21 - - - EU374120 -
Bacillus sp. SH22 - - - EU374121 -
Bacillus sp. SH25 - - - EU374122 -
Bacillus sp. SH27 - - - EU374123 -
Bacillus sp. SH30 - - - EU374124 -
Bacillus sp. SH36 - - - EU374125 -
Bacillus sp. SH38 - - - EU374126 -
Bacillus sp. SH41 - - - EU374127 -
Bacillus sp. SH42 - - - EU374128 -
Bacillus sp. SH43 - - - EU374129 -
Bacillus sp. SH48 - - - EU374130 -
Bacillus sp. SH51 - - - EU374131 -
Bacillus sp. SH60 - - - EU374132 -
Bacillus sp. SH61 - - - EU374133 -
Bacillus sp. SH62 - - - EU374134 -
Bacillus sp. SH63 - - - EU374135 -
B. licheniformis ATCC 14580° — - NC006270 (presence of —
a norB gene)

G. stearothermophilus - - - - AB450501
G. thermodenitrificans NG80-2° NC009328 - - - NC009328

“Gene sequence accession numbers derived from http://www.ncbi.nlm.nih.gov
"Derived from whole-genome sequence

Pichinoty et al. 1983; Bouchard et al. 1996; Baek et al. 2006); N, production
(Groffman et al. 2006); the acetylene inhibition method (AIM) (Manucharova
et al. 2000; Yanai et al. 2008); tracer methods like the use of 15N-nitrate and/or -
nitrite tracers (Shoun et al. 1998; Katsuyama et al. 2008); stochiometric approaches,
etc. Every procedure has its own advantages and disadvantages (Tiedje 1988;
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Groffman et al. 2006; Philippot et al. 2007), but some of these techniques are more
expensive and more laborious than others. Therefore, a combination of simple low-
cost techniques may be an acceptable option to assess the denitrifying abilities of
pure cultures of aerobic endospore-formers isolated from soil.

14.2.1 Phenotypic Determination of the Denitrifying
Capacity in Bacillus Isolates

The first step in obtaining denitrifying bacilli from soil is to selectively isolate them
and grow them in pure cultures. Spore formers can easily be isolated by subjecting the
sample to 80°C for 10-30 min (pasteurization). Afterwards, the heat-resistant
endospores can be plated out (Slepecky and Hemphill 2006; Madigan et al. 2003).
After isolation, the true denitrifying abilities of the Gram-positive endospore-forming
isolates can be evaluated. Denitrifying bacteria are usually able to grow on defined
media that provide the required trace elements, vitamins and a defined carbon and
nitrogen source. Mineral media (Stanier et al. 1966) complemented with succinate,
ethanol or acetate as carbon sources and KNO5; or KNO, as nitrogen sources have
proved to be successful in the isolation of denitrifying strains, including the aerobic
endospore-formers (Kim et al. 2005; Heylen 2007; Park et al. 2007).

The interpretation of the denitrification capacity in Bacillus may appear complex
since some species only perform the first step of denitrification (nitrate reduction).
This kind of reduction can point to another related dissimilatory process, namely
dissimilatory nitrate reduction to ammonium (DNRA) (Fan et al. 2006). Although
DNRA is carried out by some Bacillus species, it is not considered as denitrifica-
tion sensu stricto but rather as “nitrate reduction” and should be ruled out in any
denitrification assay, if possible. However, a combination of the low-cost Griess
test and the measurement of N,O gas by gas chromatography with the acetylene
inhibition method (AIM) seems to be a good alternative approach to measure the
true denitrification capacities of Bacillus isolates in pure culture.

14.2.1.1 The Griess Test

This is a relatively cheap and simple test method to determine whether micro-
organisms are able to denitrify or not. In the first step, the strains are grown in a
suitable defined broth medium supplemented with a nitrogen source (such as KNO;
or KNO,), a carbon source (such as succinate, ethanol or acetate), some vitamins
and a pH indicator such as phenol red. This pH indicator turns red in alkaline
conditions, as happens with denitrification. The most commonly used concentra-
tions of nitrate or nitrite given in the literature vary from roughly <1 to 10 mM
(Tiedje 1988; Mahne and Tiedje 1995; Goregues et al. 2005; Yamamoto et al. 2006;
Liang et al. 2007). A standard amount of bacterial cells is used to inoculate the broth
medium, e.g., a standard volume of a suspension with a standardized turbidity.
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Fig. 14.2 Phenotypic determination of the denitrifying capacity (a) The Griess reaction: After
addition of equal amounts of N-(1-naphthyl)-ethylene diamine hydrochloride and sulfanilic acid to
the bacterial culture, the colour change can be read after 10—15 min. If a purple colour appears,
nitrite is present in the bacterial culture; if not, nitrite is absent. (b) Interpretation of the Griess
reaction according to the medium used. Depending on the original nitrogen source in the medium,
a colour change reveals whether or not denitrification has occurred

The bacterial cultures are incubated in anaerobic conditions (e.g., in an anaerobic
chamber), and at temperatures and times that suit their requirements. After incuba-
tion, the pH shift and the extent of growth of the culture are evaluated.

In the second step, the disappearance of nitrate and/or nitrite in the bacterial
cultures is visualized with the Griess reaction (Fig. 14.2a). In this reaction, the reagents
N-(1 naphthyl) ethylene diaminedihydrochloride and sulfanilic acid produce a purple-
coloured end product in the presence of nitrite. After adding equal amounts of these
reagents to the bacterial culture, the colour change depends on the initial nitrogen
source in the medium and the denitrifying ability of the bacterial culture with which it
was inoculated (Fig. 14.2b) (Wang and Skipper 2004; Slepecky and Hemphill 2006).

Since the disappearance of nitrate and/or nitrite in a Bacillus culture can be due
to metabolic processes other than denitrification (e.g., DNRA), the results of nitrate
or nitrite removal from the medium and the detection of a pH increase by an
indicator dye, have to be confirmed by other methods. Given that nitrate and nitrite
reduction cannot be considered as proof of denitrifying ability, the possible denitri-
fication should be verified by measuring the production of N,O or N, during
anaerobic growth.
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14.2.1.2 Gas Chromatography of N,O of the “Denitrifying” Isolates

The gas produced by the so-called denitrifying aerobic endosporer-formers has not
often been identified, and in most taxonomic descriptions only gas production from
nitrate or nitrite is stated (Zumft and Kroneck 2007). Thus the ambiguity in the
denitrification activity is caused by the lack of gas identification in species descrip-
tions (Zumft 1992). To measure a process, the direct approach is to measure the end
product of the reaction. In the case of denitrification, the end product is mainly
dinitrogen gas (N,). However, since our atmosphere is almost 80% N,, this
approach is difficult (Tiedje 1988). Therefore, the acetylene inhibition method is
useful in measuring denitrification by gas chromatography (Philippot et al. 2007).
Acetylene (C,H,) has the ability to inhibit the reduction of N,O to N, thereby
allowing us to use gas chromatography to quantify the N,O produced in the
denitrification process. Consequently, this method may provide evidence of deni-
trification activity, additional to the Griess test described above.

To measure nitrous oxide by gas chromatography, tubes or flasks are filled with
approximately 10 ml of a sterile nitrate/nitrite broth medium (e.g., the same
medium used for the Griess test, but without pH indicator if desired), a standard
amount of bacterial cells (0.1-1 ml suspension of a standard turbidity) is added and
the vessels are sealed with rubber bottle stoppers and aluminium crimp seals. The
headspace of the vessels should be oxygen-free, and the oxygen is replaced by
sterile argon (Manucharova et al. 2000; Nazina et al. 2001; Kumon et al. 2002) or
helium (Mahne and Tiedje 1995; Shoun et al. 1998; Morley et al. 2008) by
evacuating and flushing repeatedly. Acetylene gas is injected through the stoppers
to give a final concentration of 10% (vol/vol) in the headspace (Tiedje 1988). Other
headspace percentages of C,H, have also been reported (Chéneby et al. 2000;
Manucharova et al. 2000). The added acetylene will prevent N,O from being
further reduced to N,. The bacterial cultures are incubated at temperatures and
times that suit the strains’ requirements. After incubation, gas samples (0.1-1 ml,
depending on the gas chromatographic set-up) are removed with an air-tight syringe
and injected into the gas chromatograph to detect the presence of N,O. The syringe
may additionally be flushed with the same gas that was used to flush the headspace
(Mahne and Tiedje 1995). A gas chromatograph with a dual-column system (e.g.,
a Hayesep Q [80—100-mesh] and a Chromatopac column at 25°C, with helium as
carrier gas) and equipped with a thermal conductivity detector (TCD) or an electron
capture detector (ECD) should be used. Other successful column combinations and
carrier gases have been used (Gamble et al. 1977; Weier and MacRae 1992; Sakai
et al. 1996; Nazina et al. 2001; Dandie et al. 2007).

Although the combination of both techniques (Griess test combined with GC
analysis of N,O) provides a rather reliable, cheap and easy way to characterize
a metabolic trait such as denitrification, a more efficient and refined technique is
available: an automated incubation system allowing the study of gas kinetics of
denitrifiers (Molstad et al. 2007). The system was primarily designed to study gas
production/reduction (O, NO, N,O and N,) by denitrifying bacteria (or microbial
communities), and their electron flows to the different electron acceptors during and



14 Studying Denitrification by Aerobic Endospore-forming Bacteria in Soil 281

after transition from oxic to anoxic conditions. The possibility of performing
precise monitoring of N, gas formation is particularly interesting, and circumvents
the use of more expensive '°N tracer systems or the more comprehensive acetylene
inhibition method. In due course, the data obtained may allow the investigation
of the relationships between genotypes and phenotypes of denitrifying bacteria
(Molstad et al. 2007).

14.2.2 Genomic Determination of the Denitrifying
Capacity in Bacillus Isolates

Besides the phenotypic approach to assess the denitrifying ability of Bacillus iso-
lates, different molecular methods exist to detect the presence of the key denitrifica-
tion genes, nir and/or nor, in bacterial genomes. The principal technique for
obtaining new nir or nir sequences is PCR amplification of these functional genes.

As most existing primer sets for nirS, nirK and norB genes are only based on
gene sequences from Gram-negative strains that are closely related to each other
(Braker et al. 2001; Hallin and Lindgren 1999; Casciotti and Ward 2001, 2005;
Song and Ward 2003; Braker and Tiedje 2003; Goregues et al. 2005; Liang et al.
2007; Flores-Mireles et al. 2007; Nakano et al. 2008), part of the Gram-positive
denitrifying diversity might be disregarded, in particular, for members of the genus
Bacillus. Therefore, the need to re-evaluate primers for PCR amplification of
denitrifying genes is essential. Moreover, new primer design based on gene
sequences of Gram-positive bacteria, and in particular those of Bacillus isolates,
is needed. Although the number of available complete and partial nir and nor gene
sequences from aerobic endospore-formers has increased in the public databases, it
is still limited (Table 14.2). Genome-sequencing projects and correct annotation of
the genomes will probably deliver putative and new denitrifying reductases, but
currently only 23 Bacillus genomes (covering 10 species and a limited phylogenetic
area), two Geobacillus genomes, one Oceanobacillus genome, one Brevibacillus
genome and one Anoxybacillus genome have been fully sequenced (Liolios et al.
2008). This still limited phylogenetic coverage in the public sequence databases
may not represent the real functional denitrification capacities of Bacillus and
related organisms.

A combination of phenotypic detection of denitrification capacity and genomic
detection of one or more of the key denitrification genes might be useful to learn
more about the presence and distribution of the denitrification capacity in Bacillus
and related organisms. Surprisingly, expression of the enzymatic denitrification
activity is often observed, whereas the genes are not detected, and vice versa. This
shows that molecular methods are currently dependent on the state of knowledge on
the functional genes in these organisms. Moreover, since these Gram-positive
organisms lack a periplasmic compartment between the two membranes of the
cell wall, it is possible that an undiscovered redundancy for the denitrification genes
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exists and reductases yet unknown catalyse denitrification in members of the genus
Bacillus and related taxa. The membrane-bound denitrification enzyme qCusNOR,
purified from Bacillus azotoformans (Suharti et al. 2001; Suharti and de Vries 2004,
2005), and the recently discovered gNOR gene (Sievert et al. 2008) serve to
emphasize and support this hypothesis.

