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Preface

There is a great interest on study of extreme microorganisms, particularly halophilic
microorganisms which live in saline environments through different adaptation
mechanisms and produce metabolites with great potential. Saline environments such
as saline habitats are excellent sources for isolation of halophilic microorganisms.
Microbial adaptation has played a major role when bacteria in all forms branched
out into different environmental niches, arising from the hypersaline conditions of
the primordial sea. Halophiles are among the best model microorganisms to study
cellular adaptation. Their low nutritional requirements and resistance to high con-
centrations of salt make them a potent candidate in a wide range of biotechnological
applications. Halophilic bacteria are very divergent and more than 150 species in 70
genera of halophilic bacteria are reported. Use of these halophilic and halotolerant
microorganisms and their metabolites under harsh industrially conditions is a
strikingly important subject for industrial sectors.

This volume deals with the diversity and importance of halophilic bacteria and
actinobacteria for biotechnological industries; methods for their isolation and
techniques for physiological, taxonomical and molecular characterization have
been highlighted. The halophiles as important sources of enzyme production has
been discussed. Metabolites and biological functions may resolve the ever-increas-
ing thirst of industry to cope up with a range of issues from environmental pollu-
tions to diseases and world’s hunger. The combination of these bio-molecules with
various nanomaterials like thin-layers, nanotubes, and nanospheres that results in
novel compounds possessing both biological properties of biomolecules and
physico-chemical characteristics of nanomaterials has been suitably described.
The book presents insights into the main biomolecules produced by both halophilic
archaea and bacteria revealing their potential implications in some nanotechnolo-
gies. Attempts have been made to outline progress in our understanding of their
environmental diversity and biological survivability. The adaptation of enzymes
during the course of their evolutionary development and some metabolic differ-
ences helped them expand and achieve environmental diversity. One of the most
interesting findings in this field of research is spatial and temporal variation in
microbial community structure, which was related to variations in salinity of the
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microenvironment. Many of the isolated halophiles have been artificially aug-
mented and applied directly to saline soils to improve the nutrient status of such soil
and contribute to soil fertility and remediation.

Metabolic processes, like osmoregulation in halotolerant cells, dictate the
regulation of the bacterial cell membrane. Some of their biomolecules that have
been studied and applied in industrial processes include exopolysaccharides,
carotenoid pigments, bacteriorhodopsin, hydrolytic enzymes, etc. Various halophilic
enzymes in different enzymatically processes, compatible solutes as macromolecules
stabilizers, biopolymers, biofertilizers and pharmaceutically active molecules from
halophilic bacteria are among the important applications of these group. Quorum
sensing (QS) could influence the production of these biomolecules; thus a better
understanding of halophilic bacterial communication mechanisms can help to
improve the yields of these biotechnological processes.

The highlights of this book which include the distribution of the halobacteria, their
adaptation in different stress conditions, and mining of their unique antimicrobial
and enzymatic potential shall be useful to senior as well as budding researchers in
the emerging fields of microbiology, molecular biology, biochemistry, biotechnology,
environmental sciences and nanotechnology.

We would like to express our gratitude to all the subject experts and reviewers
for their much needed mutual co-operation of scientific benefits. Their authoritative
contribution and up-to-date information could make this project a success.
Assistance rendered by our research scholars, Mohit and Shrivardhan, is thankfully
acknowledged. We extend our sincere appreciation to Dr. Valeria Rinaudo and
Dr. Ineke from the publisher Springer for their valuable support to facilitate the
completion of this book.

Haridwar, Uttarakhand, India Dinesh K. Maheshwari
Ahmedabad, Gujarat, India Meenu Saraf
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Chapter 1
Biodiversity of Halophilic and Halotolerant
Actinobacteria

Wael N. Hozzein

Abstract The halophiles possess interesting biotechnological capabilities which
increase the importance of their exploitation for commercial purposes. The halo-
philic microorganisms are highly diverse and among those organisms the halophilic
actinobacterial group is of special interest for their secondary metabolites. The halo-
philic actinobacteria have morphological, taxonomical, ecological and physiologi-
cal diversity. In terms of morphological diversity, they are ranging from coccoid,
rod-shaped, fragmented to extensively branched filamentous organisms. In terms of
taxonomical diversity, they are distributed among different taxonomical orders, sub-
orders, families and genera. Ecologically, they are found in different ecosystems
from hypersaline soils, salt lakes, marine sediments, salted food, and brines to endo-
phytes. The physiological diversity is apparent from the variation in tolerance or
response to the salt in their environment. The focus of the following chapter will be
the diversity of halophilic and halotolerant actinobacteria from different aspects.

Keywords Biodiversity * Halophilic « Halotolerant ¢ Actinobacteria ® Taxonomy ®
Ecology

1.1 Introduction

Halophilic microorganisms are salt-loving organisms inhabiting diverse environ-
ments with the capacity to balance the osmotic pressure of the environment.
The world of the halophilic microorganisms is highly diverse, as representatives of
the three domains of life, Archaea, Bacteria, and Eucarya belong to this world.
There are aerobic as well as anaerobic halophiles, heterotrophic, phototrophic, and
chemoautotrophic types (Oren 2002, 2008) (Table 1.1).

W.N. Hozzein (D<)
Bioproducts Research Chair (BRC), College of Science, King Saud University, P.O. Box
2455, Riyadh 11451, Kingdom of Saudi Arabia

Botany and Microbiology Department, Faculty of Science, Beni-Suef University,
Beni-Suef, Egypt
e-mail: hozzein29 @yahoo.com
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6 W.N. Hozzein

The unusual properties of the halophilic microorganisms make them valuable
resources in the development of novel biotechnological processes and industrial
applications. Therefore, halophiles have wide range of biotechnological potential in
industry, e.g. biosurfactant production, biopolymers in oil recovery, proteases and
amylases in detergent industry, poly-beta hydroxyalkanoate as biodegradable plas-
tic, exopolysaccharide and bioremediation of contaminated hypersaline brines etc.
(Kanekar et al. 2012).

Among the halophilic microorganisms, the halophilic actinobacteria are of spe-
cial interest for their amazing metabolic diversity, biological activities and biotech-
nological applications. It is well known that members of the actinobacteria group
are the richest source of natural products amongst the prokaryotes (Berdy 2005;
Olano et al. 2009) and the filamentous actinobacteria account for about 45 % of all
microbial bioactive secondary metabolites (Berdy 2005). On the same regard, there
is also evidence that actinobacteria isolated from the extremobiosphere will be a
rich source of novel natural products (Bull 2011).

Actinobacteria are Gram-positive or Gram-variable microorganisms with high
G+C content which have a rigid cell wall that contains muramic acid. Most are
chemoorganotrophs and some of them are halophiles. Recently, members of actino-
bacteria were raised to the taxonomic rank of a phylum which is one of the major
phyla in the domain Bacteria, as inferred from its branching pattern in the 16S
rRNA gene tree (Garrity and Holt 2001; Ludwig and Klenk 2005). The phylum
actinobacteria includes phenotypically diverse microorganisms which show diverse
morphological properties that range from cocci to highly differentiated mycelia
(Goodfellow 2012). The halophilic actinobacteria are widely distributed in saline,
hypersaline terrestrial and aquatic habitats. Isolation of them does not demand spe-
cial enrichment techniques (Kanekar et al. 2012), supplementing the isolation media
with salt would be enough. Taxonomically, they belong to different taxa.

In this chapter, the biodiversity of halotolerant and halophilic actinobacteria
from different aspects will be reviewed. The focus will be on their taxonomy and
ecological distribution in different habitats as well as a short description of the halo-
philic genera and species of the actinobacteria group.

1.2 The Halophilic and Halotolerant Actinobacteria

Microorganisms show quite different responses to salt and different classification
schemes have been proposed by many authors (Triiper and Galinski 1986; Vreeland
1987; Ramos-Cormenzana 1989). The most widely used classification by most sci-
entists was proposed by Kushner and Kamekura (1988). This classification is based
on the optimal growth of microorganisms with respect to the concentration of NaCl.
On the basis of this classification, halophilic microorganisms are divided into the
following categories: (1) extreme halophiles, able to grow optimally in media with
15-30 % (2.5-5.2 M) NaCl, (2) moderate halophiles, growing optimally in media
with 3—15 % (0.5-2.5 M) NaCl, and (3) slight halophiles, able to grow optimally
between 1 and 3 % (0.2-0.5 M) NaCl. In contrast, non-halophilic microorganisms
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are those organisms that grow optimally in media with less than 1 % (0.2 M) NaCl.
However, bacteria able to grow in the absence as well as in the presence of salt
which can tolerate relatively high NaCl concentrations are designated halotolerant
or extremely tolerant if tolerance extends above 15 % (2.5 M) NaCl. There are rep-
resentatives of actinobacteria in all of the above mentioned categories.

An important point that should be mentioned here is that the salt requirement and
tolerance of many species may vary according to growth conditions such as medium
composition and temperature. Therefore, the growth temperature should be speci-
fied in the definition of the salt range for growth. An example for this effect is
Marinococcus halophilus which grows in presence of low concentrations starting
from 0.01 M NaCl at 20 °C, but at least 0.5 M is required at 25 °C (Novitsky and
Kushner 1976) for optimum growth.