14.3 Conclusion

The denitrification process in aerobic endospore-formers is not well studied, and
further characterization of their denitrification potential, primer development for
their functional denitrification genes and further biochemical research will be
necessary in order to clarify the genetic diversity in both pure cultures and environ-
mental samples. Identification of the true biodiversity of denitrification in Bacillus
and relatives will be obtained by testing for the denitrification capacity in a large
number of Bacillus isolates through reliable cultivation approaches, phenotypic
testing and whole-genome sequencing approaches. However, the methods to test
for the denitrification capacity described in this chapter are simple and inexpensive
starting points for assessing the denitrification capacities of aerobic endospore-
formers in pure cultures. A thorough investigation of the denitrification process in
these isolates could reveal novel aspects and unknown enzymes and might be an
incentive for further biotechnological applications of the property of denitrification.
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Chapter 15
Paenibacillus, Nitrogen Fixation and Soil
Fertility

Lucy Seldin

15.1 The Genus Paenibacillus and the Nitrogen-Fixing Species

The genus Paenibacillus was defined in 1993 after an extensive comparative
analysis of 16S rRNA sequences of 51 species of the genus Bacillus (Ash et al.
1991, 1993). At that time, the genus comprised 11 species, with P. polymyxa as the
type species. Currently, the genus comprises more than 100 species and two sub-
species (http://www.ncbi.nlm.nih.gov) and harbours strains of industrial and agri-
cultural importance. Different enzymes (such as cyclodextrin glucanotransferase,
chitinase, amylase, cellobiohydrolase, agarase and proteases) and antimicrobial
substances (antibiotics, bacteriocins and/or small peptides) are produced by differ-
ent Paenibacillus spp. (Priest 1993; Rosado and Seldin 1993; Mavingui and Heulin
1994; Walker et al. 1998; Aguilera et al. 2001; Sakiyama et al. 2001; von der Weid
et al. 2003; Reynaldi et al. 2004; Alvarez et al. 2006; Aktuganov et al. 2008; Fortes
et al. 2008; Tupinamba et al. 2008). Furthermore, different strains of Paenibacillus
spp. can degrade polyaromatic hydrocarbons (Daane et al. 2002), be toxic for
insects (Pettersson et al. 1999), produce phytohormones (Lebuhn et al. 1997;
Nielsen and Sorensen 1997; Bent et al. 2001; Cakmakci et al. 2007; da Mota
et al. 2008), solubilize phosphate (Seldin et al. 1998), suppress phytopathogens
through antagonistic functions (Piuri et al. 1998; Budi et al. 1999; Beatty and
Jensen 2002; Selim et al. 2005; von der Weid et al. 2005; Aktuganov et al. 2008)
and/or furnish nutrients to the plants by nitrogen fixation (Seldin et al. 1984;
Chanway et al. 1988; Holl et al. 1988; Elo et al. 2001; Berge et al. 2002; von der
Weid et al. 2002, among others). Some of these Paenibacillus species (or strains)
that can influence plant growth and health by presenting one or more of the
characteristics mentioned above are considered to be plant growth-promoting
rhizobacteria (PGPR). They are usually free-living bacteria, having been found in
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different kinds of soils (Axelrood et al. 2002; Garbeva et al. 2003; Lee et al. 2007;
Kim et al. 2008; Lee and Yoon 2008, and many others), in a variety of plant
rhizospheres (Seldin et al. 1983; Berge et al. 2002; von der Weid et al. 2002;
Coelho et al. 2007; Beneduzi et al. 2008, and many others), and inside plant tissues
(Shishido et al. 1999; Garbeva et al. 2001). Some species were even found in
association with arbuscular mycorrhizal hyphae (Mansfeld-Giese et al. 2002).
Within the genus Paenibacillus, 16 species are considered to harbour nitrogen-
fixing strains: P. polymyxa, P. macerans, P. peoriae, P. durus, P. brasilensis,
P. graminis, P. odorifer, P. borealis, P. wynnii, P. massiliensis, P. sabinae,
“P. donghaensis”, P. zanthoxyli, P. forsythiae, P. riograndensis and P. sonchi.
Some of these species are well studied, while our knowledge of others is largely
restricted to their taxonomic descriptions. In the following sections, the contribu-
tion of these species to soil fertility is considered.

It is well established that biological nitrogen fixation (BNF) is particularly
important in agricultural systems, where nitrogen is usually the limiting nutrient
for crop growth; the reduction of atmospheric nitrogen into bioavailable ammonium
by BNF is an important source of nitrogen input (Demba Diallo et al. 2004;
Wartiainen et al. 2008). Although nitrogen fixation by free-living soil microorgan-
isms is sometimes considered a minor source of nitrogen input in soil when
compared to systems such as the Rhizobium-legume symbiosis (Peoples and
Craswell 1992), it has been shown to be the dominant source of fixed nitrogen in
different soils (Widmer et al. 1999; Lovell et al. 2000; Poly et al. 2001). Therefore,
due to the relevant ecological characteristics of the nitrogen-fixing Paenibacillus
species, different studies have been performed to help the correct identification of
their members. Coelho et al. (2003) examined the eight nitrogen-fixing Paeniba-
cillus species recognized at that time by restriction fragment length polymorphism
(RFLP) analysis of part of 16S and 23S rRNA genes amplified by polymerase chain
reaction (PCR) and by multilocus enzyme electrophoresis (MLEE) assay. Both
methods provided rapid tools for the characterization and the establishment of the
taxonomic position of isolates belonging to the nitrogen-fixing group. Furthermore,
da Mota et al. (2004) investigated the usefulness of the RNA polymerase beta-
subunit encoding gene (rpoB) as an alternative to the 16S rRNA gene for taxonomic
studies. For amplification of Paenibacillus rpoB gene sequences, a primer set
consisting of a forward primer (rpoB1698f) and a reverse primer (rpoB2041r)
was used as described by Dahllof et al. (2000). rpoB gene fragments (375 bp)
were amplified from the eight reference strains of the nitrogen-fixing Paenibacillus
species, and the nucleotide sequences were determined and compared. An rpoB
database for nitrogen-fixing Paenibacillus species was then formed (accession
numbers AY493861 to AY493868). Phylogenetic relationships among the nitro-
gen-fixing Paenibacillus species based on comparisons of partial rpoB sequences
and complete 16S rRNA gene sequences indicated that the partial rpoB sequences
were as informative as the full 16S rRNA gene sequence. Therefore, rpoB was
recommended for the identification of nitrogen-fixing Paenibacillus strains (da
Mota et al. 2004). Later, the same group developed and applied a specific PCR-
Denaturing Gradient Gel Electrophoresis (DGGE) system based on rpoB as a
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molecular marker for amplification and fingerprinting of Paenibacillus populations
in environmental samples (da Mota et al. 2005). More recently, a specific PCR
system for the amplification of the nitrogen-fixing species of Paenibacillus was
developed based on nifH gene sequences (Coelho et al. 2009). The PCR system
consists of an 18-mer forward primer — nifHPAENTf: 5 TKATYCTGAACACGA-
AAG3’ — and a 19-mer reverse primer — nifHPAENT: 5'CTCRCGGATTGGC-
ATTGCG3'. The expected band of 280 bp was observed when the genomic DNA
from the ten different species of Paenibacillus was used as template, whereas no
PCR products were obtained with DNA from any of the other bacterial strains
tested. The specificity of these primers was also confirmed in rhizosphere soil
samples by sequence analyses of randomly chosen soil-derived clones obtained
from the rhizosphere of a sorghum cultivar that had been treated with large and
small amounts of nitrogen fertilizer. In this case, a nested PCR was necessary to
increase the sensitivity of the detection method. All of the 187 clones that were
sequenced were identified as clones affiliated with the genus Paenibacillus (Coelho
et al. 2009). Therefore, this molecular approach was effective for assessing the
presence of nifH gene-containing Paenibacillus in the environment, and may be
used in the future to determine the ecological roles of this group of microorganisms
for supplying nitrogen to plants.

15.2 Paenibacillus polymyxa

P. polymyxa is one of the best studied PGPR within the genus Paenibacillus. Strains
belonging to this species have been isolated from the rhizospheres of wheat, barley,
white clover, perennial ryegrass, crested wheatgrass, lodgepole pine, green bean,
soybean, garlic, banana tree, sugarcane, lemon grass, sorghum and maize, among
many other plants. P. polymyxa can be also found in association with the external
mycelium of the arbuscular mycorrhizal fungus Glomus intraradices (Mansfeld-
Giese et al. 2002). Due to its broad host range and its ability to produce different
kinds of antimicrobial substances (Rosado and Seldin 1993; Piuri et al. 1998;
Dijksterhuis et al. 1999; Seldin et al. 1999; Cho et al. 2007; He et al. 2007; Li
et al. 2007; Timmusk et al. 2009), P. polymyxa is potentially a commercially useful
biocontrol agent. For example, P. polymyxa strain PKB1 has been identified as a
potential agent for biocontrol of blackleg disease of canola (rapeseed) caused by the
pathogenic fungus Leptosphaeria maculans. Factors presumed to contribute to
disease suppression by strain PKB1 include the production of fusaricidin-type
antifungal metabolites (Li et al. 2007). In addition, Zhou et al. (2008) showed
that an antagonistic protein produced by P. polymyxa HT16 had a strong antifungal
activity against the phytopathogenic fungus Penicillum expansum. The same antag-
onistic effect was previously shown (Timmusk and Wagner 1999) in Arabidopsis
thaliana (thale cress). Yao et al. (2004) demonstrated that P. polymyxa WY110, a
strain isolated from rice rhizosphere, could suppress the growth of various plant
pathogens, including the fungus Pyricularia oryzae, while the strain GSO1 showed
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antifungal activity in ginseng (Cho et al. 2007). Also, lytic enzymes of P. polymyxa,
such as proteases and chitinases, could have roles in interactions between antago-
nistic microorganisms and soil-borne plant pathogens, as shown by Nielsen and
Sorensen (1997).

P. polymyxa is also known to have important roles in the rhizospheres of
different crops, with the ability of many strains to secrete plant growth-enhancing
substances such as cytokinins and auxins (Lebuhn et al. 1997; Timmusk et al. 1999;
da Mota et al. 2008). Auxin production contributes to colonization efficiency and to
the growth and survival of bacteria on their host plants (Vandeputte et al. 2005).
Indole-3-acetic acid (IAA) is the main naturally occurring auxin excreted by
Paenibacillus species. IAA production has been described in different P. polymyxa
strains, such as L6 and Pw-2 (Bent et al. 2001), in E681 colonizing A. thaliana
(Jeong et al. 2006) and in 68 strains prevalent in the rhizospheres of maize and
sorghum sown in Brazil (da Mota et al. 2008). In lodgepole pine (Pinus contorta),
the strain Pw-2 significantly stimulated root-biomass accumulation and total root
elongation at 12 weeks after inoculation (Bent et al. 2001). Crested wheatgrass and
white clover also responded positively when they were inoculated with P. polymyxa
(Chanway et al. 1988; Holl et al. 1988). Moreover, auxin production and plant
growth increment (foliar fresh weight and total leaf area) have also been reported in
P. polymyxa E681 (Jeong et al. 2006). Other studies have also demonstrated the
colonization of P. polymyxa in A. thaliana and in barley (Hordeum vulgare)
(Timmusk et al. 2005). P. polymyxa colonized not only the root tip but also the
intercellular spaces outside the vascular cylinder (Timmusk et al. 2005). Recently, the
Auxin Efflux Carrier protein from the type strain of P. polymyxa was sequenced, and
its presence was demonstrated in different strains of P. polymyxa (da Mota et al. 2008).

P. polymyxa is also known to enhance plant drought—stress tolerance and
change plant gene expression after being inoculated into plant roots (Timmusk
and Wagner 1999), to stimulate increased Rhizobium etli populations and nodula-
tion when co-resident in the rhizosphere of Phaseolus vulgaris (Petersen et al.
1996), to improve nitrogen fixation by the production of degradation and fermenta-
tion products of pectin which can be used by Azospirillum species (Khammas and
Kaiser 1992), to aggregate soil in the wheat rhizosphere (Bezzate et al. 2000), and
to promote nodulation in the symbiosis Bradyrhizobium—cowpea (Vigna unguicu-
lata) (Silva et al. 2007).

Concerning the ability to fix nitrogen, about 20-50% of the P. polymyxa strains
tested showed neither the presence of structural nif gene sequences (coding for the
enzyme nitrogenase) nor the ability to reduce acetylene to ethylene (Grau and
Wilson 1962; Seldin et al. 1983; Oliveira et al. 1993). Furthermore, no evidence
of reiteration or rearrangement of nif genes was found in Nif™ P. polymyxa strains
(Oliveira et al. 1993).

Finally, different studies were performed in order to assess the diversity of
P. polymyxa strains. Santos et al. (2002) evaluated the diversity of 102 strains by
using the DNA of a bacteriophage as a probe in hybridization studies. Fifty-three
genotypic groups were formed, demonstrating the diversity of the species. In the
same context, von der Weid et al. (2000) also demonstrated that 67 P. polymyxa
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strains isolated from the rhizosphere of maize planted in a tropical soil were very
heterogeneous, when compared using phenotypic and genetic characteristics. Fur-
thermore, the resulting data showed that strains isolated during the different stages
of maize growth were significantly related to the times of sampling. Da Mota et al.
(2002) analysed the genetic diversity of P. polymyxa populations associated with
the rhizospheres of different maize cultivars, 90 days after plant sowing. Again, the
P. polymyxa isolates were significantly different among the cultivars studied. These
findings emphasize that understanding the genetic structure of P. polymyxa and the
selection for specific groups of strains (at least in maize) can be of great agricultural
interest.

15.3 Paenibacillus macerans

Strains of P. macerans are often isolated from soil and from the rhizosphere of
different grasses and they show many of the important characteristics found among
other species of Paenibacillus. P. macerans can be considered a PGPR as some
strains show nitrogen-fixing capability (Witz et al. 1967), and also are able to
produce antimicrobial substances active against phytopathogenic bacteria and
fungi (Fogarty 1983). Halsall and Gibson (1985) have already shown the applica-
bility of P. macerans in the decomposition of cellulose in wheat, and Mansfeld-
Giese et al. (2002) showed that this species together with P. polymyxa was found in
association with the external mycelium of the arbuscular mycorrhizal fungus
Glomus intraradices.