1.3 Taxonomical Diversity of Halophilic and Halotolerant
Actinobacteria

In contrast to the halophilic Archaea, the halophilic and halotolerant Bacteria are
included in many different phylogenetic branches (phyla). The domain Bacteria
contains many halophilic and halotolerant organisms spread in different bacte-
rial taxa and true halophiles are well known within the phyla Cyanobacteria,
Proteobacteria, Firmicutes, Actinobacteria, Spirochaetes and Bacteroidetes (Oren
2011). The halophilic and halotolerant actinobacteria belong to phylum
Actinobacteria. This taxon is one of the major phyla in the domain Bacteria, as
inferred from its branching position in the 16S rRNA phylogenetic tree (Garrity and
Holt 2001; Ludwig and Klenk 2005) and taxon-specific 16S rRNA signatures (Zhi
et al. 2009). Moreover, some conserved indels in 23S rRNA and protein sequences
support the distinctness of members of actinobacteria from all other bacteria (Gao
and Gupta 2005).

In the most recent edition of the Bergey’s Manual of Systematic Bacteriology
(Goodfellow 2012), the phylum Actinobacteria encompasses 5 classes, 19 orders,
50 families, and 221 genera. The constituent classes are Acidimicrobiia class. nov.,
Actinobacteria (Stackebrandt et al. 1997), Coriobacteriia class. nov., Rubrobacteria
class. nov., and Thermoleophilia class. nov. However, many new taxa were discov-
ered after the publication of the Manual. To date, the halophilic and halotolerant
actinobacteria have been accommodated only in the subclass Actinobacteridae of
class Actinobacteria, and of the three orders Actinomycetales, Bifidobacteriales,
and Nitriliruptorales of the subclass Actinobacteridae, only the Actinomycetales
comprises halophilic and halotolerant actinobacteria. Nowadays, the order
Actinomycetales (Buchanan 1917; Stackebrandt et al. 1997; Zhi et al. 2009) is
composed of 23 suborders. It was reported that the halophilic and halotolerant
actinobacteria are included in the following suborders of the order Actinomycetales:
Actinopolysporineae,  Corynebacterineae, = Glycomycineae, Jiangellineae,
Micrococcineae, Micromonosporineae, Propionibacterineae, Pseudonocardineae,
Streptomycineae and Streptoporangineae.
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These taxa that comprises halophilic and halotolerant actinobacteria do not
necessarily consist solely of halophiles. The opposite is true: there are only few
phylogenetically consistent groups that are composed entirely of halophiles. In
most cases halophiles and non-halophilic relatives are found together in the
phylogenetic tree, and many genera, families and orders have representatives with
greatly different salt requirement and tolerance patterns (Oren 2011). However, in
most cases the halophilic species will be grouped in close clades in the phylogenetic
tree and not scattered within their non-halophilic relatives in the tree.

The halophilic and halotolerant actinobacteria as accommodated in different
taxa, they show a remarkable range of different morphologies from organisms that
form cocci (e.g. Ruania and Serinicoccus), short rods (e.g. Cellulomonas), irregular
rods (e.g. Microbacterium and Salinibacterium), rods and cocci (e.g. Arthrobacter),
and mycelia that fragment into coccoid and rod-like elements (e.g. Nocardiopsis).
Others show more extensive morphological differentiation ranging from those
which produce extensively branched substrate hyphae that bear spores (e.g.
Micromonospora) to those that form a stable branched mycelium that carries aerial
hyphae which differentiate into short or long chains of spores (e.g. Actinopolyspora
and Streptomyces). In general, spores are nonmotile.

Currently, the number of species names that have been validly published as halo-
philic and halotolerant actinobacteria is very large and is growing exponentially due
to the recent efforts to characterize microorganisms from hypersaline environments.
In the following section, the halophilic and halotolerant actinobacterial species will
be reviewed with their classification and main characteristics. The focus will be
only on those species names that have been validly described. More detailed data
about their characteristics can be found on the original descriptions or in the most
recent edition of the Bergey’s Manual of Systematic Bacteriology. It should be clear
here that besides the halophilic and halotolerant actinobacterial species included
here whose names have been validly published, there are a large number of halo-
philic and halotolerant actinobacterial organisms that have been isolated and studied
from other points of view, such as for their biotechnological applications or other
reasons, which have not been properly characterized.

Another point of interest is that some species have been described as halophilic
or halotolerant without a scientific basis as their response to NaCl has not been
studied in detail or their NaCl concentration for optimal growth has not been
reported on their taxonomic descriptions.

1.3.1 Suborder Actinopolysporineae
1.3.1.1 Family Actinopolysporaceae and Genus Actinopolyspora

Family Actinopolysporaceae is the only family of order Actinopolysporales. It is
also a monogeneric family that contains the genus Actinopolyspora (Gochnauer
et al. 1975; Zhi et al. 2009). Genus Actinopolyspora is very interesting as all the
validly described species in the genus are halophilic actinobacteria and some of
them can be considered as extreme halophiles.
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Members of the genus are aerobic and Gram-positive actinomycetes that form an
extensively branched substrate mycelium. Fragmentation of the substrate mycelium
is occasionally observed, but substrate hyphae are mostly non-fragmented.
Sporophores containing ten or more smooth-walled spores which are produced
basipetally on aerial hyphae are formed. Spores are not observed on the substrate
mycelium (Gochnauer et al. 1975; Tang et al. 2011b).

The genus Actinopolyspora was originally established by Gochnauer et al.
(1975) and the description was later emended by Tang et al. (2011b). The genus
currently contains 11 species with validly published names: A. halophila
(Gochnauer et al. 1975), A. mortivallis (Yoshida et al. 1991), A. xinjiangensis
(Guan et al. 2010), A. alba and A. erythraea (Tang et al. 2011b), A. algeriensis
(Meklat et al. 2012), A. saharensis (Meklat et al. 2013a), A. dayingensis (Guan
et al. 2013b), A. righensis (Meklat et al. 2013b), A. lacussalsi (Guan et al. 2013a)
and A. mzabensis (Meklat et al. 2013c).

The strain A. iragiensis (Ruan et al. 1994) was misclassified in the genus and has
been transferred as a later heterotypic synonym of Saccharomonospora halophila
(Tang et al. 2011b). A thermophilic species, A. thermovinacea was described by Lu
and Yan (1983), but the name has not been validly published. Also, the species A.
egyptensis was described (Hozzein and Goodfellow 2011) and has not yet been
validated.

Strains of genus Actinopolyspora require salt for growth and most are extreme
halophiles. On solid media, growth occurs in the presence of 5-30 % NaCl, with
optimal growth in media containing 10-20 % NaCl.

1.3.2 Suborder Corynebacterineae
1.3.2.1 Family Corynebacteriaceae and Genus Corynebacterium

The family Corynebacteriaceae (Lehmann and Neumann 1896; Stackebrandt et al.
1997; Zhi et al. 2009) contains a single genus, Corynebacterium. The genus
Corynebacterium represents a large group of Gram-positive, asporogenous, rod-
shaped bacteria (Liebl et al. 1991). The majority of the Corynebacterium species
were isolated from clinical samples or animals, but Corynebacterium halotolerans
is the only halotolerant species of the genus with optimal growth occurs at 10 %
NaCl or KCI (Chen et al. 2004).

1.3.3 Suborder Glycomycineae
1.3.3.1 The Family Glycomycetaceae

The family Glycomycetaceae (Stackebrandt et al. 1997; Labeda and Kroppenstedt
2005) contains three genera, Glycomyces, Haloglycomyces and Stackebrandtia, but
the genus Stackebrandtia (Labeda and Kroppenstedt 2005) does not contain halo-
philic or halotolerant species.
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Genus Glycomyces Members of the genus Glycomyces (Labeda et al. 1985; Labeda
and Kroppenstedt 2004) are aerobic with branching vegetative mycelia and aerial
mycelium that may be produced on certain growth media. Spores may be formed on
the vegetative hyphae in some species and they are oval, spherical or rod-like.
Chains of square-ended conidia may be produced on aerial hyphae. All the previ-
ously described species were not reported to be halophilic or halotolerant except the
recently described Glycomyces halotolerans (Guan et al. 2011b).

Genus Haloglycomyces Closely related to genus Glycomyces is the monospecific
genus Haloglycomyces, with Haloglycomyces albus which is a moderately halo-
philic species that has optimum NaCl concentration for growth of 8—12 % (Guan
et al. 2009). It was described as an aerobic actinobacterium with well-developed
aerial mycelium on most media and branched substrate mycelium that fragments
into short or elongated rods.

1.3.4 Suborder Jiangellineae
1.3.4.1 Family Jiangellaceae and Genus Haloactinopolyspora

The family Jiangellaceae comprises two genera, Jiangella and Haloactinopolyspora.
The genus Haloactinopolyspora contains the type species H. alba (Tang et al.
2011a) and the recently described species H. alkaliphila (Zhang et al. 2014). Both
have substrate mycelium that fragments into short or elongated rods, aerial myce-
lium that differentiates well into long spore chains and described as moderately
halophiles. They are strictly aerobic showing growth at 7-23 % NaCl with optimal
growth at 10-15 % NaCl, and no growth occurs in the absence of NaCl.

1.3.5 Suborder Micrococcineae

Among all the families included in the suborder Micrococcineae, seven of them com-
prise halophilic species: Bogoriellaceae, Cellulomonadaceae, Intrasporangiaceae,
Microbacteriaceae, Micrococcaceae, Promicromono-sporaceae and Ruaniaceae.

1.3.5.1 Family Bogoriellaceae and Genus Georgenia

The genus Georgenia (Altenburger et al. 2002; Li et al. 2007), belonging to the fam-
ily Bogoriellaceae is currently comprises eight species. Only Georgenia halophila
(Tang et al. 2010b) of the genus was described as a moderately halophilic actinomy-
cete with optimal growth at 5-10 % NaCl. Cells of the species are facultatively
anaerobic, nonmotile, non-endospore-forming and short rods.



1 Biodiversity of Halophilic and Halotolerant Actinobacteria 11

1.3.5.2 Family Cellulomonadaceae and Genus Cellulomonas

Recently two halotolerant species were described in the genus Cellulomonas,
namely, C. phragmiteti (Rusznyék et al. 2011) and C. pakistanensis (Ahmed et al.
2014). Cells of the species are facultatively anaerobic and motile rods. They are
moderately halotolerant actinobacteria showing growth in the presence of 2-7 %
NaCl with optimum growth at 5 % NaCl.

1.3.5.3 Family Intrasporangiaceae and Genus Serinicoccus

All the validly described three species of genus Serinicoccus are moderately halo-
philic actinobacteria; S. marinus (Yi et al. 2004), S. chungangensis (Traiwan et al.
2011), and S. profundi (Xiao et al. 2011). They are strictly aerobic, non-spore-
forming and non-motile cocci. They can grow in the presence of 0—15 % NaCl with
optimum growth between 2 and 5 % NaCl, and interestingly at 13 % NaCl in the
case of S. chungangensis.

1.3.5.4 Family Microbacteriaceae

Of the many genera in the family Microbacteriaceae, only Microbacterium and
Salinibacterium contains halotolerant actinobacteria.

Genus Microbacterium Genus Microbacterium currently includes 86 species and
only M. halophilum (Takeuchi and Hatano 1998), M. halotolerans (Li et al. 2005a)
and M. sediminis (Yu et al. 2013) are halotolerant among them. Cells of the organ-
isms are nonmotile and irregular short rods that may form V shapes but no branch-
ing or rod-coccus cycle are observed. They are tolerant to salt and show growth in
the presence of 0—15 % NaCl with optimal growth at 2-6 % NaCl.

Genus Salinibacterium Salinibacterium is currently contains two species, S.
amurskyense (Han et al. 2003) and S. xinjiangense (Zhang et al. 2008). Both species
have nonmotile, aerobic, non-sporeforming, irregular rods. They are halotolerant
showing growth in the presence of 0—14 % NaCl with optimal growth at 1-3 %.

1.3.5.5 Family Micrococcaceae

The family Micrococcaceae includes several genera and some of them include halo-
philic or halotolerant species.

Genus Arthrobacter The majority of species in the genus Arthrobacter (Conn and
Dimmick 1947; Koch et al. 1995) exhibit a marked rod-coccus growth cycle when
grown in complex media. The stationary-phase cultures (generally after 2—7 days)
are composed entirely or largely of coccoid cells and some species are showing only
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spherical cells throughout the growth cycle. Arthrobacter halodurans (Chen et al.
2009a) is the only species reported to be halotolerant in the genus with growth
occurs in the presence of 0—12 % NaCl.

Genus Kocuria Genus Kocuria contains only two halotolerant actinobacteria;
Kocuria halotolerans (Tang et al. 2009b) and Kocuria marina (Kim et al. 2004).
Cells of the species are coccoid, non-motile and non-endospore-forming. They
grow in the presence of 0—10 % NaCl and optimally with 5 % NaCl.

Genus Nesterenkonia The genus Nesterenkonia was first proposed by Stackebrandt
etal. (1995) with the reclassification of Micrococcus halobius (Onishi and Kamekura
1972) as Nesterenkonia halobia. The description of the genus was later emended by
Collins et al. (2002) and Li et al. (2005b). Members of the genus are coccoid or
short rods that sometimes showing branching, non-spore-forming, chemo-
organotrophic with strictly respiratory metabolism. Species of the genus are moder-
ately halophilic or halotolerant and some species are alkaliphilic or alkalitolerant
(Stackebrandt et al. 1995; Collins et al. 2002; Li et al. 2005b).

Recently, the genus comprises 12 species, the type species N. halobia (Onishi
and Kamekura 1972), N. aethiopica (Delgado et al. 2006), N. alba (Luo et al. 2009),
N. flava (Luo et al. 2008), N. halophila (Li et al. 2008b), N. halotolerans, N. xinji-
angensis (Li et al. 2004b), N. jeotgali (Yoon et al. 2006), N. lacusekhoensis (Collins
et al. 2002), N. lutea, N. sandarakina (Li et al. 2005b), and N. suensis (Govender
et al. 2013). They are showing optimal growth at 2.5-10 % NaCl.

Genus Yaniella The type species of the genus is Yaniella halotolerans (Li et al.
2004a, 2008a) which is a halotolerant species (illegitimate homotypic synonym of
Yania halotolerans (Li et al. 2004a)). Cells of members of the genus are nonmotile,
aerobic, non-spore-forming, coccoid or oval, and occur singly or in clusters.

Genus Zhihengliuella The five validly described species of genus Zhihengliuella
are either halotolerant or moderately halophilic with Z. halotolerans (Zhang et al.
2007) as the type species. Cells of members of the genus are aerobic, short rods,
non-motile and non-spore-forming (Zhang et al. 2007; Tang et al. 2009c; Hamada
et al. 2013). Growth occurs in the presence of 0—15 % NaCl with optimal growth at
5-10 % NaCl.

1.3.5.6 Family Promicromonosporaceae and Genus Isoptericola

Of all the genera included in the family Promicromonosporaceae, only the genus
Isoptericola includes a halophilic species. The genus Isoptericola (Stackebrandt
et al. 2004) currently comprises seven species of which, only Isoptericola halotol-
erans is a halotolerant actinobacterium with optimal growth at 10 % NaCl (Zhang
et al. 2005). Cells of the species are coccoid or rod-shaped, nonmotile, and do not
form spores. Primary mycelium is formed.
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1.3.5.7 Family Ruaniaceae

The family Ruaniaceae contains the genera Ruania and Haloactinobacterium and
the two genera are monospecific.

Genus Ruania Ruania albidiflava, the type and only species of genus Ruania, is
aerobic, moderately halotolerant, nonmotile, non-spore-forming cocci (Gu et al.
2007). The strain can tolerate up to 10 % NaCl.

Genus Haloactinobacterium Cells of Haloactinobacterium album, the type and
only species of genus Haloactinobacterium, are short rods, nonmotile, moderately
halophilic with optimal growth occurs at 7-10 % NaCl (Tang et al. 2010b).

1.3.6 Suborder Micromonosporineae
1.3.6.1 Family Micromonosporaceae and Genus Micromonospora

Of the several genera of family Micromonosporaceae, only genus Micromonospora
has described halophiles. The first species reported to be halophilic actinomycete in
the genus was M. halophytica (Weinstein et al. 1968) and then the recently described
species M. halotolerans (Carro et al. 2013). Both species have typical characteris-
tics of the genus Micromonospora as they produce spherical to ellipsoidal spores
randomly along branching mycelium on short or long sporophores and abundant
dark colored spores occur in older cultures. M. halotolerans was observed to grow
optimally in the presence of 5 % NaCl.

1.3.7 Suborder Propionibacterineae
1.3.7.1 Family Nocardioidaceae

Family Nocardioidaceae currently contain nine genera of which the genera
Aeromicrobium and Nocardioides were reported to have halotolerant validly pub-
lished species.

Genus Aeromicrobium Cells of the genus are typically aerobic, non-spore-
forming, and non-motile irregular rods; straight, curved and rudimentarily branched
filaments can be produced. Aeromicrobium marinum was reported to grow well in
the range 0.63—10.7 % NaCl with a maximal growth at 5.35 %; but no growth was
observed in the absence of salts (Bruns et al. 2003). Although, A. halocynthiae
showed good growth with 0-6 % NaCl, but NaCl was required for robust growth
(Kim et al. 2010).
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Genus Nocardioides The type genus of family Nocardioidaceae has three halotol-
erant species, all of them were recently described; Nocardioides halotolerans
(Dastager et al. 2008a), Nocardioides tritolerans (Dastager et al. 2008b), and
Nocardioides daedukensis (Yoon et al. 2010). They can tolerate up to 10 % NaCl
and exhibit optimal growth at 0-3 %. Their cells are aerobic, non-spore-forming,
non-motile rods or cocci and neither substrate nor aerial mycelium is formed.

1.3.8 Suborder Pseudonocardineae
1.3.8.1 Family Pseudonocardiaceae

The family Pseudonocardiaceae (Embley et al. 1988; Labeda et al. 2011) currently
includes 31 genera, only 5 of them have halophilic species, namely: Amycolaptosis,
Haloechinothrix, Praseurella, Saccharomonospora and Saccharopolyspora.