One important characteristic of P. macerans is the production of crystalline
dextrins or cyclodextrins (CDs) which are cyclic (a-1,4)-linked oligosaccharides
consisting of six, seven or eight glycosyl units produced from starch (Gordon et al.
1973). The enzyme cyclodextrin glucanotransferase (CGTase) is responsible not
only for the degradation of starch to smaller oligosaccharides, but also for the
additional cyclization reaction yielding mixtures of cyclic oligosaccharides (Qi and
Zimmermann 2005). The CGTase from P. macerans was the first one to be studied
at the genetic level (Takano et al. 1986). As exploring the cyclodextrin-producing
species of bacteria can be very important for the discovery of novel bioactive
compounds, Vollu et al. (2003) described a PCR detection technique based on
the 16S rRNA gene for the identification of P. macerans strains. Two 20-mer
primers were presented — MAC 1: 5ATCAAGTCTTCCGCATGGGA3' and
MAC 2: 5YACTCTAGAGTGCCCAMCWTT3’ and the amplification conditions
were described (Vollid et al. 2003). An agarose gel showing the PCR products
obtained after the amplification, using a colony and different amounts of DNA from
P. macerans strain LMD 24.10" as template, and primers MAC 1 and 2 is presented
in Fig. 15.1. This method not only detects P. macerans introduced to environmental
samples, at least in soil, but also can be used in taxonomic studies for the quick
identification of strains suspected to be P. macerans.
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Fig. 15.1 Agarose gel (1.4%) showing PCR products [Amplification conditions were: one cycle
of 94°C (30 s) and 25 cycles of 94°C (1 min), 60°C (1 min 30 s) and 72°C (1 min 30 s). A final
extension step was run for 5 min at 72°C and the reaction tubes were then cooled to 4°C. All
reaction mixtures contained: 1 pl of template DNA, 10 mM Tris-HCI, pH 8.3, 10 mM KCl, 0.2 mM
of each deoxynucleoside triphosphate, | mM MgCl,, 1 mM of each primer, and 5U/25 pl of Tag
DNA polymerase. A colony from P. macerans LMD 24.107 grown on trypticase soy agar (TSA)
plates was suspended in 100 pl of NaOH 0.05 mM, heated to 95°C for 15 min and, following
centrifugation, 1 pl of the supernatant was used as the DNA source] obtained after amplification
using a colony and different amounts of DNA from P. macerans strain LMD 24.10" as template
and primers MAC 1 and 2 (Volld et al. 2003). a — 50 ug of DNA, b— 10 pg, ¢ — 5 pg, d — 1 pg,
e — 500 pg, f — 100 pg, g — 50 pg, h — lysed LMD 24.10" colony. Kb, 1 Kb ladder, Invitrogen

15.4 Paenibacillus peoriae

P. peoriae was first isolated from soil (Montefusco et al. 1993). However, no
studies on the role of this species in the rhizosphere have been reported. Von der
Weid et al. (2003) were the first to demonstrate that P. peoriae strain NRRL BD-62
produces antimicrobial substances with activity against various phytopathogenic
bacteria and fungi. Physico-chemical characterization of the antimicrobial activity
showed that it was stable after treatment with organic solvents and hydrolytic
enzymes, and that its activity was retained over a wide range of pH. Partial
purification carried out by Sephadex G25 gel filtration showed two profiles of
inhibition, against Gram-positive bacteria and fungi, and against Gram-negative
bacteria, suggesting that at least two different substances with distinct molecular
weights were involved. Besides the antimicrobial inhibition capability, the strain
NRRL BD-62 was also able to fix molecular nitrogen effectively (von der Weid
et al. 2002; Coelho et al. 2003), and produce chitinases and proteases as well (von
der Weid et al. 2003), thus demonstrating the potential of this strain as a plant
growth promoter and/or as a biocontrol agent in field experiments. Alvarez et al.
(2006) also showed that the same strain (NRRL BD-62) produced proteases that
were active in the neutral-to-alkaline pH range, but which were totally inhibited by
1,10-phenanthroline, a zinc-metalloprotease inhibitor. The most elevated protease
activity was measured at 96 h, when the highest number of spores and a low con-
centration of viable cells were observed. In the same year, Toljander et al. (2006)
reported the attachment of gfp (encoding green fluorescent protein, GFP)-tagged
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P. peoriae NRRL BD-62 (pnf8) to non-vital, extraradical hyphae of the arbuscular
mycorrhizal fungi Glomus sp. MUCL 43205 and Glomus intraradices MUCL
43194. Lorentz et al. (2006), working with the soil isolate P. peoriae strain 57,
demonstrated that it was able to inhibit 13 of 14 filamentous fungi (including
Aspergillus niger, A. fumigatus, A. oryzae and Bipolaris sorokiniana) and all six
of the yeasts tested. The strain P. peoriae 57 was the only one of 55 Paenibacillus
strains tested that inhibited Candida guilliermondii. Moreover, this strain showed
activity against a range of bacteria that included Xanthomonas sorokiniana, Ral-
stonia solanacearum and Citrobacter freundii, suggesting that it could be used for
biocontrol of phytopathogens.

15.5 Paenibacillus durus

The nitrogen-fixing species Bacillus azotofixans was proposed on the basis of 16
soil and root-associated strains that exhibited acetylene-reducing ability (Seldin
et al. 1984). Later, the species was transferred to the genus Paenibacillus (Ash et al.
1993) and then renamed P. durus, after the reclassification of the species P. durum
(formerly Clostridium durum) as a member of the species P. azotofixans (Rosado
et al. 1997), but with the name P. durum (corrected to P. durus) taking priority.
Among the members of this species, nitrogen fixation is not dependent on yeast
extract or thiamin plus biotin and all strains possessed the ability to fix nitrogen
efficiently in the presence of nitrate (NaNO; at concentration up to 0.5%, Seldin
et al. 1984), making this process possible even in soils where there are inputs of
other nitrogen sources.

The first studies on the genetics of nitrogen fixation in Paenibacillus were
performed in P. durus by determining whether nitrogenase-coding genes (nif genes)
from Klebsiella pneumoniae share homology with DNA from P. durus (Seldin et al.
1989). Southern hybridization experiments with heterologous nif probes showed
that P. durus strains carry homologous sequences only to K. pneumoniae structural
nifDH genes. The results obtained also suggested that the P. durus nifDH are
continuous and that nifH (encoding dinitrogenase reductase) probably underwent a
rearrangement during evolution (Seldin et al. 1989). The presence of multiple
copies of nifH in the genome of P. durus was later demonstrated by different
authors (Rosado et al. 1998b; Choo et al. 2003). Moreover, Choo et al. (2003)
also cloned three P. durus DNA regions containing genes involved in nitrogen
fixation and reported the linkage of a nifB open reading frame upstream of the
structural nif genes.

To obtain information about the diversity of P. durus nifH gene sequences, a set
of degenerate primers described by Zehr and McReynolds (1989) was first used by
Rosado et al. (1998b) for PCR amplification of nifH gene fragments of P. durus.
These PCR fragments were then cloned and sequenced and two main clusters
(designated I and II) of nifH sequences could be distinguished within the P. durus
strains tested. Phylogenetic analysis showed that, while cluster I nifH sequences
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were quite similar to corresponding sequences of the common dinitrogenase iron
protein, all nifH cluster II sequences exhibited high levels of similarity with the
gene sequence of the alternative (anf) nitrogenase system (Rosado et al. 1998b).
Based on these conserved regions of P. durus nifH cluster 1 sequences obtained
from nine strains, specific primers (NHA1 — TCCACTCGTCTGATCCTG3' and
NHA2 - 5"CTCGCGGATTGGCATTGCG3') were further designed (Rosado et al.
1998b). As expected, a band of 360 bp was obtained with P. durus strains (including
those belonging to cluster II), whereas no PCR products were obtained with DNA
from any of the other bacterial strains used. Then, a DGGE protocol (using a nested
PCR - with degenerate and specific primers as outer and inner primers, respec-
tively) was developed to study the genetic diversity of this region of nifH in
P. durus, as well in soil and rhizosphere samples. Cluster I nifH-specific DGGE
was first used to separate the P. durus nifH fragments amplified from pure cultures.
For all strains tested, patterns consisting of more than one band were found in
DGGE analysis. Moreover, the patterns were characteristic for each strain tested,
indicating that there was interstrain sequence divergence in addition to the presence
of multiple copies of nifH (Rosado et al. 1998b). The PCR-DGGE approach using
bulk and rhizosphere soils allowed the observation of similarities, as well as
differences, among the different profiles. However, although the DGGE assay
provided a rapid way to assess the intraspecific genetic diversity of an important
functional gene, such as nifH, it was impossible to determine whether all P. durus
nifH gene copies revealed by DGGE were functional copies or not.

As mentioned above, data about the expression of nif genes in P. durus were not
available in the literature. Therefore, Teixeira et al. (2008) developed a reverse
transcriptase-polymerase chain reaction/denaturing gradient gel electrophoresis
(RT-PCR/DGGE)-based approach for the detection of the specific group of func-
tional genes nifH and anfH in P. durus. First, the presence of an alternative system
for nitrogen fixation in P. durus was confirmed with the design and application of a
set of specific anfH primers: ANF1 — 5’GCAAGAAACATTGATGGATAC 3’ and
ANF2 - 5'GAGGTCCTCAGTGTAAGC 3'. Amplification products of the
expected size, approximately 200 bp, were obtained with P. durus strains, whereas
no PCR products were obtained with DNA from any of the other bacterial strains
used. The RT-PCR DGGE analysis of nifH and anfH gene sequences revealed
banding patterns consisting of more than one band for both genes, indicating the
presence of multiple copies and sequence divergence for each gene, as previously
stated by Rosado et al. (1998b) and Choo et al. (2003). In order to study the
regulation of nifH and anfH expression at transcription level, P. durus ATCC
35681 was grown under eight different conditions in which the effects of the
addition of ammonium, molybdenum and tungsten could be analysed. The results,
shown in Fig. 15.2, demonstrated that P. durus mRNA of nifH and anfH could be
detected at high ammonium concentrations by RT-PCR/DGGE; however, a
decrease of intensity or band absence was observed at 60 mmol/l (or higher)
NH," for both genes. This fact could explain to a certain extent why nitrogen
fixation in P. durus is not as sensitive to the presence of available nitrogen (nitrate)
as it is observed to be for the majority of diazotrophs (Seldin et al. 1984). Finally, it
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Fig. 15.2 RT-PCR/DGGE analysis of nitrogenase genes in P. durus ATCC 35681 under different
growth conditions. DGGE of PCR products amplified with (a) primers NHA1 and NHA2 (Rosado
et al. 1998b) and (b) primers ANF1 and ANF2 (Teixeira et al. 2008). Each lane corresponds to
a different set of growth conditions: system 1 — TBN [Thiamine, Biotin, Nitrogen medium for
P. durus growth containing yeast extract, according to Seldin and Penido (1986)], 2— TBNR [TBN
for acetylene-reduction medium used for studying nitrogen fixation by P. durus and containing
yeast extract and molybdenum (Na,MoO, = 20 pM), according to Seldin et al. (1984)], 3 — TBNR
modified [TBN and TBNR modified — without yeast extract and supplemented with ammonium
acetate (NH4Ac)] + 40 mM ammonium acetate, 4 — TBN modified [TBN and TBNR modified —
without yeast extract and supplemented with ammonium acetate (NH4Ac)] 4+ 40 mM ammonium
acetate, 5 — TBN modified + 60 mM ammonium acetate, 6 — TBN modified + 100 mM ammonium
acetate, 7 — TBN modified + 40 mM ammonium acetate + 1 mM Na,WO, and 8 — TBN modified
+ 40 mM ammonium acetate + 2 mM Na,WO,. Lane 1 is a PCR-DGGE of DNA extracted from
system 1 while lanes 2-9 are RT-PCR of mRNA samples from systems 1-8, respectively

was demonstrated that at least three copies of the anfH gene are present in P. durus,
and that at least one copy of anfH gene is absent in mRNA samples, suggesting it is
a non-functional gene (Teixeira et al. 2008).

Besides the capacity to fix atmospheric nitrogen, strains of P. durus produce
antimicrobial substances against different Gram-positive and Gram-negative bac-
teria (Seldin and Penido 1990) and solubilize organic phosphates (Seldin et al.
1998). P. durus strains have been already isolated from the rhizospheres of maize,
sorghum, sugarcane, wheat, banana and forage grasses (Seldin et al. 1984; Rosado
et al. 1998a) and this species was prevalent when PCR products based on nifH gene
were obtained from sorghum rhizospheres, and cloned and sequenced (Coelho et al.
2009). A similar result was obtained by Silva et al. (2003) when a Paenibacillus-
specific PCR system was tested and used to amplify specific fragments of the 16S
rRNA gene from rhizosphere DNA obtained from different maize cultivars and soil
types. Clone libraries were generated from the PCR-generated 16S rDNA frag-
ments, and selected clones were sequenced. The results of the bacterial community
analyses showed, at the level of clone libraries, that sequences closely affiliated
with P. durus were found in all DNA samples.

Rosado et al. (1996) developed a molecular method for the detection of P. durus in
soil and the wheat rhizosphere which consisted of PCR amplification of part of the
variable V1 to V4 regions of the 16S rRNA gene, followed by hybridization with a
specific oligonucleotide probe homologous to part of the intervening region. Most
Probable Number (MPN)-PCR was also used for assessing the dynamics of P. durus
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target numbers in soil and in rhizosphere. The results demonstrated a gradual decline of
the P. durus population in bulk soil, whereas persistence of high numbers was found in
the wheat rhizosphere, indicating that the organism might be selected for in this habitat.

Other molecular approaches have been used to determine diversity among
populations of P. durus associated with a variety of different cereals and forage
grasses, as well to investigate whether there is a link between taxonomic grouping
and habitat. Rosado et al. (1998a) assessed the diversity of P. durus strains by using
a nifKDH probe in hybridization experiments, primers homologous to repetitive
DNA sequences (BOX element), and a 20-mer primer that produced randomly
amplified polymorphic DNA (RAPD) to produce genomic fingerprints. In addition,
all P. durus strains were studied with respect to their fermentation patterns using the
API 50 CH gallery, as described by Seldin and Penido (1986). A high level of
diversity was observed among the strains tested and the diversity was independent
of the origins of strains, since a variety of different groups was isolated from each
plant studied. On the basis of six carbohydrates (sorbitol, dulcitol, tagatose, starch,
glycogen and p-arabitol) from the API SOCH gallery, the strains could be divided
into five groups of related strains. In a subsequent study, Albuquerque et al. (2006)
investigated whether there was a genetic link between carbohydrate metabolism
and the plant or soil where the strains were isolated. For that, PCR-RFLP analysis of
parts of the genes encoding 16S rRNA (ARDRA) and DNA gyrase subunit B (gyrB-
RFLP) were used to produce genetic fingerprints. Besides a high degree of diversity
among the P. durus strains a linkage to plant type, as revealed by the multivariate
ordering of the data presented, was demonstrated in this study. Moreover, to
confirm the identification of all strains used in the study, a multiplex PCR was
developed based on two sets of primers specific for P. durus: BAZOI1
(5GAGTTGTGATGGAGCT3') and BAZO2 (5AGGAGCCCATGGTT3') and
NHA1 and NHAZ2, both systems described by Rosado et al. (1996, 1998b).

When P. durus strains isolated from rhizoplanes, rhizospheres and non-root-
associated soils from maize plants in two different Brazilian soils were compared
by phenotypic and genetic characteristics, differences in the populations of P. durus
during the four stages of plant growth were demonstrated. Also, it was shown that
the extent of diversity among P. durus isolates was affected by the type of soil, and
that populations from rhizoplane, rhizosphere and non-root-associated soils were
significantly different (Seldin et al. 1998).

All these studies provided data that strengthen the taxonomy of P. durus, and
that also emphasize the importance of the selection of P. durus strains for use as
inoculants.

15.6 Paenibacillus brasilensis

P. brasilensis was proposed in 2002 following the study of 16 maize rhizosphere
isolates that showed morphological and biochemical characteristics similar to gas-
forming Paenibacillus spp. (von der Weid et al. 2000, 2002). All the strains showed
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Fig. 15.3 Production by P. brasilensis PB177 of antimicrobial substance active against Fusarium
moniliforme. The overlay method described by Rosado and Seldin (1993) was used to detect
antifungal activity. P. brasilensis PB177 was inoculated onto a glucose broth agar plate as a 5 pl
spot from an overnight culture. After incubation at 28°C for 48 h, the cells were killed by exposure
to chloroform vapour for 15 min. The plate was then flooded with a suspension of Fusarium
moniliforme. Presence of antimicrobial substance active against Fusarium moniliforme is indi-
cated by a clear zone of inhibition around the bacterial spot. Similar results were observed with the
other maize phytopathogenic fungi Diplodia macrospora, Fusarium oxysporum and Verticillium
dahliae

nitrogenase activity when they were tested by the acetylene-reduction assay, and
the amounts of ethylene produced were equivalent to those obtained for some
P. durus strains (von der Weid et al. 2002).

Besides their nitrogen-fixing abilities, some P. brasilensis strains produce anti-
microbial substances active against bacteria and fungi (Fortes et al. 2008; Lorentz
et al. 2006). Von der Weid et al. (2005) demonstrated that P. brasilensis strain
PB177 was able to inhibit phytopathogenic fungi such as Fusarium moniliforme
and Diplodia macrospora that commonly cause diseases of maize. Figure 15.3
illustrates an antimicrobial substance assay performed as described by Rosado and
Seldin (1993).

Von der Weid et al. (2005) also evaluated the potential of P. brasilensis
strain PB177 to colonize maize plants; the strain was tagged with the gfp gene,
and the GFP-producing bacteria attached to maize roots were detected by
stereo- and confocal microscopy. The GFP-tagged bacteria were also used to
treat maize seeds before challenging the seeds with two phytopathogenic fungi.
The results demonstrated that the bacterial cells were attracted to the maize
roots in the presence of the fungal pathogens. The ability of P. brasilensis
PB177 to inhibit fungal growth in vitro and its capability of colonizing maize
roots in vivo suggest a potential application of this strain as a biological control
agent.
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The attachment of gfp-tagged P. brasilensis PB177 (pnf8) to vital and non-vital
extraradical hyphae of the arbuscular mycorrhizal fungi Glomus sp. MUCL 43205
and Glomus intraradices MUCL 43194 was further examined by Toljander et al.
(2006). Strain PB177 showed greater attachment to vital hyphae than non-vital
hyphae of both Glomus species tested. The attachment of PB177 to living arbus-
cular mycorrhizal fungal extraradical hyphae may be important for nutrient supply
and plant health. In addition, the interactions between P. brasilensis PB177, two
arbuscular mycorrhizal fungi (Glomus mosseae and Glomus intraradices) and one
pathogenic fungus (Microdochium nivale) were investigated on winter wheat in a
greenhouse trial (Jaderlund et al. 2008). Strain PB177 showed strong inhibitory
effects on M. nivale in dual culture plate assays. However, in the presence of
P. brasilensis PB177 and G. intraradices, no positive effect on the plant dry weight
could be observed when it was infested with M. nivale.

In conclusion, P. brasilensis may have an important role in the rhizosphere of
different grasses, not only by fixing nitrogen but also by preventing plant diseases.
However, in order to achieve satisfactory plant growth benefits, different bacterial
strains, fungi and plants have to be tested further before they are used as inoculants.

15.7 Paenibacillus graminis and P. odorifer

The species P. graminis and P. odorifer were described by Berge et al. (2002); the
ten P. graminis strains studied were isolated from the rhizospheres of maize and
wheat, sown in France, and from an Australian soil, while the five P. odorifer
strains were isolated in France from wheat roots or from pasteurized purees of leeks
and courgettes. All strains showed nitrogenase activity; but only P. graminis
showed a level of ethylene production comparable to that of P. durus (Berge
et al. 2002). In Brazil, this species was shown to be prevalent in maize and sorghum
rhizospheres and in Cerrado soil (da Mota et al. 2005; Vollu et al. 2006; Coelho
et al. 2007), and it was also found in wheat fields (Beneduzi et al. 2008). Further-
more, nifH gene sequences related to P. odorifer could be detected in DNA samples
obtained from seven sweet potato varieties collected in Africa (Reiter et al. 2003).

The effect of P. graminis strain MC 22.13 on the symbiosis of the cowpea
cultivar IPA-205 with Bradyrhizobium sp. was studied in Leonard jars (unpublished
results). Co-inoculation with a P. graminis strain resulted in an increase of the root
system, as demonstrated in Fig. 15.4.

P. graminis isolates from Brazil, Australia and France were shown to produce
cyclodextrin in starch-containing medium, in addition to their capacity to fix nitro-
gen, indicating their agronomic and biotechnological potential (Vollu et al. 2006).
However, auxin production, another characteristic that contributes to plant growth,
was not observed in any of the 13 P. graminis strains tested (da Mota et al. 2008).

To study the diversity of P. graminis strains isolated from France, Australia and
Brazil, RFLP analysis of parts of genes encoding RNA polymerase (rpoB-RFLP)
and DNA gyrase subunit B (gyrB-RFLP) was performed to investigate whether
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Fig. 15.4 Roots of cowpea
(Vigna unguiculata) cultivar
IPA 205 inoculated with
Bradyrhizobium sp. BR 3267
(Brady) and co-inoculated
with Bradyrhizobium sp. plus
P. graminis strain MC 22.13
(P-MC 22.13). Courtesy of
Dr. Marcia do Vale Barreto
Figueiredo — Instituto
Agrondmico de
Pernambuco-IPA, Brazil

there is a correlation between strains and the soil type, plant or country of isolation.
Furthermore, a comparative analysis of the sequences of the rpoB gene was
performed for the first time in P. graminis strains. The isolates originating from
Brazil could be separated from those from Australia and France, when data from the
rpoB-based phylogenetic tree or gyrB-RFLP were considered. These analyses also
allowed the separation of all P. graminis strains studied into four clusters, and it was
suggested that the diversity of these P. graminis strains was more affected by the
soil type than by the plant from where they had been isolated (Vollu et al. 2006).

15.8 Paenibacillus borealis

Seven spore-forming, nitrogen-fixing bacterial strains that could degrade carboxy-
methyl cellulose and quitine and could solubilize organic phosphate were isolated
from spruce forest humus in Finland; they were proposed as P. borealis (Elo et al. 2001).

In Brazil, Beneduzi et al. (2008) isolated a total of 311 putative nitrogen-fixing,
aerobic endospore-formers from seven distinct wheat production zones of the Rio
Grande do Sul State. The genus Paenibacillus was the most prominent group in
both the rhizosphere (77.8%) and soil (79%) and P. borealis was the most fre-
quently identified species among the isolates.
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15.9 Paenibacillus wynnii, P. massiliensis, P. sabinae,
“P. donghaensis”, P. zanthoxyli, P. forsythiae,
P. riograndensis and P. sonchi

These eight nitrogen-fixing Paenibacillus species were described quite recently and
only a few data are available concerning their abilities to promote plant growth; in
most cases, information about the species is restricted to their taxonomic descrip-
tions. P. wynnii was isolated from soil taken from different locations at Mars Oasis
on Alexander Island, Antarctica, and the species harbours nifH gene-containing
strains (Rodriguez-Diaz et al. 2005).

The type strain of P. massiliensis was isolated from a blood culture (Roux and
Raoult 2004). Later, Zhao et al. (2006) suggested that there might be two copies of
nifH in P. massiliensis strain T7; they sequenced part of the nitrogenase operon and
the predicted proteins of nifBHDKENX showed high homology with those from
other nitrogen-fixing bacteria.

Five nitrogen-fixing bacterial strains isolated from the rhizosphere soils of plants
of the shrubs Sabina squamata, Weigela florida and Zanthoxylum simulans
(Chinese prickly ash) shared the major phenotypic character of being unable to
produce acid and gas from various carbohydrates such as glucose, sucrose, lactose
and fructose. They showed high levels of 16S rRNA gene sequence similarity with
P. durus, but on the basis of phenotypic and genetic features they were proposed as
the novel species P. sabinae (Ma et al. 2007a). In the same year, Ma et al. (2007b)
described another novel species, P. zanthoxyli, comprising five nitrogen-fixing
strains isolated from rhizosphere soils of Zanthoxylum simulans growing in Beijing,
China. Highest 16S rRNA gene sequence similarities were found between these
novel strains and P. durus ATCC 35681 (97.8-98.5% similarity) and P. stellifer
DSM 14472 (95.4-96.3%). A significant feature of the novel strains, that differ-
entiated them from P. durus and most other Paenibacillus species, was that none of
them could produce acid or gas from various carbohydrates. On the basis of
phenotypic properties, 16S rRNA gene sequences, DNA G+C content, DNA-DNA
hybridization, chemotaxonomic properties and the nifH gene sequence, the five
novel strains were considered to represent a novel species (Ma et al. 2007b).

The species P. forsythiae was described on the basis of a single nitrogen-fixing
isolate (strain T98) isolated from rhizosphere soil of Forsythia mira (Ma and Chen
2008). The highest levels of 16S rRNA gene similarity were found between
strain T98 and P. durus ATCC 35681 (97%), P. sabinae DSM 17841 (98.3%)
and P. zanthoxyli DSM 18202 (96.8%). However, based on the level of DNA-DNA
relatedness and other genetic and phenotypic characteristics, the strain was pro-
posed as a new species.

Based on phylogenetic, phenotypic, and chemotaxonomic characteristics, strain
JHST isolated from deep sediment of the East Sea (Korea) was proposed as the
novel species, “P. donghaensis” (Choi et al. 2008). This strain was able to degrade
xylan and its DNA was amplified by nifH primers (Poly et al. 2001), suggesting that
JHST is a nitrogen-fixing strain.
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Finally, the new nitrogen-fixing species P. sonchi and P. riograndensis have been
recently described. While P. sonchi was isolated from the rhizosphere of Sonchus
oleraceus (Hong et al. 2009), P. riograndensis was isolated from the rhizosphere of
Triticum aestivum (Beneduzi et al. 2010). P. riograndensis is formed by only one
strain (SBR5") and, besides the ability to fix nitrogen, strain SBR5" displays other
PGPR characteristics such as siderophores and IAA production. Based on the 16S
rRNA gene sequence P. riograndensis is most closely related to P. graminis species,
showing 98.1% of similarity with P. graminis RSA19" (Beneduzi et al. 2010).

15.10 Concluding Remarks

The nitrogen-fixing Paenibacillus species have been studied for their phenotypic,
genetic and phylogenic characteristics — some species more thoroughly than others —
and properties that fulfill requirements for considering many of their strains as
PGPR have also been described. On the other hand, however, in vivo experiments
have been few and the real and unquestionable contribution of nitrogen-fixing
Paenibacillus strains to either the nitrogen input to the plants or to plant health is
inconclusive. Therefore, further studies should be encouraged to elucidate these
aspects within the long-established and the more recently described species of
Paenibacillus.
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Chapter 16
Halophilic and Haloalkaliphilic, Aerobic
Endospore-forming Bacteria in Soil

M. Carmen Marquez, Cristina Sanchez-Porro, and Antonio Ventosa

16.1 Introduction

Extremophilic microorganisms capable of growing at extremes of salinity, acidity,
alkalinity, temperature or pressure, just to cite some environmental factors, have
been studied in detail and many researchers have focused their interest on the
features and applications of these microorganisms. Among the extremophiles,
halophiles are microorganisms that are adapted to high salt concentrations, and
they are found in different habitats over a wide range of salinities (Ventosa 2006).
Moderately halophilic bacteria are capable of growing optimally under conditions
of 3—15% NaCl (Ventosa et al. 1998), and constitute a very heterogeneous physio-
logical group, including both Gram-positive and Gram-negative bacteria, with great
potential uses in biotechnology (Ventosa and Nieto 1995; Margesin and Schinner
2001; Mellado and Ventosa 2003).

Most studies of saline or hypersaline environments have been carried out on
aquatic habitats, especially salt lakes and salterns (Ventosa 2006). Fewer studies
have focused on saline soils and, in fact, many recently described species of
terrestrial origin were obtained from sediments or soil samples collected from the
surface sediments or soil layers of aquatic lakes that dried as a consequence of the
natural evaporation of the water. Frequently, salinity is associated with alkalinity,
and thus many saline or hypersaline environments have alkaline or very alkaline pH
values, influencing the microbial populations that must be adapted to these two
environmental factors, salinity and alkalinity.