Genus Amycolatopsis The genus Amycolatopsis (Lechevalier et al. 1986; Tang
et al. 2010c) comprises four species with validly published names that were
described as halotolerant or moderately halophilic. The four species are A. halotol-
erans (Lee 20006), A. halophila (Tang et al. 2010c), A. salitolerans (Guan et al.
2012) and A. cihanbeyliensis (Tatar et al. 2013). Members of these species are aero-
bic, nonmotile and filamentous actinomycetes which forms well-developed,
branched aerial and substrate mycelia that fragment into rod-shaped elements.
Growth occurs in the presence of 1-15 % NaCl with optimal growth at 5 % NaCl.

Genus Haloechinothrix The type and only species of genus Haloechinothrix, H.
alba was described as a moderately halophilic actinobacterium. It is strictly aerobic
and filamentous actinomycete with spiny aerial mycelium and substrate mycelium
that fragments into rod-like elements and does not form chains of spores at maturity.
Growth occurs in presence of 9-23 % NaCl with optimum concentration for growth
at 15 % NaCl (Tang et al. 2010d).

Genus Prauserella Genus Prauserella (Kim and Goodfellow 1999; Li et al. 2003c)
comprises nine species and with the exception of P. marina (Wang et al. 2010) and
P. muralis (Schifer et al. 2010), all of them are moderately halophilic. These species
are P. rugosa (the type species) (Kim and Goodfellow 1999), P. alba and P. haloph-
ila (Li et al. 2003c¢), P. aidingensis, P. flava, P. salsuginis and P. sedimina (Li et al.
2009). Members of the genus are aerobic, non-motile actinobacteria which form an
extensively branched substrate mycelium that fragments into irregular rod-shaped
elements. Their aerial hyphae differentiate into branched short or, at maturity, long,
straight to flexuous spore chains. Optimal growth occurs on agar media supple-
mented with 8-15 % NaClL

Genus Saccharomonospora Of the several species with validly published names
included in the genus Saccharomonospora (Nonomura and Ohara 1971), only three
are moderately to extreme halophilic actinomycetes: S. halophila (Al-Zarban et al.
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2002b), S. paurometabolica (Li et al. 2003d), and S. saliphila (Syed et al. 2008). All
of them show optimal growth at 10 % NaCl, though S. halophila and S. paurometa-
bolica require NaCl for growth, but it is not essential for growth of S. saliphila.
Members of the three species are aerobic organisms that produce well-developed
aerial and substrate mycelia. They produce single or pairs of spores with smooth or
wrinkled surfaces on either the aerial or substrate mycelium, short chains on vegeta-
tive or aerial hyphae are occasionally present.

Genus Saccharopolyspora Most members of the genus Saccharopolyspora (Lacey
and Goodfellow 1975; Korn-Wendisch et al. 1989) grow well in media supple-
mented with salt. Of the validly described species, S. halophila (Tang et al. 2009a),
S. gijiaojingensis (Tang et al. 2009d), S. lacisalsi (Guan et al. 2011a) and S. den-
dranthemae (Zhang et al. 2013b) are halotolerant or halophilic actinomycetes. Their
members form a well-developed substrate mycelium that may be fragment into rod-
shaped elements and aerial hyphae that differentiate into long straight chains of oval
or spherical spores which have smooth surfaces. They show NaCl tolerance range
between 3 and 22 % with optimal growth occurs at 10—15 % NaCl. Other than the
above mentioned species, S. jiangxiensis (Zhang et al. 2009) can tolerate up to 11 %
NaCl and the type strain of S. cebuensis has a strict requirement for salt which sug-
gests that it is an obligate marine actinomycete (Pimentel-Elardo et al. 2008).

1.3.9 Suborder Streptomycineae
1.3.9.1 Family Streptomycetaceae and Genus Streptomyces

It is very interesting to know that in the biggest actinomycete genus with currently
655 validly published species there are only 2 described as halotolerant or halo-
philic species. The two species are Streptomyces albiaxialis (Kuznetsov et al. 1992)
and Streptomyces chilikensis (Ray et al. 2013) with typical morphological features
of members of the genus. S. albiaxialis was reported to be a halotolerant streptomy-
cete and S. chilikensis was reported as a halophilic streptomycete.

1.3.10 Suborder Streptosporangineae
1.3.10.1 Family Nocardiopsaceae

The family Nocardiopsaceae currently comprises eight genera and in five of them
halophilic filamentous actinomycetes are found.

Genus Haloactinospora The only and type species of the genus is Haloactinospora
alba which is a moderately halophilic actinomycete that is able to grow between
9 and 21 % NaCl and showing optimal growth at 15 % NaCl (Tang et al. 2008).
The organism is aerobic which form well-developed and non-fragmented hyphae.
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Morphologically, long chains of non-motile spores with smooth surfaces are formed
on the aerial mycelium and spore chains with wrinkled surfaces and terminal pseu-
dosporangia are formed on the substrate mycelium.

Genus Nocardiopsis The genus Nocardiopsis (Meyer 1976) currently contains 45
species with validly published names. Many Nocardiopsis strains can tolerate NaCl
concentrations up to 20 % (Hozzein and Trujillo 2012). Halotolerant species include
N. baichengensis, N. chromatogenes, N. composta, N. gilva, N. halotolerans, N.
rhodophaea, and N. rosea, which can grow in media supplemented with 15-18 %
NaCl (Al-Zarban et al. 2002a; Kampfer et al. 2002; Li et al. 2006). On the other
hand, N. halophila, N. kunsanensis, N. xinjiangensis, N. salina, N. litoralis and N.
terrae (Al-Tai and Ruan 1994; Chun et al. 2000; Li et al. 2003a, 2004c; Chen et al.
2009b, 2010b) are considered as true halophilic species as NaCl (at least 3 %) is
necessary for growth, with an optimal concentration of 10-15 %.

Members of the genus Nocardiopsis are typically aerobic, chemo-organotrophic,
non-motile filamentous actinomycetes with well-developed substrate mycelia and
long and densely branched hyphae. They are characterized by forming well-
developed aerial mycelia which are sparse to abundant and aerial hyphae which are
long, branched, straight to flexuous, or irregularly zig-zagged and completely frag-
menting into smooth surfaced spores of various lengths. Fragmentation into coccoid
and bacillary elements may also occur in some species (Hozzein and Trujillo 2012).

Genus Salinactinospora The monospecific genus Salinactinospora was recently
described (Chang et al. 2012). The type and only species, Salinactinospora gingda-
onensis, is aerobic and moderately halophilic that forms aerial mycelium with long
chains of rod-shaped spores with smooth surfaces and extensively branched sub-
strate mycelium with non-fragmenting hyphae. The organism grows with 1-23 %
NaCl with optimum growth at 9—12 % NaCl.

Genus Streptomonospora The genus Streptomonospora was first established by
Cui et al. (2001) and currently comprises eight species all of them are strictly halo-
philic filamentous actinomycetes. The type species of the genus is S. salina (Cui
et al. 2001), subsequently, the following species were described: S. alba (Li et al.
2003b), S. halophila (Cai et al. 2008), S. amylolytica and S. flavalba (Cai et al.
2009). The most recent species included in the genus are S. arabica, after the trans-
fer of Nocardiopsis arabia (Hozzein and Goodfellow 2008) to the genus, S. nan-
haiensis and S. sediminis (Zhang et al. 2013a).

Members of the genus are aerobic organisms with branching hyphae and aerial
mycelium, at maturity, forms short chains of non-motile spores, which may be oval
to rod-shaped with wrinkled surfaces. Their substrate mycelium is extensively
branched with non-fragmenting hyphae and single, non-motile, oval to round spores
are borne on sporophores or dichotomously branched sporophores of the substrate
hyphae. Optimum growth occurs in media supplemented with NaCl at a concentra-
tion of 10-15 %.

Genus Thermobifida The genus Thermobifida contains only one species among
the validly published four species which is halotolerant. Thermobifida halotolerans
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was described by Yang et al. (2008) as an aerobic filamentous actinomycete that
forms an extensively branched substrate mycelium with single, smooth-ridged
spores formed at the tips of dichotomously branched sporophores borne on aerial
hyphae. It can tolerate up to 10 % NaCl for growth.

1.4 Ecological Diversity and Distribution

Halophilic and halotolerant microorganisms are present usually where high salt
concentrations are found. Compared to the extensive literature on the ecology of the
halophilic archaea, the halophilic bacteria have been relatively poorly studied and
often neglected during the early studies on the hypersaline environments.

Actinobacteria are widely distributed in aquatic and terrestrial habitats, includ-
ing extreme habitats, such as the hypersaline environments which are widely dis-
tributed on our planet (Ventosa et al. 2008). The halophilic and halotolerant
actinobacteria usually referred to be inhabitants of the hypersaline environments.
The hypersaline environments are defined as those environments with salt concen-
trations above that of sea water (3.3 % total dissolved salts) (Oren 2002). These
environments spread over a wide variety of aquatic and terrestrial ecosystems. In
such hypersaline environments the occurrence of gradients in salinity as a result of
the evaporation of sea water is a common phenomenon (Ventosa et al. 1998).

The halophilic and halotolerant actinobacteria exhibited interesting diversity in
terms of distribution in different habitats. There are several reports on inhabitance
of them in diverse hypersaline environments such as hypersaline soils, saline salt
lakes, solar salterns, salt mines, salted food products, and in some unexpected places
as brines deep in the sea, on plants that excrete salts from their leaves, and on
ancient wall paintings (Chen et al. 2007; Xiang et al. 2008; Sabet et al. 2009; Guan
et al. 2011a).