In this chapter we review the aerobic, endospore-forming moderately halophilic
and haloalkaliphilic (and some halotolerant) bacteria that have been reported to be
isolated from saline soils or sediment samples, as well as their activities and
potential applications. Some other related reviews that could be consulted are
those of Ventosa et al. (1998, 2008) and Arahal and Ventosa (2002).
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16.2 Taxonomy of the Family Bacillaceae

Currently, the family Bacillaceae, which belongs to the Phylum Firmicutes, Class
“Bacilli”, Order Bacillales, comprises 15 genera that include halophilic or haloal-
kaliphilic, aerobic endospore-forming species isolated from soil or sediment samples.
These are Alkalibacillus, Bacillus, Gracilibacillus, Filobacillus, Halalkalibacillus,
Halobacillus, Lentibacillus, Ornithinibacillus, Paraliobacillus, Salirhabdus, Salsu-
ginibacillus, Tenuibacillus, Terribacillus, Thalassobacillus and Virgibacillus. Also,
within the family Bacillaceae there are some genera containing halophilic species for
which no endosporulation has yet been observed, such as Halolactibacillus and
Sediminibacillus.

16.2.1 Genus Alkalibacillus

The genus Alkalibacillus was proposed by Jeon et al. (2005b) in order to reclassify
Bacillus haloalkaliphilus and describe the novel species Alkalibacillus salilacus.
Five species have been included in this genus up to now and four of them have been
isolated from soil sediment samples: A. haloalkaliphilus (the type species of
the genus) (Fritze 1996; Jeon et al. 2005b), A. salilacus (Jeon et al. 2005b),
A. halophilus (Tian et al. 2007) and A. silvisoli (Usami et al. 2007). The other
species belonging to this genus, A. filiformis, was initially isolated from water
samples in the south of Italy (Romano et al. 2005). Members of this genus are
represented by Gram-variable, motile, strictly aerobic and haloalkaliphilic rods
capable of forming spherical endospores in terminal position and swollen sporangia.
As the majority of the other genera of the family Bacillaceae, all species of this
genus have meso-diaminopimelic (meso-DAP) acid in the cell-wall peptidoglycan
and menaquinone with seven isoprenoid units (MK-7) as the predominant isoprenoid
quinone.

16.2.2 Genus Bacillus

The genus Bacillus is a large taxonomic entity containing species with many
different physiological responses. Species of the genus Bacillus have been isolated
from a wide variety of aquatic and terrestrial environments, demonstrating their
ubiquity. Among these, moderately halophilic Bacillus species have been isolated
from salterns, estuarine waters, salt lakes, salty foods, sea ice and seawater. The
genus Bacillus was first described by Cohn in 1872 and since then the number of
species has fluctuated widely among the different editions of Bergey’'s Manual
(Berkeley 2002). The introduction of molecular methods, especially the use of 16S
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rRNA gene sequencing, has had a major impact on Bacillus taxonomy and has
resulted in splitting of the genus. Despite the reduction in the number of species in
the genus Bacillus, the phylogenetic and physiological heterogeneities of what can
now be considered as Bacillus sensu stricto are still far too large, and the need
for further splitting is supported by its widely ranging DNA G+C content, from 31
to 66 mol%.

Based on early molecular analyses of 16S rRNA gene sequences, the genus Bacillus
comprised six phylogenetically distinct groups (Ash et al. 1991; Stackebrandt and
Liesack 1993; Spring et al. 1996; Waing et al. 1999; Schlesner et al. 2001) and they
are attracting interest because these groups of bacteria have biotechnological
potentials for the production of compatible solutes or hydrolytic enzymes (Marge-
sin and Schinner 2001). Several early studies with halophilic endospore-forming
organisms considered Bacillus as a broad group and, on the other hand, some
species originally described as members of the genus Bacillus have subsequently
been reclassified as members of other closely related genera; this is the case of
Bacillus halophilus (Ventosa et al. 1989) or Bacillus salexigens (Garabito et al.
1997), that are currently placed within the genera Salimicrobium and Virgibacillus,
respectively.

The presence of sodium ions (Na*) in the medium has been considered to be very
important for the environmental adaptation of alkaliphilic Bacillus species to high
pH (Krulwich et al. 2001). Physiological studies on their alkali adaptation revealed
two types of Na*/H" antiporter, Mrp (Sha) and NhaC, for lowering cytoplasmic pH.
Alkaliphilic Bacillus species use Na* for the adjustment of intracellular pH, solute
transport and flagella rotation. The reason behind the existence of these antiporters
in Bacillus species might be the avoidance of the H" cycle in their solute transport
system. However, not every strain of alkaliphilic Bacillus shows an obvious NaCl
requirement. This might be explained by the variation of affinity for NaCl observed
among the alkaliphilic Bacillus species.

Six moderately halophilic species belonging currently to the genus Bacillus
have been isolated from soil samples: B. patagoniensis (Olivera et al. 2005),
B. oshimensis (Yumoto et al. 2005), B. taeanensis (Lim et al. 2006), B. isabeliae
(Albuquerque et al. 2008), B. aurantiacus (Borsodi et al. 2008) and B. aidingensis
(Xue et al. 2008). Some characteristics that allow the differentiation of these
species are shown in Table 16.1.

B. patagoniensis was isolated from Patagonia (Argentina) (Olivera et al. 2005).
Desert soils, such as the arid soils in north-eastern Patagonia (Argentina), are
exposed to wind and water erosion, as well as salinization and alkalinization
processes associated with non-irrigated lands. There is very limited knowledge
about the microbial diversity of the arid soils of Patagonia, especially from
vegetal soil microsites characterized by alkaline and saline conditions. During
the characterization of proteolytic microorganisms from such soils, the strain PAT
05 was isolated from the rhizosphere of Atriplex lampa, a perennial shrub that is
able to colonize alkaline and saline areas. This strain is a producer of alkaline
proteases and considering their characteristics such as high optimum pH, high
stability and residual activity in the presence of denaturing and chelating agents,
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Table 16.1 Characteristics of different moderately halophilic Bacillus species isolated from soils
or sediment samples

Characteristic 1 2 3 4 5 6
Motility + - + — — +
Nitrate reduction — — + — — +
Oxidase + + + + - -
Hydrolysis of:

Casein + + - - - -

Gelatin + + — — ND

Starch + + + + - -

Tween 80 — + - - + -

Aesculin ND - + + - +

Acid production from:

Glycerol + + - — ND +
D-Glucose + ND + ND +
Dp-Mannitol + —+ + - ND +
D-Maltose + + + — ND +
Dp-Mannose + + + — ND +
Melibiose — + + - ND -
p-Raffinose + + + - ND —
p-Xylose - + + + ND —

Major f'dtty acids ND Iso C15:0, ISO-C15:0, ISO-C15:0, Iso C]5:0, C15:0, ClG:O’
anteiso anteiso anteiso anteiso- anteiso-
Ciso Cis.00 Cis.00 Cis.0 Ci7.0, iSO
iSO—C14:0 C16:0 anteiso- C15:0,
Ci70 is0-Cy6:0
DNA G + Ccontent 39.7 40.8 36 37.9 429 48.1

(mol%)

Symbols: + positive; — negative; ND not determined.

Taxa: (1) B. patagoniensis (Olivera et al. 2005); (2) B. oshimensis (Yumoto et al. 2005); (3)
B. taeanensis (Lim et al. 2006); (4) B. isabeliae (Albuquerque et al. 2008); (5) B. aurantiacus
(Borsodi et al. 2008); (6) B. aidingensis (Xue et al. 2008).

they could be promising extracellular enzymes for detergent formulation
(Olivera et al. 2003). This species is able to produce oval endospores at subtermi-
nal position, growth occurs at pH 7-10 with an optimum at about pH 8.0, 5-40°C
and with 15% NaCl.

B. oshimensis (Yumoto et al. 2005) constitutes the unique example of non-motile
haloalkaliphilic Bacillus species. The strain may require NaCl for pH homeostasis
for adaptation in an alkaline environment or for energy production through the
respiratory chain (Tokuda and Unemoto 1981, 1984) or ATPase (Ueno et al. 2000).
B. oshimensis was isolated from soil samples obtained from Hokkaido, Japan and
produces terminally located ellipsoidal endospores which do not swell the sporan-
gium. It grows in media with 0-20% NacCl, with an optimum concentration of 7%
NaCl. The optimum growth temperature is 28-32°C at pH 10.

During the course of screening the surface sediment of a solar saltern in the Tea-
An area of Korea, in order to isolate halophilic bacteria, an aerobic, Gram-positive,
moderately halophilic bacterium, designated strain BH030017 was isolated and
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subjected to taxonomic characterization. As a result of this study B. taeanensis was
described (Lim et al. 2006). This microorganism produces ellipsoidal endospores
that are formed terminally in swollen sporangia. Optimum growth occurs at 35°C,
pH 7.5 and 2-5% (w/v) NaCl. On the other hand, during a survey of the bacterial
diversity of a sea salt evaporation pond on the Island of Sal in the Cape Verde
Archipielago, several halophilic, Gram-positive bacteria were isolated and cha-
racterized. One of the isolates, designated as strain CVS-8, was found to be
phylogenetically related to species of the genus Bacillus. This strain shared several
physiological and biochemical characteristics with the strains belonging to the
species B. acidicola (Albert et al. 2005) and B. shackletonii (Logan et al. 2004).
Nevertheless this novel organism has optimum growth at NaCl concentrations
between 4 and 6% (w/v), no growth occurs in media without NaCl and its optimum
pH was between 7.5 and 8.0. In contrast, the type strains of B. acidicola and
B. shackletonii grew in media without NaCl, showed a narrow range of salt
tolerance and had a lower optimum pH for growth. Furthermore, this new isolate
can be clearly distinguished from these two species of Bacillus on the basis of its
different fatty acid composition and several phenotypic traits and was classified as a
new species of the genus, as B. isabeliae (Albuquerque et al. 2008).

In 2008, two new halophilic Bacillus species isolated from soil samples were
described: B. aurantiacus (Borsodi et al. 2008) and B. aidingensis (Xue et al. 2008).
B. auranticus was described on the basis of three strains, K1-5 (type strain), K1-10
and B1-1, collected from the upper 3—5 cm sediment layers of two extremely
shallow soda lakes located in Hungary. Strains K1-5 and K1-10 were isolated
from sediments of Kelemem-szék lake, while B1-1 was isolated from Boddi-skék
lake situated in the Kiskunsag National Park, Hungary. These shallow soda lakes
are the most western representatives of such lakes that lie across Eurasia and are
structurally dissected by their extended reed coverage. All three strains grew in
nutrient broth medium supplemented with up to 15% NaCl (strain K1-5), 13% NaCl
(strain K1-10) or 12% NaCl (strain B1-1).

Finally, B. aidingensis (Xue et al. 2008) was isolated from sediment of Lake
Ai-Ding in Xin-Jiang Province (China), a typical chloride—sulphate saline lake with
neutral pH and a salt concentration of 20-26% (w/v). Previous studies on the
microbial diversity of Ai-Ding salt lake have demonstrated the presence of a variety
of halophilic microorganisms (Cui et al. 2006a, b; Ren and Zhou 2005a, b).
B. aidingensis was isolated from a sediment sample of this lake and grows in the
range 22-44°C (optimally at 37°C) and at NaCl concentrations in the range 8-33%
(w/v) (optimally at 12%). No growth occurs in the absence of NaCl and the pH
range for growth is 6.0-9.5 (optimum at pH 7.2).

16.2.3 Genus Filobacillus

The genus Filobacillus is phylogenetically located on the periphery of rRNA group
1 of Bacillus and is clearly differentiated from other related genera on the basis of
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its cell-wall peptidoglycan type, based on L-Orn-p-Glu (Schlesner et al. 2001). At
present, this genus includes a single species, Filobacillus milosensis, which was
isolated from beach sediment from Palaeochori Bay, Milos, Greece.

Cells of the type strain of this species stain Gram-negative, but the cell wall is of
Gram-positive type. It is moderately halophilic (the NaCl range is approximately
2-239% with an optimum of 8-14%), alkalitolerant (the pH range of growth is
6.5-8.9, with an optimum of 7.3-7.8) and mesophilic (the temperature optimum is
33-38°C, with maximum growth temperature of 40-42°C). It is motile, with
spherical endospores located in a terminal position and its DNA G + Cis 35 mol%.

16.2.4 Genus Gracilibacillus

This genus was created by Waing et al. (1999) to accommodate Gram-positive,
motile, spore-forming rods or filaments with MK-7 as the predominant respiratory
quinone. It currently comprises six recognized species. With the exception of
Gracilibacillus dipsosauri (formerly Bacillus dipsosauri), which was isolated
from the nasal cavity of a desert iguana (Dipsosaurus dorsalis) (Lawson et al.
1996), Gracilibacillus species are halophilic or halotolerant bacteria isolated from
saline soils. Gracilibacillus halotolerans, the type species of the genus, was pro-
posed on the basis of a single strain, designated NN, isolated from surface mud
obtained from the Great Salt Lake, UT (USA). It was capable of growing on Tris-
medium containing 0—-20% (w/v) NaCl at 30°C but did not require NaCl for growth,
being the first extremely halotolerant species described that grows optimally with-
out NaCl in this habitat (Waing et al. 1999).

During the course of a broad study of moderately halophilic bacteria from
several salt lakes in China, three moderately halophilic Gram-positive rods were
isolated from water and sediment samples of two lakes located near Xilin Hot and
Ejinor, in Inner Mongolia. They produced spherical endospores located at terminal
position in swollen sporangia similar to those produced by G. dipsosauri, the
species most closely related phylogenetically (Fig. 16.1). On the basis of a poly-
phasic study, they were assigned to the genus Gracilibacillus, as G. orientalis
(Carrasco et al. 2006).

In 2007, Ahmed and co-workers isolated the novel species G. boraciitolerans
from a soil with naturally high boron minerals in the Hisarcik area of Turkey
(Ahmed et al. 2007b). Organisms that grow on soils naturally high in a particular
element such as boron, are of great interest biologically as a source of tolerance
gene(s) for other microorganisms and also for their ability to function under such
extreme conditions (Ahmed et al. 2007a). G. boraciitolerans was described as
moderately halotolerant (with a NaCl range of 0—11% NaCl), alkalitolerant (with
a pH range for growth of 6.0—10.0 and an optimum of pH 7.5-8.5) and highly boro-
tolerant (it can tolerate 0—450 mM boron, but grows optimally in the absence of
boron).
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Fig. 16.1 Phase-contrast
micrograph of Gracilibacillus
orientalis XH-63T. Bar 10 pm
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Recently, two Gram-positive, moderately halophilic, endospore-forming species
belonging to this genus, G. lacisalsi and G. halophilus, have been isolated from
saline sediment and soil samples in China (Jeon et al. 2008; Chen et al. 2008a). Both
species are motile, oxidase and catalase positive and able to reduce nitrate to nitrite.
The proposal of G. lacisalsi was based on two isolates capable of growing in media
with 1-18% NaCl (optimum at 5-7% NaCl), at temperatures of 15-50°C (optimum
of 40°C) and pH values of 5.5-10.0 (optimum at pH between 7.5 and 8.0). The
DNA G + C content was 38.8-39.0 mol%. This species was most closely related to
G. orientalis. On the other hand, G. halophilus is markedly different from other
Gracilibacillus species because it is a thermophilic organism with a temperature
range for growth of 28—60°C and an optimum in the range 45-50°C. In addition, it
has a comparatively high NaCl concentration for optimum growth (15%) and a
different fatty acid profile with significant amounts of unbranched saturated com-
ponents and smaller amounts of anteiso-C;s.o than other species of this genus.

16.2.5 Genus Halalkalibacillus

It has tacitly been believed that habitats of halophiles capable of growing in media
containing more than 20% NaCl are restricted to saline environments, and very few
reports have been published on the isolation of halophiles from ordinary garden soil
samples. In 2005, Echigo et al. reported that halophilic bacteria phylogenetically
related with the members of the family Bacillaceae inhabit different non-saline
habitats in an area surrounding Tokyo, Japan. Subsequently, these authors proposed
the genus Haloalkalibacillus, with the species H. halophilus, on the basis of a
moderately halophilic and alkaliphilic bacterium isolated from ordinary non-saline
garden soil, in Japan. This species grows in 5.0-25% NaCl (optimum at 10-15%
NaCl and pH 8.5-9.0), is motile, forms spherical endospores located terminally in
swollen sporangia and has Aly meso-diaminopimelic-type murein. Phylogeneti-
cally, this species is most closely related to three species of the genus Alkalibacillus
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(A. haloalkaliphilus, A. filiformis and A. salilacus), Thalassobacillus devorans,
Filobacillus milosensis and Tenuibacillus multivorans (Echigo et al. 2007).

16.2.6 Genus Halobacillus

The increasing number of publications on bio-applications and other aspects of the
genus Halobacillus and the large number of 16S rRNA gene sequences deposited in
databases for unidentified strains reflect the wide distribution of these bacteria and
their considerable scientific interest (Burja et al. 1999; Pinar et al. 2001; Yang et al.
2002; Rivadeneyra et al. 2004).

The genus Halobacillus was created by Spring and co-workers in 1996 to
accommodate two novel species, Halobacillus litoralis and Halobacillus trueperi,
and transfer Sporosarcina halophila (Claus et al. 1983) to this genus as Haloba-
cillus halophilus. Currently, this genus comprises 17 species with validly published
names, 7 of them being extremely halotolerant or moderately halophilic bacteria
isolated from saline soil or sediment samples. For a long time, this genus could be
differentiated clearly from other related genera of the family Bacillaceae by having
cell-wall peptidoglycan based on L-Orn-D-Asp (Spring et al. 1996; Nunes et al.
2006; An et al. 2007a). However, two recently described species, H. campisalis
and H. seohaensis, were found to contain meso-diaminopimelic acid instead of
L-ornithine as the amino acid in their cell-wall peptidoglycan (Yoon et al. 2007,
2008). These and other characteristics that differentiate between the validly pu-
blished halophilic Halobacillus species isolated from soil or sediment samples are
shown in Table 16.2.

H. halophilus, the type species of the genus, was originally described on the
basis of 22 endospore-forming cocci isolated from salt marsh soils at different parts
of the North Sea coast in Germany (Claus et al. 1983). It has also been isolated from
saline soils near Alicante (Spain) (Ventosa et al. 1983). This species can tolerate up
to 18% NacCl (its optimal growth rate is between 3 and 12% NaCl). In 1998, Roeler
and Miiller demonstrated, for the first time in a bacterium, that H. halophilus
requires chloride for growth. It was later shown that chloride not only supports
growth in H. halophilus, but is also essential for germination of endospores,
flagellar synthesis and motility, and glycine betaine transport, as well as for the
regulation of a large number of proteins (Dohrmann and Muller 1999; Roepler et al.
2000; Roepler and Miiller 2001, 2002).

H. halophilus compensates the osmotic burden by the accumulation of compati-
ble solutes (Roepler and Miiller 1998, 2001; Miiller and Saum 2005; Saum et al.
2006; Saum and Miller 2007, 2008). It has been demonstrated that this bacterium
produces different compatible solutes depending on the salinity in the external
environment; thus, in the presence of high salt concentrations, ectoine is produced
predominantly along with proline, whereas at moderate salinities glutamine and
glutamate are the major compatible solutes accumulated (Saum and Miiller 2007,
2008).
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Very recently, a study of the carotenoids in H. halophilus was reported (Kocher
et al. 2009). The analysis included the study of the structure, function and the
organization of the genes involved in the biosynthesis of these pigments. Carote-
noids are widespread fat-soluble pigments with important roles in several physio-
logical functions such as lipophilic antioxidations as well as providing
photoprotection during photosynthesis. In contrast to photoautotrophic organisms,
for which the presence of carotenoids as photoprotectans is essential, formation of
these pigments is found only in some heterotrophic microorganisms (Goodwin
1980). Kocher et al. (2009) showed that the carotenoids that accumulate in
H. halophilus were C3y compounds structurally related to staphyloxanthins. As
lipophilic antioxidants, they promote survival of the cells under oxidative stress.
These authors identified a carotenogenic gene cluster in which all genes necessary
for the synthesis of staphyloxanthins were organized in two operons. The know-
ledge on the biosynthetic pathway in H. halophilus and the identification of the
initial genes for C;( carotenoid synthesis will allow future studies on carotenoid
protective function, analysis of salt-dependent carotenoid synthesis and carotenoid
pathway regulation in this halophilic bacterium.

Halobacillus litoralis and H. trueperi are heterotrophic bacteria with high
tolerance of a wide range of salinities (from 0.5 to 25% and 0.5 to 30% (w/v) of
salt, respectively), which may be due to the adaptation of these bacteria to environ-
ments characterized by fluctuations in the salt concentrations. This is the case with
the Great Salt Lake, in Utah, a hypersaline lake from whose sediments these two
species were originally isolated (Spring et al. 1996).

In 2003, Amoozegar et al. proposed Halobacillus karajensis. It is non-motile and
grows at salinities of 1-24% NaCl, at pH values between 6.0 and 9.6 and at
1049°C. The G + C content of its DNA is 41.4 mol%. This species, isolated
from surface saline soils of Karaj (Iran), produces two extracellular enzymes, an
amylase and a protease, that may possess commercial value due to their thermo-
philic and haloalkaline properties, respectively. The maximum amylase activity
was achieved at 50°C, pH 7.5-8.5 and 5% (w/v) NaCl while the maximum protease
activity was observed at 50°C, pH 9 and 12% NaCl (Amoozegar et al. 2003;
Karbalaei-Heidari et al. 2009). In another investigation, the presence of a DNA-
binding protein HU, a kind of histone-like protein (HLP), was assayed in
H. karajensis, this protein being the first HLP studied in any Halobacillus species.
This protein has the same molecular weight of that described for Bacillus subtilis
but the genes encoding the HU protein showed some differences from those of
B. subtilis (Ghadam et al. 2007).

In the course of an environmental study of a mangrove area on Ishagaki Island
(Japan), a Gram-positive, endospore-forming, non-motile, rod-shaped extremely
halotolerant bacterial strain, designated IGA-7, was isolated from a sediment sample.
This strain was characterized taxonomically using a polyphasic approach. On the
basis of phenotypic, chemotaxonomic and phylogenetic data, the isolate was proposed
as anovel species of the genus Halobacillus, with the name H. faecis (An et al. 2007¢).

Finally, two other Halobacillus species isolated from saline sediments, collected
from marine solar salterns in Korea, are H. campisalis and H. seohaensis (Yoon
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Halobacillus campisalis ASL-17" (EF486356)
Halobacillus seohaensis 1SL-507 (EF612763)
Halobacillus faecis IGAT-4T (AB243865)
Halobacillus trueperi DSM 104047 (AJ310149)
Halobacillus aidingensis AD-67 (AY351389)
Halobacillus dabanensis D-87 (AY351395)
Halobacillus karajensis DSM 149487 (AJ486874)
Halobacillus litoralis SL-4T (X94558)
Halobacillus locisalis MSS-1557T (AY 190534)
Halobacillus salinus HSL-3T (AF500003)
Halobacillus yeomjeoni MSS-402T (AY881246)
Halobacillus halophilus NCIMB 22697 (X62174)
Thalassobacillus devorans G-19T (AJ717299)
Sediminibacillus halophilus EN$dT Ai\pﬁS}’g)ﬂ
Gracilibacilfus orientalis XH-637 (AM040716)
Gracilibacillus lacisalsi BH3127 (DQ664540)
Gracilibacillus halophilus YIM C55.57 (EU135704)
Gracilibacillus dif i NCFB 30277 (X82436)
Gracilibacillus halotolerans DSM 118057 (AF036922)
Gracilibacillus boraciitolerans T-16X" (AB197126)
Paraliobacillus quinghai YIM-C158T (EU135728)
Paraliobacillus ryukyuensis DSM 151407 (ABO8T828)
Pontibacillus marinus BHO3004T (AY603977)
Poniibacillus chungwhensis KCTC 38907 (AY553296)
F Terribacillus saccharophilus 002-0487 (AB243845)

Terribacillus goriensis CL-GR167 (DQ519571)
Terribacillus halaphilus 002-0517 (AB243849)

Marinibacillus campisalis SF-577_(AY190535)

Marinibacillus marinus 5817 (AJ237708)

|—ergaﬁbariﬂm alimentarius JCM 108727 (AF281158)
Tenuibacillus i 28-1T (AY319933)
Aguisalibacillus elongatus SH4sT (AM911047)
Filobacillus milosensis SHT14TT (AJ238042)

Halalkalibacillus halophilus BH2T (AB264529)
Salirhabdus euzebyi CVS-14T (AM292417)

Lentibacillus salicampi SF-207 (AY057394)
Virgibacillus pantothenticus IAM 110617 (D78477)
[e) bacillus ihevensis HTES31T (ABO10863)
Ornithinibacillus bavariensis WSBC240017 (Y 13066)
Ornitibacillus californiensis MB-97 (AF326365)
L Bacillus aidingensis 17-57 (DQS04377)
Bacillus taeanensis BHO30017T {AY603978)
Bacillus isabelae CVS-87 (AMS503357)

Bacillus subtilis NCDO 17697 (AB018486)
Bacillus imcus K1-57 (AJ605773)

Bacillus patagoniensis PAT 057 (AY258614)
202 | I_‘:Bmm.e oshimensis K117 (AB188090)

Brevibacillus brevis JCM 25037 (D78457)

Fig. 16.2 Maximum-parsimony tree, based on 16S rRNA gene sequence comparisons, showing
the relationship of species of the genus Halobacillus with related species. In bold are shown the
halophilic species isolated from sediment or soil samples. The accession numbers of the sequences
are shown in parentheses after the strain designations. Brevibacillus brevis JCM 2503" was used
as outgroup. The scale bar represents 0.02 substitutions per nucleotide position

et al. 2007, 2008). As previously commented, unlike other Halobacillus, the cell
wall peptidoglycan of these two species is based on meso-diaminopimelic acid.
A comparative 16S rRNA gene sequence analysis showed that the type strains of
H. campisalis and H. seohaensis form a fairly stable clade, together with
H. halophilus, within the Halobacillus cluster, with a 16S rRNA sequence similar-
ity value of 98.5%. However, the percentage of DNA—DNA hybridization between
them was only 19% (Yoon et al. 2008). Figure 16.2 shows the phylogenetic
relationship of species of the genus Halobacillus with other related species.

16.2.7 Genus Lentibacillus

The genus Lentibacillus was proposed by Yoon et al. (2002) in order to classify a
Gram-variable, aerobic, endospore-forming moderately halophilic rod isolated
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from a salt field in Korea. This microorganism was designated as Lentibacillus
salicampi (Yoon et al. 2002). This genus currently comprises nine species,
three of them isolated from fermented fish sauce: Lentibacillus juripiscarius
(Namwong et al. 2005), Lentibacillus halophilus (Tanasupawat et al. 2006) and
Lentibacillus kapialis (Pakdeeto et al. 2007). The following species of the
genus Lentibacillus were isolated from soil sediments of different hypersaline
habitats: Lentibacillus salarius (Jeon et al. 2005a), Lentibacillus lacisalsi (Lim
et al. 2005), Lentibacillus halodurans (Yuan et al. 2007), Lentibacillus salinarum
(Lee et al. 2008a) and Lentibacillus salis (Lee et al. 2008b).

The description of the genus Lentibacillus was emended by Jeon et al. (2005a),
and it includes Gram-variable rods, capable of producing spherical or oval endo-
spores at terminal positions in swollen sporangia. They are catalase positive and
urease negative. Their cell-wall peptidoglycan contains meso-diaminopimelic acid;
the predominant menaquinone is MK-7 and the major polar lipids are phosphati-
dylglycerol and diphosphatidylglycerol. The major fatty acids are anteiso-C;s.o and
i80-Cy6.0 (Jeon et al. 2005a). Four species, L. salarius, L. lacisalsi, L. halodurans
and L. salis were isolated from soil sediments of salt lakes located in Xinjiang
Province, China (Jeon et al. 2005a; Lim et al. 2005; Yuan et al. 2007; Lee et al.
2008b). Finally, Lentibacillus salinarum was isolated from a sediment sample
collected from a marine saltern of the Yellow Sea in Korea (Lee et al. 2008a).
The studies carried out with the species of the genus Lentibacillus were focused on
the taxonomic characterization and descriptions of the species but nothing is known
about their biodiversity, ecological distribution or roles that they may have in the
habitats from which they were isolated. Some features that differentiate the soil and
sediment species of Lentibacillus are shown in Table 16.3.