Culture-dependent approaches using synthetic media supplemented with salt or
sea water to enrich and isolate the halophilic and halotolerant actinobacteria from
the environmental samples were often used. One of the reasons for the limited value
of using the conventional isolation procedures is that the cultivation conditions used
to isolate organisms do not reflect usually the conditions in the environment (Zengler
et al. 2002; Stevenson et al. 2004).

Nowadays, it is known that the majority of microorganisms in the environment
cannot be cultured by using conventional plate culture methods hence the vast
majority of the microbiota remain undiscovered (Vartoukian et al. 2010). This limi-
tation has promoted the use of culture-independent approaches recently to detect
previously uncultured microorganisms and evaluate the microbial diversity in
natural habitats. Thus, in a study of the microbial communities in the chemocline of
Urania Basin, a hypersaline deep-sea basin in the Mediterranean Sea, bacterial
numbers estimated by most probably number methods using dilutions in 11
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different growth media were only between 0.006 and 4.3 % of the total cell count
(Sass et al. 2001).

Advances in techniques for studying environmental microbiology during the last
decades and application of molecular biology methods has revealed an astonishing
level of microbial diversity in the hypersaline environments, only a small proportion
of which has been assessed through cultivation (DeLong and Pace 2001; Rappe and
Giovannoni 2003). In this regard, in a recent review, Hamedi et al. (2013) described
that actinomycetes form a stable, metabolically active and persistent population in
various marine hypersaline ecosystems. The occurrence of actinomycetes in highly
saline environments and the tolerance of these organisms to high salt concentrations
were first described by Tresner et al. (1968). Recently, there is a range of procedures
available for the selective isolation of halophilic actinobacterial communities pres-
ent in different habitats (Goodfellow 2010).

It is interesting to mention here that the first halophilic species of the genus
Actinopolyspora, A. halophila (Gochnauer et al. 1975) was isolated as a contami-
nant of a culture medium containing 25 % NaCl. Earlier, Nesterenkonia halobia,
previously described as Micrococcus halobia, was isolated from unrefined solar salt
of unknown origin obtained from Noda, Japan (Onishi and Kamekura 1972).

Then, most of the known and validly described halophilic actinobacteria species
were isolated from saline soils. The examples include Actinospolyspora mortival-
lis (Yoshida et al. 1991) which is a moderately halophilic actinomycete iso-
lated from salty soil obtained from the Death Valley, California (USA) and
Actinopolyspora iraqiensis, later transferred to the genus Saccharomonospora
as Saccharomonospora halophila, which was obtained concomitantly with
Nocardiopsis halophila from a saline soil from Iraq (Ruan et al. 1994; Al-Tai and
Ruan 1994). In the same regard, the moderately halophilic species Nesterenkonia
lutea was isolated from a saline soil from China (Li et al. 2005b), Yaniella flava
was isolated from a saline soil sample originating from Qinghai Province in North-
West China (Li et al. 2008a) and Amycolatopsis salitolerans which was isolated
from a hypersaline soil (Guan et al. 2012).

Nocardiopsis species has been reported to predominate in saline soils (Hozzein
and Trujillo 2012). Some examples of the moderately halophilic species of the
genus Nocardiopsis which were isolated from saline soil samples in China are
N. salina (Li et al. 2004c), N. quinghaiensis (Chen et al. 2008) and N. terrae
(Chen et al. 2010b).

It is worth mentioning here that the studies on halophilic actinomycetes in hyper-
saline soils of Xinjiang Province, North-West China, led to the isolation of several
novel species. Some of them are Haloglycomyces albus (Guan et al. 2009),
Nesterenkonia halotolerans, Nesterenkonia xinjiangensis (Li et al. 2004b),
Nesterenkonia halophila (Li et al. 2008b), Nocardiopsis xinjiangensis (Li et al.
2003a), Nocardiopsis salina (Li et al. 2004c), Nocardiopsis gilva, Nocardiopsis
rosea, Nocardiopsis rhodophaea, Nocardiopsis chromatogenes, and Nocardiopsis
baichengensis (Li et al. 2006), Prausella alba, Prauserella halophila (Li et al.
2003c¢), Saccharomonospora paurometabolica (Li et al. 2003d), and Yaniella halo-
tolerans (Li et al. 2004a). Moreover, Saccharomonospora halophila was isolated
from a salt marsh soil sample in Kuwait (Al-Zarban et al. 2002b), while
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Saccharomonospora saliphila (Syed et al. 2008) was isolated from a muddy soil
from Gulbarga, Karnataka, India, and interestingly, Nesterenkonia sandarakina was
isolated from a soil sample collected from the Eastern desert of Egypt (Li et al.
2005b).

Apart from the terrestrial saline sources, many halophilic and halotolerant spe-
cies were isolated from saline water bodies, mainly the saline salt lakes. The follow-
ing species are examples: Streptomonospora amylolytica and Streptomonospora
flavalba were isolated from a salt lake in the North-West of China (Cai et al. 2009),
Saccharopolyspora halophila and Saccharopolyspora gijiaojingensis were isolated
from saline salt lakes (Tang et al. 2009a, d), Saccharopolyspora lacisalsi was iso-
lated from a saltlake in Xinjiang, China (Guanetal. 201 1a), and Haloactinobacterium
album was isolated from a soil sample collected from Qijiaojing Lake, which is a
salt lake in Xinjiang, China (Tang et al. 2010b). On the other hand, Nesterenkonia
lacusekhoensis was isolated from a 23 m-deep water sample of Ekho Lake (a hyper-
saline, meromictic, and heliothermal lake in the ice-free Vestfold Hills, East
Antarctica) (Collins et al. 2002).

Other than the salt lakes, many actinobacteria species were derived from the
marine sources. Of them, Nocardiopsis litoralis is a halophilic marine actinomycete
isolated from a sea anemone collected from a tidal flat in the South China Sea (Chen
et al. 2009b), Microbacterium sediminis is a halotolerant actinomycete isolated
from deep-sea sediment (Yu et al. 2013), Arthrobacter halodurans is a halotolerant
actinobacterium isolated from sea water (Chen et al. 2009a), and Kocuria marina is
a halotolerant actinobacterium isolated from marine sediment taken from the Troitsa
Bay of the Gulf of Peter the Great, East Siberian Sea (Kim et al. 2004).

The increased interest in the last decade in isolating and identifying new halo-
philic and halotolerant actinobacteria led to the discovery of many novel taxa in
other unexplored habitats. In this regard, Zhihengliuella salsuginis, a moderately
halophilic actinobacterium, was isolated from a subterranean brine sample collected
from a salt mine in Hunan Province, China (Chen et al. 2010a). Also, Amycolatopsis
cihanbeyliensis, a halotolerant actinomycete, was isolated from a salt mine (Tatar
et al. 2013). More interestingly, Saccharopolyspora dendranthemae, a halotolerant
endophytic actinomycete, was isolated from a coastal salt marsh plant in Jiangsu,
China (Zhang et al. 2013a, b).

1.5 Conclusion

Keeping in view of their importance economically, halophilic microorganisms have
many advantages. First, most of them can grow at high salt concentrations, mini-
mizing the risk of contamination. Second, they are easy to grow, and their nutri-
tional requirements are simple: the majority can use a large range of compounds as
their sole carbon and energy source (Vreeland 1987). It is well known that actino-
mycetes are the most economically and biotechnologically valuable prokaryotes.
They are responsible for the production of about half of the discovered bioactive
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secondary metabolites (Berdy 2005). Therefore, the halophilic and halotolerant
actinobacteria have gained significance in recent years as they are believed to pro-
duce novel metabolites of unique properties.

What we know about halophiles is far less than what exists in the nature and that
our picture of the true diversity of halophiles is still incomplete. With new approaches
derived from genomics, proteomics and other modern sciences, it is likely that new
knowledge would be generated on biodiversity of halophilic actinobacteria (Kanekar
et al. 2012). This hypothesis opens up a new horizon to microbiologists interested
in biodiversity of halophilic actinobacteria to do more serious work. It is believed
that the halophilic and halotolerant actinobacteria hold a prominent position due to
their biodiversity and potentiality to produce novel compounds. Therefore, investi-
gation of new ecosystems for the isolation of them is crucial for the discovery of
novel taxa and subsequently for natural product-based drug discovery (Ventosa
et al. 2008). To date, few ecosystems have been explored for the isolation of this
interesting group of halophiles and a number of saline environments on earth are yet
to be explored for their isolation.

The author would like to suggest here that the non-saline environments should be
also explored for the isolation of halophilic and halotolerant actinobacteria. This is
because of the presence of saline microenvironments in the non-saline environ-
ments. Also, this could yield many novel taxa, especially the halotolerant actinobac-
teria hidden in the environment. Along with investigating new ecosystems for
isolation of new halophilic and halotolerant actinobacteria, new isolation
methodologies and media need to be developed. Although, several researchers have
described various enrichment methods and media that they used for isolation of
halophilic actinobacteria from different saline environments, there is a need to
develop more versatile media and cultivation conditions for the isolation process.
This will enhance our understanding of the diversity of those bacteria in nature and
increases the possibility of discovery of novel taxa.