16.2.8 Genus Ornithinibacillus

This genus contains currently the species O. bavariensis, isolated by Francis and
Tebo (2002) from pasteurized milk form Bavaria, Germany, and O. californiensis,
isolated from coastal surface sediments in California, USA (Mayr et al. 2006). The
latest species was described as a moderately halophilic rod with a range for growth
between 0.5 and 12% NaCl (optimum growth at 0.5-8% NaCl). It has a peptido-
glycan type A4f (L-Orn<Db-Asp) in the cell wall, MK-7 as the predominant
respiratory quinone, and the presence of iso-Cjs.q and anteiso-C,s.o as the major
cellular fatty acids (Mayr et al. 2006).

16.2.9 Genus Paraliobacillus

The genus Paraliobacillus was originally described by Ishikawa et al. (2002) and
constitutes an independent lineage within the halophilic/halotolerant/alkaliphilic
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and/or alkalitolerant group in rRNA group 1 of the phyletic clade classically defined
as the genus Bacillus. Currently, this genus comprises two recognized species; one
of them, Paraliobacillus quingaiensis, was isolated in a recent study of the micro-
bial diversity of the Qaidam Basin (north-west China), from a sediment sample. The
type strain of this species was moderately halophilic, as its optimum NaCl concen-
tration for growth was 5%, with a NaCl concentration range for growth of 1-20%.
It contains meso-diamonopimelic acid in the cell wall murein, phosphatidylmethyl-
ethanolamine and phosphatidylcholine as the polar lipids and MK-7 as the sole
respiratory quinone (Chen et al. 2009).

16.2.10 Genus Salirhabdus

At present, this genus contains the single species Salirhabdus euzebyi, which is
phylogenetically most closely related to species of the genus Salinibacillus but has
a distinctly lower NaCl requirement for optimal growth and a characteristic fatty
acid composition. The description of this species is based on a single strain,
designated CVS-14, isolated from a soil sample of a sea salt evaporation pond
collected on the island of Sal in the Cape Verde Archipielago. Strain CSV-14
produces oval endospores at a terminal position within swollen sporangium, giving
the cells the appearance of spermatozoids. It grows in media without added salt and
in media containing 16% NaCl and the optimum NaCl concentration for growth is
between 4 and 6% (Albuquerque et al. 2007).

16.2.11 Genus Salsuginibacillus

As previously commented, halophilic microorganisms are also often alkaliphilic
or alkali-tolerant. The genus Salsuginibacillus was created by Carrasco et al.
(2007) and, at the time of writing, only comprises the species Salsuginibacillus
kocurii, proposed on the basis of a single isolate. It is an alkali-tolerant, mod-
erately halophilic, Gram-positive, endospore-forming rod that was isolated from
the sediment of an alkaline, saline lake in Inner Mongolia, China, and is closely
related to Marinococcus and Bacillus agaradhaerens. Its cell wall peptidogly-
can contained meso-diaminopimelic acid, the major respiratory isoprenoid
quinone was MK-7, the predominant cellular fatty acids were anteiso-C;s.,
anteiso-C;7.g, 180-Cy7.9 and iso-C;s.o and its polar lipid pattern consisted of
diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and
two phospholipids of unknown structure. The G + C content of its DNA was
44.7 mol%.
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16.2.12 Genus Tenuibacillus

Tenuibacillus multivorans is currently the only described species within this genus
(Ren and Zhou 2005a). The proposal of this species is based on the isolation of two
strains from soil of a salt lake in Xin-Jiang, China. They are moderately halophilic
rods phylogenetically related to Filobacillus milosensis and Alkalibacillus haloal-
kaliphilus. In contrast to F. milosensis, T. multivorans contains meso-diaminopimelic
acid instead of L-ornithine as the amino acid in their cell-wall peptidoglycan, which
is common in members of Bacillus and related genera. On the other hand, this
species can be distinguished from A. haloalkalophilus in its Gram reaction (it is
positive), optimal pH for growth (it is neutrophilic with no growth above pH 9.0),
and fatty acids profile (with the presence of iso Cj¢.0 as one of the predominant
components).

16.2.13 Genus Terribacillus

The genus Terribacillus includes Gram-positive, aerobic rods capable of producing
ellipsoidal or oval endospores that are formed subterminally within swollen spor-
angia. Colonies are circular and convex. Strains are catalase positive and urease
negative, the predominant menaquinone is MK-7, the major fatty acids are anteiso-
Cis.0 and anteiso-Cy7.0 and the G + C content of the DNA is in the range
44-46 mol%. This genus contains two extremely halotolerant species, both of
them isolated from soils, T. saccharophilus (the type species) and T. halophilus.
These two species have an optimum NaCl concentration for growth in the range of
1-5% and are capable of growing in media without NaCl; however, T. sacchar-
ophilus can grow up to 16% NaCl whereas T. halophilus tolerates a NaCl concen-
tration of 19% (An et al. 2007a).

16.2.14 Genus Thalassobacillus

This genus comprises a single species, Thalassobacillus devorans, that was isolated
from a phenol enrichment of samples collected in hypersaline environments in
South Spain. This species includes Gram-positive motile rods, capable of producing
ellipsoidal endospores in central positions. They are aerobic, non-pigmented and
moderately halophilic, growing over a wide range of NaCl concentrations
(0.5-20%), showing optimal growth at 7.5-10% NaCl. It is not capable of growing
in the absence of NaCl. Its cell-wall peptidoglycan contains meso-diaminopimelic
acid, the predominant menaquinone is MK-7, and the major fatty acids are anteiso-
Cis.0 and is0-Cyg.0. It is phylogenetically related to species of the genus Haloba-
cillus (Garcia et al. 2005a). The most interesting feature of this species is its ability
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to degrade several aromatic compounds, especially phenol, under saline conditions
and thus it could be useful for biotechnological purposes (Garcia et al. 2005b).

16.2.15 Genus Virgibacillus

Heyndrickx et al. (1998) proposed the genus Virgibacillus on the basis of polyphasic
data from phenotypic characterization, amplified rDNA restriction analysis
(ARDRA) results, SDS-PAGE patterns of whole-cell proteins and fatty acids
profiles. The description of the genus was later emended by Heyrman et al.
(2003). Members of the genus Virgibacillus are motile, Gram-positive or Gram-
variable rods that produce oval to ellipsoidal endospores and have DNA G + C
contents ranging from 30.7 to 42.8 mol%. They have cell-walls containing pepti-
doglycan of the meso-diaminopimelic acid type and anteiso-Cs.o as the major
cellular fatty acid (Chen et al. 2008b; Wang et al. 2008). The phylogenetic relation-
ships of the species of the genus Virgibacillus with other related species is shown in
Fig. 16.3.

At present, Virgibacillus comprises 15 recognized species names with
V. pantothenticus as the type species (Heyndrickx et al. 1998) but only five of

Virgibacillus marismortui DSM 123257 (AJ0O09793)

Virgibacillus salarius SA-Vbl" (AB197851)

Virgibacillus olivae E3087 (DQ139839)

Virgibacillus pantothenticus IAM 110617 (D78477)
Virgibacillus chiguensis NTU101T (EF101168)

Virgibaci 7 C-20Mo” (Y11603)

Virgibacillus halodenitrificans ATCC 49067 (AY543169)
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Fig. 16.3 Maximum-parsimony tree, based on 16S rRNA gene sequence comparisons, showing
the relationship of species of the genus Virgibacillus with related species. In bold are shown the
moderately halophilic or extremely halotolerant Virgibacillus species isolated from sediment or
soil samples. The accession numbers of the sequences are shown in parentheses after the strain
designations. Brevibacillus brevis JCM 2503" was used as outgroup. The scale bar represents 0.02
substitutions per nucleotide position
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Table 16.4 Characteristics useful to distinguish the extremely halotolerant or moderately halo-
philic Virgibacillus species isolated from sediment or soil samples

Characteristic 1 2 3 4 5
Oxidase — + + + ND
Colony pigmentation Cream - - Yellow —
Anaerobic growth — - + — +
Temperature range (°C) 1040 15-45 10-45 5-45 ND
Optimum temperature (°C) 37 37 25 ND ND
Nitrate reduced to nitrite + - - + +
Hydrolysis of:

Aesculin + + + ND +

Casein - + ND ND +

Gelatin - + - ND +

Acid production from:

p-Galactose + — — w +
p-Glucose + + w + +
Dp-Mannitol — + — + w
Dp-Rhamnose + - ND - -
p-Trehalose + — w + -
DNA G + C content (mol%) 38.8 36.3-39.5 41.0 42.6 37.3

Symbols: + positive; — negative; w weakly positive; ND no data available.
Taxa: (1) V. salinus (Carrasco et al. 2009); (2) V. salexigens (Garabito et al. 1997); (3) V. koreensis
(Lee et al. 2006); (4) V. halophilus (An et al. 2007c); (5) V. chiguensis (Wang et al. 2008).

them have been described as extremely halotolerant or moderately halophilic
bacteria isolated from saline soil or sediment samples (Table 16.4).

Virgibacillus salexigens was originally described as Bacillus salexigens and was
based on six moderately halophilic bacteria, some of them isolated from hypersa-
line soils in Spain (Garabito et al. 1997). This species was firstly allocated to the
genus Salibacillus by Waing et al. (1999) and then transferred to Virgibacillus by
Heyrman et al. (2003) who, on the basis of genotypic and phenotypic data, proposed
the merger of Virgibacillus and Salibacillus in the single genus Virgibacillus. The
type strain of V. salexigens was most closely related to V. pantothenticus (formerly
Bacillus pantothenticus), within the phylogenetic group I of the genus Bacillus as
defined by Ash et al. (1991).

Two other halophilic Virgibacillus species, isolated from soils in Japan, are
V. koreensis (Lee et al. 2006) and V. halophilus (An et al. 2007b). V. koreensis is a
moderately halophilic rod that grows anaerobically and at a NaCl concentration of
0.5-20% with an optimum at 5-10% NaCl, whereas V. halophilus is an extremely
halotolerant microorganism capable of growing both in the absence of NaCl and in
the presence of 18% NaCl. On the other hand, the recently described species
V. chiguensis has been reported as growing at higher NaCl concentrations; the
type strain of this species is capable of growing between 0 and 30% NaCl, with
optimal growth at 5-10% (Wang et al. 2008).

Very recently, during the course of a broad study of moderately halophilic
bacteria from a saline lake in Inner Mongolia (China), our group isolated a strain,
designated XH-22, from a sediment sample. This strain had meso-diaminopimelic
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acid in the cell wall peptidoglycan, MK-7 as the predominant menaquinone and
anteiso-Cjs.o, Cy6.0, and iso-C 4.9 as the major fatty acids. The polar lipids consisted
of diphosphatidylglycerol, phosphatidylglycerol, a glycolipid and two different
unidentified phospholipids. The DNA G + C content was 38.8 mol%. Analysis of
16S rRNA gene sequence revealed that the sequence similarities between strain
XH-22 and the type strains of recognized Virgibacillus species ranged from 97.6%
(with V. carmonensis) to 94.9 (with V. koreensis). The DNA-DNA hybridization
between strain XH-22 and V. carmonensis DSM 14868" and V. necropolis DSM
14866 were 32% and 28%, respectively. This strain was also different in several
phenotypic features from the species of Virgibacillus previously described, and we
thus proposed the creation of a novel species, with the name Virgibacillus salinus
(Carrasco et al. 2009).

16.2.16 Other, Non-endospore forming, Members of Bacillaceae

The ability to form endospores has long been used as a mandatory characteristic for
the inclusion of novel isolates into different genera of the family Bacillaceae
(Hippe et al. 1992; Slepecky and Hemphill 1992; Sneath 1984); however, 16S
rRNA gene sequence analyses revealed that Bacillus was not a coherent genus and
was interspersed with genera partly or exclusively consisting of species for which
endospore formation has not been observed (Ash et al. 1991).

Two examples of moderately halophilic bacteria described very recently, for
which no endospore formation has been observed, are Halolactibacillus alkaliphi-
lus (Cao et al. 2008) and Sediminibacillus halophilus (Carrasco et al. 2008). These
two species are facultative aerobes and were isolated from sediment samples in
Inner Mongolia, China. H. alkaliphilus is a Gram-positive and non-motile rod with
MK-9H, and MK-9Hj, as the predominant quinones, and Cy¢.¢ and anteiso-Cy3.g as
the main cellular fatty acids. Sediminibacillus halophilus is currently the only
species described in the genus Sediminibacillus. This genus includes motile rod-
shaped, oxidase positive and able to reduce nitrate and nitrite. The cell-wall
peptidoglycan type is Aly with meso-diaminopimelic acid and the major cellular
fatty acids are anteiso-Cys.o and anteiso-C;7.,o. Phylogenetically it is related to the
genera Thalassobacillus and Halobacillus, although represents a clearly separate
line of descent within the radiation of Firmicutes.

Following the recommendations of the Subcommittee on the Taxonomy of the
genus Bacillus and related organisms of the International Committee on Systemat-
ics of Prokaryotes, in order to describe new genera and species of aerobic, endo-
spore-forming bacteria, it is important to study cultures grown for 24 h and up to 7
days on a medium that encourages sporulation. Sometimes, the utilization of too
rich media inhibits the endospore formation and thus, the reduction of the nutrient
content can facilitate the observation of endospores. The use of media supplemen-
ted with 5 mg/l MnSO, also stimulates the endosporulation (Logan et al. 2009).
On the other hand, the potential to form endospores may be also detected using
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a PCR method based upon certain genes for sporulation (Brill and Wiegel 1997;
Onyenwoke et al. 2004).