Although a number of compounds have been recently identified and reported
from halophilic and halotolerant actinobacteria, only few of them have been pro-
duced. Also, isolation of new halophilic and halotolerant actinobacteria may lead to
novel molecules that could be used for applications in different fields. Many ideas
and biotechnological applications are yet to be exploited for the halophilic actino-
bacteria. Therefore, addition of novel taxa of them will open our way for new bio-
technological applications, e.g. synthesis of nanomaterials, bioremediation of saline
waste waters and construction of molecular sensors, for the benefit of human kind.
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Chapter 2
Antimicrobial and Biocatalytic Potential
of Haloalkaliphilic Actinobacteria

Sangeeta D. Gohel, Amit K. Sharma, Kruti G. Dangar, Foram J. Thakrar,
and Satya P. Singh

Abstract Actinobacteria have the genetic potential for the production of wide vari-
ety of yet-to-discover secondary metabolites. They are known for their metabolic
versatility that allows them to survive even under extreme environmental condi-
tions. Further, considerable increase in the interest pertaining to the natural products
originating from the saline and alkaline environments has brought haloalkaliphilic
actinobacteria into the focus of intensive research. These organisms harbour huge
potential for the discovery of new antibiotics and enzymes with novel properties.
Besides, they have vast biosynthetic potential that remains unexplored. In the pres-
ent chapter, we have evaluated the present state of research on the haloalkaliphilic
actinobacteria and their unique antimicrobial properties. The highlights include the
distribution of the haloalkaliphilic actinobacteria, their adaptation in different stress
conditions, and mining of their unique antimicrobial and enzymatic potential.

Keywords Haloalkaliphilic actinobacteria ¢ Salt stress ® Antimicrobial activity
Novel enzymes

2.1 Introduction

Actinobacteria for long have been explored as a potential source of bioactive com-
pounds, with the ability to produce diverse secondary metabolites (Ghorbel et al.
2014; Malviya et al. 2014; Das et al. 2008). These organisms having high guanosine-
cytosine (G+C) contents (65—75 %) belong to the phylum Actinobacteria, one of the
largest groups in the domain Bacteria (Miao and Davies 2010), dwelling in varied
habitats: soils, the rhizosphere, marine and extreme arid environments (Li and Liu
2006; Bull 2011). Actinobacteria represents one of the largest taxonomic units
among the 18 major lineages currently recognized within the bacteria domain,
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including five subclasses and 14 suborders (Stackebrandt 2000). Recently, potent
actinomycetes were reported to have approximately 7,000 of the metabolites in the
dictionary of the natural products (Manivasagan et al. 2013).

Actinobacteria from the extreme habitats are largely unexplored for the discov-
ery of novel bioactive secondary metabolites (Hamedi and Mohammadipanah
2013). In fact, efforts have been made to isolate actinobacteria from the saline envi-
ronments and most of them appeared to have potential biotechnological applica-
tions (Vasavada et al. 2006; Thumar and Singh 2009; Thumar et al. 2010; Gulder
and Moore 2010; Vijayakumar et al. 2012; Gohel and Singh 2012a, b, 2013; Hamedi
and Mohammadipanah 2013). Recently, phylogenetically diverse actinomycetes are
reported from an Indian coastal solar saltern (Jose and Jebakumar 2012). These
organisms hold prominent positions and have proven abilities to produce novel
metabolites, industrially important enzymes and other molecules of pharmaceutical
importance (Ellaiah et al. 2004; Singh et al. 2013a, b; Gohel and Singh 2015). A
large number of actinomycetes has been reported to produce antibiotic compounds
and halo-tolerant enzymes from the coastal areas and solar salterns (Gohel and
Singh 2013; Zafrilla et al. 2010; Thumar et al. 2010; Jose et al. 2011; Thumar and
Singh 2009; Vasavada et al. 2006). A user-friendly database has been created and
published on the diversity, biocatalytic potential and phylogeny of the salt-tolerant
alkaliphilic actinomycetes (Sharma 2011; Sharma et al. 2012).

Among the different genera of the actinomycetes, the genus Streptomyces is rep-
resented by the largest number of species and varieties with the ability to produce a
large number of antibiotics and bioactive secondary metabolites (Devi et al. 2006).
In fact, 80 % of the recognized antibiotics have been produced from this genus
(Procopio et al. 2012), and many representatives of this group produce substances
of high commercial value and are being extensively screened for novel bioactive
compounds (Anderson and Wellington 2001; Vijayakumar et al. 2007). Exploring
new habitats is one of the most promising ways to isolate new strains of actinomy-
cetes with antimicrobial activities (Zitouni et al. 2005; Khanna et al. 2011; Wadetwar
and Patil 2013). Further, actinobacteria have a wide range of enzyme activities.
They have been commercially used in harsh industrial processes such as food pro-
cessing, detergent formulation, biosynthetic processes and production of pharma-
ceuticals, neutraceuticals, enzymes, antitumor agents, and enzyme inhibitors
(Ventosa et al. 2005; Remya and Vijaykumar 2008). The alkaliphilic actinobacteria
such as Streptomyces and Nocardiopsis have been reported to produce range of
hydrolytic enzyme and other value based molecules for the industrial applications.
Although there are several reports on the physiology, energetics and structure and
function relationship of the enzymes of the alkaliphilic bacteria (Purohit and Singh
2014; Raval et al. 2014; Kumar and Kumar 2014; Pandey and Singh 2012; Ventosa
et al. 2005; Yoshimune et al. 2003), only few reports are available on the alkaliphilic
salt-tolerant actinomycetes (Gohel and Singh 2013, 2012a, b; Thumar et al. 2010).

The unique characteristics of the microbial enzymes include their capability and
appreciable activity under the unconventional conditions. New physical characteris-
tics and unique properties, such as high specificity or specific activity, large produc-
tivity, extreme thermo-alkali stability, low cost of production, and tolerance to
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solvents and inhibitors add to the robustness and application prospects of the enzymes
(Prakash et al. 2013 Badoei et al. 2014; Moreira et al. 2014; Panwar et al. 2014,
Siroosi et al. 2014). Halophilic proteins compete effectively with salts for hydration,
a property that may result in resistance to conditions of low water activity and main-
tain stability under non-aqueous conditions (Kerkar 2004; Thumar and Singh 2009).
The members of the actinomycetes, such as Streptomycetes, Nocardiopsis,
Thermomonospora, and Thermoactinomyces have been explored for the production
of various industrially important enzymes, prominently being proteases, amylases,
cellulases, chitinases and lipases (Bakhtiar et al. 2003; Ramesh and Mathivanan
2009). Usually, these enzymes possess excess of the acidic residues over the basic
residues and have a low content of hydrophobic residues at their surface (Mevarech
et al. 2000). Further, the increasing tendency of the multi-drug resistance in the
pathogenic bacteria has created a pressing demand for more rational approach and
strategies to search for broad spectrum antibiotics. Therefore, exploration of the anti-
microbial and biocatalytic features of the lesser explored haloalkalophilic actinobac-
teria would be highly significant.

2.2 Distribution of Haloalkaliphilic Actinomycetes
in the Saline and Alkaline Habitats

The actinomycetes, in general, have been extensively explored for their secondary
metabolites. However, there is a lack of comprehensive effort to understand the
diversity, distribution and ecology of the actinomycetes of the extreme habitats.
More than 70 species of halotolerant and halophilic actinomycetes of 24 genera
have recently been described (Hamedi and Mohammadipanah 2013). During the
recent years, halophilic actinomycetes have been described from sea water, saline
soils, salt lakes, brines, alkaline saline habitats and other habitats. Considerable
number of salt-tolerant and drought-resistant actinomycetes are reported from arid
areas such as those of the Coastal Gujarat (India), Arabian Peninsula, Iranian
Plateau, Central Asia and Australia coastal regions (Gohel and Singh 2013; Al et al.
2007; Thumar and Singh 2007a). Few groups of scientists in China are actively
involved in the exploration of actinomycetes of the saline and alkaline habitats.
They have isolated more than 30 novel actinomycetes from the saline and alkaline
habitats during the last several years (Chen et al. 2009; Cai et al. 2009; Wu et al.
2009; Yang et al. 2008; Li et al. 2006a, b). Further, actinomycetes are also reported
from the Saline lakes, Soda Lake and Salt mines in Egypt, Korea and East Africa
(Sabry et al. 2004; Hozzein et al. 2004; Schippers et al. 2002; Chun et al. 2000).
Approaches to culture-dependent diversity are based on the sediment pre-
treatments, taxon-selective isolation media, preliminary circumscription and
replication of isolates. While the culture-independent explorations depend on the
actinomycetes specific primers designed on the basis of the current 16S rRNA
sequence databases (Stach et al. 2003), dereplication and community profiling with
SSCP, DGGE or T-RFLP, and sequencing usually of the representative members of
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the resulting OTU clusters. The ecological role of actinomycetes in the saline eco-
system is least explored and largely unknown. Hence, it would be interesting to
explore vast genetic resources particularly represented by the non-cultivable actino-
mycetes using the recently developed approaches of the metagenomics. This allows
the estimation of the ecological parameters such as richness, diversity and degree of
similarity between microbial communities (Schloss and Handelsman 2005, 2006).
In India, Syed and co-workers are involved with the exploration of the actinobacte-
rial diversity of Gulbarga, Karnataka. They have characterized few species with
respect to their proteolytic potential (Syed et al. 2009; Dastager et al. 2008). Another
research group in India, led by Prof. Satya P. Singh at the Saurashtra University, is
actively involved with the exploration of the salt tolerant alkaliphilic actinomyctes
from varied saline habitats of the Coastal Gujarat (India) (Thumar and Singh 2009,
2010, 2011; Gohel and Singh 2012a, b, 2013, 2015; Singh et al. 2013a, b). The
halophilic actinomycetes are listed in Table 2.1.

2.3 Adaptation of Haloalkaliphilic Actinobacteria
to Different Stress Conditions

Halophiles are distributed throughout the three domains of life; eukaryotes, pro-
karyotes and archaebacterial. Among the halophilic bacteria, Cyanobacteria,
Proteobacteria, Firmicutes, Actinobacteria, Spirochaetes, and Bacteroidetes are
included. Adaptation to environmental changes is essential for the survival and pro-
liferation of the microbes. Adaptation is an evolutionary process through which an
organism develops ability to live in its habitat (Dobzhansky et al. 1968).
Environmental changes shift the balance of the complex microbial communities by
favoring some populations and restricting others, through mechanisms such as
microbial competition for nutrients, antibiosis and by selecting the most suitable
organism to environmental stress. Thus, majority of the work in microbial ecology
has focused on the evolution of microbial populations subjected to the changes in
the environmental conditions (Amoroso et al. 1998; Baath et al. 1998; Baek and
Kim 2009; Baek et al. 2009; Carrasco et al. 2005; Belanger et al. 2011).

Haloalkaliphilic actinomycetes face a succession of environmental challenges
as they grow and develop. Thus they develop adaptive mechanisms, such as the
phenotype traits in response to the obligatory conditions. Haloalkaliphilic actino-
mycetes survive and grow under the extreme environments of high pH and salt
concentrations (Vasavada et al. 2006; Gohel and Singh 2012a, b). They may also
face high pressure, high/low temperature, nutrient scarcity, high levels of radia-
tion, harmful heavy metals and toxic compounds (Satyanarayana et al. 2005;
Ogino et al. 2007). These organisms are of considerable practical interest, as they
provide sources of highly stable enzymes, least affected by the variation in environ-
mental conditions (Thumar and Singh 2009; Gohel and Singh 2012b; Chakraborty
et al. 2012).
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2.3.1 Osmotic Adaptation

The occurrence of actinomycetes in saline environments and their tolerance to high
salt concentrations were first described more than 40 years ago (Tresner et al. 1968;
Gottlieb 1973; Hamedi and Mohammadipanah 2013). Relatively few organisms are
adapted to the salinity and the upper salinity limit of the dissimilatory process is
correlated with the amount of energy generated and the energetic cost of the osmotic
adaptation. There are two main approaches adapted by the microorganisms to cope
with the osmotic stress of high salt concentrations. First, bacterial cells may main-
tain high intracellular salt concentrations, as a minimum osmotic condition to the
external concentrations (the “salt-in” strategy). For this to happen all intracellular
systems should be adapted to high salt concentrations. Alternatively, as a second
option, the cells maintain low salt concentrations within their cytoplasm (the
“compatible-solute” strategy). The osmotic pressure of the medium is then balanced
by organic compatible solutes without necessitating any special adaptation of the
intracellular systems (Oren 2002). Most halophilic and all halo-tolerant organisms
expend energy to eliminate salt from their cytoplasm to avoid protein aggregation
(‘salting out’). The osmoadaptation takes place by the accumulation of K* ions and
one or more of a restricted range of low molecular mass organic solutes (osmopro-
tectants), called compatible solutes (Welsh 2000). They can be synthesized within
the cell or accumulated from the environment to high intracellular concentrations,
in order to balance the osmotic pressure of the growth medium and maintain cell
turgor pressure (Santos and Costa 2002). Most common compatible solutes are neu-
tral or zwitterionic and include amino acids, sugars, polyols, betaines and ectoines
and byproducts of some of these compounds.

2.3.2 Compatible Solutes

Compatible solutes act as stress protectants and can stabilize biomacromolecules
against harsh environments such as high temperature, desiccation and freezing
(Roberts 2005; Nieto and Vargas 2002). Usually, amino acids and polyols, e.g.,
glycine betaine, ectoine, sucrose, trehalose and glycerol, accumulate in halophiles
as compatible solutes. Some of these molecules especially glycine, betaine and
ectoines have considerable biotechnological importance (Ventosa et al. 1998).
Halophilic actinomycetes, however, are only scarcely examined for the presence
and distribution of organic solutes. The compatible solutes or their biosynthetic
genes of halophilic actinomycetes appear to be an important source of stress
protectants. Improved osmotic tolerance was observed when the genes encoding the
pathway of the compatible solutes of A. halophila were cloned and expressed in
E. coli (Nyyssola and Leisola 2001). Actinomycetes from saline soils include
Actinopolyspora halophila which is one of the few heterotrophic bacteria that can
de novo synthesize the compatible solutes, glycine and betaine, whereas Nocardiopsis
halophila uses a hydroxy derivative of ectoine and p-glutamate as compatible
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solutes (DasSarma and Arora 2001). Streptomyces coelicolor A3 (2) synthesizes
ectoine and 5-hydroxyectoine when subjected to either salt (0.5 M NaCl) or heat
stress (39 °C). The cells maintained highest cellular levels of these compatible solutes
when both stress conditions were simultaneously imposed. The gene cluster (ect-
ABCD) encoding the enzymes for ectoine and 5-hydroxyectoine biosynthesis was
identified in the genomes of S. coelicolor A3(2), S. avermitilis, S. griseus, S. scabieli,
and S. chrysomallus, suggesting an important role of these compatible solutes as
stress protectants in the genus Streptomyces (Bursy et al. 2008). Further, a thermo-
philic and halo-tolerant Rubrobacter xylanophilus of the Phylum Actinobacteria
accumulates trehalose and mannosylglycerate (MG) (Empadinhas et al. 2007).

Halophilic and halotolerant microorganisms withstand large osmotic pressure
exerted by their highly saline medium. As biological membranes are permeable to
water, all microorganisms have to keep their cytoplasm at least iso-osmotic with
their environment. When a turgor pressure is to be maintained, the cytoplasm should
even be slightly hyperosmotic. In all cases examined, sodium ions are excluded
from the cytoplasm as much as possible. However, the nature of the damage caused
by the sodium ions is still unknown. Majority of the halophilic microorganisms
contain potent transport mechanisms, generally based on Na*/H" antiporters, to
expel sodium ions from the interior of the cell (Oren 1999).

Another strategy to accumulate K* and CI~ ions to maintain osmotic balance is
used by a limited number of halophiles. The aerobic halophilic archaea of the order
Halobacteriales accumulate KCl at concentrations at least as high as the NaCl
concentration in their surrounding medium. Extremely halophilic bacteria are rep-
resented by 11 genera by Oren (2002). Among the actinomycetes, Actinopolyspora
halophile, able to grow in saturated NaCl, was first isolated as a contaminant of
culture medium containing 25 % NaCl (Johnson et al. 1986). The halotolerant acti-
nomycetes have extensive adaptability to Na*, K* and Mg**, while a few strains can
grow even in low concentrations of CaCl, (Tang et al. 2003). The haloalkaliphilic
actinomycetes have evolved several structural and chemical adaptations, which
allow them to survive and grow in extreme environments. The enzymes of these
microbes, which function in extreme environments, have several biotechnological
applications. Some halophilic actinomycetes and their enzymes are used in waste
transformation and degradation (e.g. hypersaline waste brines contaminated with a
wide range of organics) (Fathepure 2014). Some compatible solutes produced by
halophilic actinomycetes are used as protein and cell protectants in a variety of
industrial applications, where freezing and thawing are involved.

2.4 Antimicrobial Activities of Haloalkaliphilic
Actinomycetes

Actinobacteria are well known to produce novel bioactive metabolites (Lam 2006).
Further, a great metabolic diversity and biotechnological potential has been identi-
fied in haloalkaliphilic actinobacteria. Therefore, actinobacteria are valuable pro-
karyotes to explore antimicrobial activities and other biotechnological avenues.



2 Antimicrobial and Biocatalytic Potential of Haloalkaliphilic Actinobacteria 37

Although, actinomycetes from various aquatic and terrestrial habitats have been
reported for novel bioactive compounds (Williams et al. 2005; Zhang et al. 2005;
Pathom-aree et al. 2006; Parungawo et al. 2007; Glen et al. 2008; Sibanda et al.
2010), only few reports on the diversity and activity of the actinomycetes from
saline and alkaline habitats exist (Mitsuiki et al. 2002; Tsujibo et al. 2003; Mehta
et al. 2006; Thumar and Singh 2007a, b; Thumar and Singh 2009). Therefore,
exploration of extreme actinomycetes with novel and unique antimicrobial proper-
ties is a fairly recent area of research.