16.3 Ecology

Very few studies have been carried out in order to determine the diversity and
ecological behaviour of endospore-forming bacteria in saline soils. A pioneering
study was carried out by Quesada et al. (1982) on a hypersaline soil (with NaCl
concentrations from 5.0 to 10.7%) located in Alicante, Spain. This study showed
that the bacteria isolated from this habitat were mainly halophilic and that they
had a much more euryhaline (capable of living in waters of a wide range of
salinity) response than those isolated from hypersaline aquatic habitats. In fact,
most isolates were capable of growing over a wide range of salt concentrations,
from 0.9 to 20-25% NaCl, a fact that might reflect the heterogeneous structure
and differences in salinity of saline soils in contrast with saline aquatic systems
that are in general more homogeneous and not submitted to wide salinity changes.
Another observation of this study was that the bacterial distribution was more
similar to that of non-saline soils rather than to those of saline aquatic habitats
such as salterns or lakes. It has been claimed that salinity might not be as
important an environmental factor as the structure of the natural habitat, and
that the latter might select for the bacterial distributions in different saline habitats
(Rodriguez-Valera 1988). Although Gram-negative bacteria were abundant, this
study showed that Gram-positive organisms represented a large proportion of the
total population, with representatives of the Bacillus group as the most frequently
isolated (19% of total). Also, Gram-positive cocci, related to the species
H. halophilus and other species, have been isolated from these soils (Ventosa
et al. 1983). However, their roles and contributions to the biogeochemistry of the
soils are unknown. Besides halophilic bacteria, aerobic endospore-forming halo-
tolerant bacteria have been isolated from hypersaline soils. In a study carried out
by Garabito et al. (1998) they identified the isolates as members of several species
of the genus Bacillus. These results were obtained on the basis of traditional
isolation methods and only a few studies have been carried out using more recent
molecular culture-independent methods.

Members of Bacillaceae and also Rhizobiaceae and actinomycetes were isolated
from cultivated and non-cultivated salt-affected soils of Egypt by Zahran et al.
(1992). The high populations of bacteria and actinomycetes closely corresponded
with the relatively high levels of organic matter, whatever the degree of soil
salinity. B. (now Geobacillus) stearothermophilus and B. subtilis were more fre-
quently isolated than other Bacillus species.

Bacterial diversity associated with the Baer Soda Lake, located in the Autono-
mous Region of Inner Mongolia in China, has been investigated using a culture-
independent method. Bacterial 16S rRNA gene libraries were generated using
bacterial oligonucleotide primers, and 16S rRNA gene sequences of 58 clones
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were analysed phylogenetically. The library was dominated by 16S rRNAs of
Gram-negative bacteria with a lower percentage of clones corresponding to
Gram-positive bacteria (Ma et al. 2004). Another study using culture-independent
methods was the work carried out by Rees et al. (2004) in Kenya. The Kenyan-
Tanzanian Rift Valley contains a number of lakes which range from 5% to 35%
(saturation) salts and have pH values of 8.5 to >11.5. In this study, the samples
were collected from five soda lakes of this region in January 1999 (Lake Magadi,
Crater Lake, Lake Elmenteita, Lake Nakuru and Lake Bogoria). DNA was
extracted from water and sediment samples and also from microbial enrichment
cultures of sediment samples. 16S rRNA genes were amplified by PCR and
microbial diversity was studied using DGGE of 16S rDNA amplicons. Phyloge-
netic analysis of the sequenced amplicons revealed that these sequences were
related to different genera, including several Bacillus-like species (Rees
et al. 2004).

Echigo et al. (2005) carried out an study of non-saline environments such as
ordinary garden soils, yards, fields and roadways the area surrounding Tokyo,
Japan. Analyses of partial 16S rRNA gene sequences of 176 isolates suggested
that they were halophiles belonging to genera of the family Bacillaceae, Bacillus
(11 isolates), Filobacillus (19 isolates), Gracilibacillus (6 isolates), Halobacillus
(102 isolates), Lentibacillus (1 isolate), Paraliobacillus (5 isolates) and Virgiba-
cillus (17 isolates). Sequences of 15 isolates showed similarities lower than 92%
with respect to those of previously described species, suggesting that they may
represent novel taxa within the family Bacillaceae. It has been suggested that a
possible source of these halophilic endospore-forming strains could be their trans-
portation by Kosa event (Asian dust storms).

Caton et al. (2004) studied the cultivable aerobic heterotrophic bacteria isolated
from the Great Salt Plains, a hypersaline unvegetated, barren salt flat that is part of
the Salt Plains National Wildlife Refuge in Oklahoma (USA). Besides a variety of
Gram-negative representatives, the Gram-positive isolates were identified as mem-
bers of the genera Bacillus, Salibacillus, Oceanobacillus, Virgibacillus and Halo-
bacillus. Most isolates showed a wide range of halotolerance and were
thermotolerant; in fact a 64% of the isolates were capable of growing at or above
50°C.

The microbial diversity of cultivable bacteria isolated from the ancient salt
deposits from the Yipinglang Salt Mine in the Yunnan Province, China, was
investigated by using a conventional culture-dependent method and phylogenetic
analyses based on 16S rRNA gene sequence comparisons. A total of 38 bacterial
strains were isolated from the brine, halite and saline soil samples. The results
showed that the isolates were members of 24 genera including Bacillus (Chen et al.
2007).

Another study in China focused on the isolation of bacteria from sediment
samples of 22 sites at the Nansha area on the South China Sea. Bacterial isolation
was conducted, followed by 16S rRNA sequencing and phylogenetic analysis. In
total 349 bacteria were obtained, belonging to 87 species. Analyses of 16S rRNA
sequences showed that Bacillus and other endospore-forming bacteria comprised
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the majority of isolates from 10 sites. Representatives of Bacillus were the most
abundant bacteria and showed high diversity, with 34 species and 8 possible novel
species. Halobacillus spp. also occurred frequently while other endospore-forming
bacteria including Brevibacillus, Paenibacillus, Pontibacillus and Thalassobacillus
were also found, but less frequently (Wang et al. 2008).

To study the ecology and diversity of Lonar Lake (India), water and sediment
were screened in the winter season of January 2002. To study the bacterial diversity
and to select the bacterial strains for further characterization, the screening was
done on the basis of pH and salt tolerance of the isolates. The 64 isolates were
subjected to phenotypic characterization and 16S rRNA gene sequencing. Phyloge-
netic analysis indicated that most of the Lonar Lake isolates were related to the
phylum Firmicutes, containing low G + C, Gram-positive bacteria, with close
relationships to different genera including Bacillus, Paenibacillus and Alkalibacillus
(Joshi et al. 2008).

A total of 89 isolates were obtained from the sediments of four deep-sea,
hypersaline anoxic brine lakes in the Eastern Mediterranean Sea: 1’Atalante,
Bannock, Discovery and Urania basins. Screening by Amplified Ribosomal DNA
Restriction Analysis (ARDRA) and partial sequencing of the 16S rRNA genes
revealed that these isolates were mostly representatives of the genus Bacillus and
close relatives (90% of all isolates). Most of these Bacillus-like isolates are closely
related to previously cultured organisms, many of which are moderately halophilic
or alkaliphilic. Six strains (from I’Atalante, Urania and Bannock, but not from
Discovery basin) belong to a cluster accommodating genera with many halotolerant
representatives like Halobacillus, Virgibacillus and Pontibacillus. All of these
strains were isolated on a medium of high salt concentration (12% NaCl)
(Sass et al. 2008).

Finally, we refer to two recent studies. One was the study performed by
Ettoumi et al. (2009), based on the phylogenetic diversity of a collection of 96
bacilli, isolated from 17 distinct stations of five oceanographic campaigns. This
diversity was analysed by phenotypic and molecular approaches based on
ARDRA, amplification of the internal transcribed spacers (ITS-PCR) and on
16S rRNA sequencing. Intra-specific polymorphism was efficiently detected by
biochemical analysis and ARDRA while results of ITS-PCR were in agreement
with 16S rRNA sequencing. The identification results assigned 68% of the iso-
lates to the species B. subtilis, B. licheniformis, B. pumilus and B. cereus. Other
isolates showed close affiliations to the genera Virgibacillus, Gracilibacillus and
Paenibacillus. The other study was carried out by Valenzuela-Encinas et al.
(2009). The flooding of an extreme alkaline-saline soil decreased alkalinity and
salinity, which implied changes on the bacterial populations. Bacterial 16S rDNA
libraries were generated from three soils with different electrolytic conductivity
using universal bacterial oligonucleotide primers, and 463 clone 16S rDNA
sequences were analysed phylogenetically. Clones belonging to Firmicutes
were only found in one soil (Valenzuela-Encinas et al. 2009).
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16.4 Biotechnological Applications

Moderately halophilic bacteria are capable of producing many compounds and have
the capability to degrade molecules under a wide range of salt concentrations, thus
they are claimed to be of great biotechnological interest. Some publications that
have reviewed these aspects in detail are Ventosa et al. (1998), Margesin and
Schinner (2001), and Mellado and Ventosa (2003). In spite of the intensive studies
that have been carried out with respect to the biodiversity and characterization of
new halophilic microorganisms, the number of studies concerning the biotechno-
logical applications of halophiles are limited and in the near future further efforts
will be necessary in order to find suitable ways to use these extremophiles in
industrial processes. We will now review some publications in which halophilic
endospore-formers are involved.

One of the most interesting applications of halophilic bacteria is the production
of compatible solutes, which are organic osmolytes of low molecular weight that
can be used to protect biological macromolecules and whole cells from damage by
external stresses. These natural compounds have been designated as “extremolytes”
(Lentzen and Schwarz 2006) and some of them, especially the ectoines, have been
produced at a large scale and are currently used as cell protectants in skin care and
as protein-free stabilizers of proteins and cells. Also, a wide range of new applica-
tions have been reported and are under development (Lentzen and Schwarz 2006).
Most ectoine producers are Gram-negative bacteria, but species of Bacillus, Halo-
bacillus, Virgibacillus and probably other endospore-formers, are able to accumu-
late ectoine (Ventosa et al. 1998) and could be used in the future for the commercial
production of this osmolyte.

Another interesting application of the moderately halophilic bacteria is their
use in biodegradation processes that are carried out under saline conditions. In a
recent study focused on the aromatic compound-degrading halophilic bacteria
isolated from water and sediment of salterns as well as from hypersaline soils in
different areas of South Spain, Garcia et al. (2005b) showed that Halobacillus sp.
strain G19.1 was able to degrade phenol and other aromatic compounds. This
strain was later described as a new species, Thalassobacillus devorans (Garcia
et al. 2005a). Some halotolerant Bacillus strains that were isolated from soils and
bottom sediments contaminated by waste industrial products, and that are able to
degrade polycyclic aromatic hydrocarbons such as naphthalene, phenanthrene
and biphenyl, have also been reported (Plotnikova et al. 2001). Heavy metal-
tolerant and halotolerant bacteria identified as members of the genus Bacillus
have been isolated from hypersaline soils in different areas of Spain (Rios et al.
1998). Ahmed et al. (2007a, b) described two new halotolerant species, Bacillus
boroniphilus and Gracilibacillus boraciitolerans, isolated from a naturally high
boron-containing soil in Turkey that require boron for growth and can tolerate up
to 450 mM B.
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Some interesting further studies are related to the production of extracellular
enzymes by moderately halophilic bacteria (reviewed by Ventosa et al. 2005).
Screening of bacteria from different hypersaline environments in Spain resulted
in the isolation of 29 Bacillus and other moderately halophilic, endospore-forming
bacteria, as well as other Gram-negative representatives, capable of producing
amylases, DNases, lipases, proteases and pullulanases (Sanchez-Porro et al.
2003). In fact, most culture collection endospore-forming species assayed presented
higher percentages of hydrolytic activities than the Gram-negative species studied.
As we stated earlier, Halobacillus karajensis is able to produce two extracellular
enzymes, an amylase and a protease, with interesting biotechnological features
(Amoozegar et al. 2003; Karbalaei-Heidari et al. 2009). Also, Kiran and Chandra
(2008) described a new moderately halophilic and alkalitolerant Bacillus sp. able to
produce an extracellular surfactant and detergent-stable amylase isolated from a
soil in India. The maximum amylase production was achieved in a medium with
10% NaCl, at pH 8.0 and 30°C. Glucose, maltose and maltotriose were the main
end-products of starch hydrolysis, suggesting that the extracellular enzyme is an
alpha-amylase.

16.5 Concluding Remarks and Future Prospects

Most studies on moderately halophilic and haloalkaliphilic bacteria have been
focused on hypersaline aquatic habitats, while few studies have been carried out
on saline or hypersaline soils. In fact, there is fragmentary information about
halophilic bacteria from sediments in lakes and other aquatic habitats. Over the
coming years it is necessary to increase our knowledge of the microbial diversity of
saline terrestrial environments, as well as of the activities and roles that the
microbial communities may play in such habitats. In this way, moderately halo-
philic endospore-forming bacteria could constitute excellent models for the study of
the bacterial adaptation to extreme conditions. The knowledge of the compounds
that are produced, and the activities of these bacteria, will be essential in order to
design future biotechnological applications and their industrial production. Besides,
studies at the molecular level, including sequencing of the genomes, genomics and
proteomics studies, will be important in order to elucidate their adaptative mechan-
isms to the changing conditions of extremely heterogeneous habitats such as the
saline and hypersaline soils. The detailed knowledge of these mechanisms would be
very helpful for their use on bioremediation of polluted saline soils and the recovery
of arid and saline soils for agriculture.
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phytoparasitic, 182, 185, 187, 194-196
root knot (RKN), 181, 183-187, 196
root lesion, 185
sting, 185, 187
Nematodes, 40,91, 163, 181-182,203, 216,207
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