Actinobacteria are biotechnologically valuable and the most economically pro-
karyotes able to produce novel bioactive compounds, such as antibiotics, antitumor
agents, immunosuppressive agents and enzymes. Several biotechnology companies
and academic institutions are working on the strategies for the pharmaceutical
applications of new compounds produced by extremophilic actinomycetes
(Adinarayana et al. 2006; Lombo et al. 2006; Murphy et al. 2010; Mahyudin et al.
2012). It is established that among 23,000 antibiotics discovered from microorgan-
isms, approximately 10,000 of them have been isolated from actinobacteria. Each
strain of actinobacteria is likely to have the genetic potential for the production of
10-20 secondary metabolites (Bentley et al. 2002; Lam 2006). These metabolites
have antibacterial, antifungal, anticancer, antialgal, antimalarial and anti-
inflammatory activities. Many of these secondary metabolites are potent antibiotics,
and in this context, Streptomycetes have emerged as the primary antibiotic-producing
organisms exploited by the pharmaceutical industries.

2.4.1 Antibacterial Activity

The antibacterial substances either inhibit the growth or kill bacteria. Frequency of
resistance in microbial pathogens continues to grow at an alarming rate throughout
the world. Therefore, the development of effective newer drugs without any side
effects has always been an urgent need. Significant antimicrobial activity against
gram positive bacteria as compared to the gram negative bacteria is reported in
actinomycetes (Kokare et al. 2004). Streptomyces species have significant antibac-
terial activity against Staphylococcus aureus and Pseudomonas aeruginosa.
Micromonospora globosa produces antibacterial substances only in the presence of
seawater (Imada et al. 2007). Similarly, a halophilic and alkaliphilic Streptomyces
sannanensis strain RJT-1 isolated from an alkaline soil was reported as potent anti-
biotic producer against gram positive bacteria (Vasavada et al. 2006). Streptomyces
species have significant antimicrobial activity against Staphylococcus aureus,
Pseudomonas aeruginosa and Vibrio cholera (Devi et al. 2006). Further, Bacillus
subtilis strain was reported as highly sensitive against the antimicrobial agents pro-
duced by the salt-tolerant alkaliphilic actinomycetes (Thumar et al. 2010). Majority
of the antibiotic compounds exhibit exclusive activities against gram-positive bac-
teria and only fraction of the compounds act against Gram-negative bacteria (Berdy
2005). A large number of strains of actinomycetes have sensitivity against Candida
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albicans (Sundaram et al. 2010). It’s quite apparent that actinomycetes from the
saline and alkaline habitats have novel antimicrobial compounds, signifying the role
of the biologically competitive environment with unique conditions of pH, tempera-
ture, pressure, oxygen, light, nutrients and salinity in antibiotic production. Studies
have revealed that halophilic actinomycetes from saline habitats are potent sources
of the bioactive compounds (Kokare et al. 2004; Li et al. 2005; Manam et al. 2005;
Vasavada et al. 2006; Sarkar et al. 2008; Suthindhiran and Kannabiran 2009; Thumar
et al. 2010). A halophilic Saccharopolyspora salina VITSDK4 produced extracel-
lular compound that inhibited the growth of tumor cells and microbial cells
(Suthindhiran and Kannabiran 2009), while a halotolerant alkaliphilic, Streptomyces
aburaviensis Kut-8 reported to produce effective antibiotics (Thumar et al. 2010).

Streptomyces sp. secreting a broad spectrum antibiotic against some pathogenic
bacteria, fungi and Candida sp. has emerged as the third most usually present iso-
lates in hemocultures in developed countries. Continuous use of antifungal drugs
may also produce resistant strains of C. albicans and many infections due to
Candida species are refractory to antifungal therapy (Cowen 2008; Sangamwar
et al. 2008). Although a long list exists on the currently available antibiotics, there
are only limited reports on anticandidal activities (Moosa et al. 2004; Khalesi and
Bonjarghs 2006; Susithra et al. 2009). Consequently; newer range of the effective
antimycotic agents are required, particularly in view of the opportunistic capabili-
ties of candida and yeast in patients suffering from terminal diseases.

Nesterenkonia alba sp. nov., an alkaliphilic actinobacterium, optimally grows at
pH 9-10 (Luo et al. 2009). A novel alkaliphilic Streptomyces strain secretes pyro-
coll, an antimicrobial compound, under alkaline conditions (Dietera et al. 2003).
Many Streptomyces species are recorded to secrete antibiotics against bacteria,
fungi and yeasts at higher salinity and alkaline pH (Basilio et al. 2003).

2.4.2 Antifungal, Antiviral and Anticancer Compounds

Extremophilic actinobacteria have potential as a useful biological tool for the
production of antifungal, antiviral and anticancer substances against fungi (Rauert
et al. 2001; Phoebe et al. 2001; Wu et al. 2009). While large number of antibiotics
has been obtained from different microorganisms, the search for novel antibiotics
effective against pathogenic fungi is still going on. Several biotechnology companies,
such as Diversa, Cubist and Proteus as well as academic institutions are currently
working on strategies for searching new compounds from the marine and other
extremophilic microorganisms including actinomycetes. Antifungal and anticancer
compounds have been detected in Streptomyces sp. (Sivakumar et al. 2007).
Similarly, N — (2-hydroxyphenyl) — 2 — phenazinamine (NHP), an anticancer and
antifungus compound from Nocardia dassonvillei is reported (Gao et al. 2012).
Further, antiviral activity of halo-tolerant actinomycetes is recorded against tobacco
mosaic tobamovirus and potato Y potyvirus (Sonya and Galal 2005). A new
cytotoxic compound, 1-Hydroxy-1- norresistomycin from a marine actinomycete,



2 Antimicrobial and Biocatalytic Potential of Haloalkaliphilic Actinobacteria 39

Streptomyces chibaensis AUBN1/7 has been reported (Gorajana et al. 2005; Kock
et al. 2005). Similarly, Daryamides AC, a weakly cytotoxic polyketides from
Streptomyces strain CNQ-085 (Asolkar et al. 2006) and Caboxamycin of the ben-
zoxazole family from Streptomyces sp. NTK 937 (Hohmann et al. 2009) are known.

2.5 Actinobacterial Extremozymes

Actinobacteria display a diverse range of enzymatic activities (Zhang and Kim
2010). Different commercially viable enzymes, such as a-amylase (Stamford et al.
2001; Kundu et al. 2006), proteases (Dixit and Pant 2000; Thumar and Singh 2007a,
b, 2009; Singh et al. 2010; Gohel and Singh 2012a), cellulases (Techapun et al.
2003; Murugan et al. 2007), chitinase (Miyashita et al. 1991), keratinase (Mabrouk
2008), xylanase (Bode and Huber 2005), L-glutaminase (Sivakumar et al. 2006) and
a-galactosidase (Anisha and Prema 2006) are known from the actinobacteria.
Studies on the alkaliphiles and haloalkaliphiles have led to the discovery of variety
of enzymes that exhibit interesting properties (Horikoshi 1999).

2.5.1 Stability of the Haloalkalophilic Enzymes

Enzymes are derived from plants, animals, and microorganisms; however, a major
fraction of the commercially available enzymes are of microbial origin. The ease of
growth, nutritional requirements, and easy downstream processing of the microbial
systems have made them most favorable sources of the enzymes. The halophilic
microorganisms, a group of the extremophilic organisms, optimally growing at high
salt concentrations are explored from marine salterns, hypersaline lakes and Dead
Sea (Oren 2008). The halophilic microorganisms, as discussed in previous sections
of this chapter, have their cytoplasm at least isoosmotic with their surrounding
medium. At high salt concentrations, proteins are destabilized due to enhanced
hydrophobic interactions (Hippel and Schleich 1969).

The activity and stability of the enzymes depend not only on the concentrations
but also on the nature of the salt. For some halophilic enzymes, activity in KCl is
significantly higher than in NaCl (Madern et al. 2000). The activity of a malate
dehydrogenase from Haloarcula marismortui activity decreases with increasing salt
concentration (Mevarech et al. 2000). Interestingly, temperature optima of a prote-
ase from salt tolerant alkaliphilic actinomycete shifts from 60 to 80 °C in the presence
of 4M NaCl and 30 % Na-glutamate with above twofold enhancement in the activity
(Gohel and Singh 2012a, 2013). The higher stability in 30 % Na-glutamate and 4M
NaCl may attribute to decrease in unfavorable electrostatic repulsion. Besides, halo-
philic enzymes have highly negative surface charge with hydrated carboxyl groups
shifted by high salt content, which protects against unfolding of the proteins (Joo
and Kim 2005; Akolkar 2009). Most of the halophilic enzymes are inactivated when
NaCl or KCI concentrations decrease to less than 2M (Madern et al. 2000).
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2.5.2 Extracellular Proteases

The demand for novel proteases and their formulations for a wide range of industries,
such as food, pharmaceutical, leather, detergents, animal feed, and breweries is
evident from several decades. Alkaline proteases are among the most widely and
largest studied groups of hydrolytic enzymes of the microbial origin (Gupta et al.
2002; Rahman et al. 2003; Patel et al. 2006; Mukherjee et al. 2008; Joshi et al. 2008;
Singh et al. 2012). Most of the proteases from Streptomyces sp. are alkali-tolerant.
However, some proteases are also salt tolerant and produced by genera other than
the genus Streptomyces and Nocardiopsis (Horikoshi 1999; Gohel and Singh
2012a). Proteases from Nocardiopsis sp. are used in detergent additives (Moreira
et al. 2002) and applications of proteases from Streptomyces sp. in dehairing of goat
skin is economical and environmentally safe (Mitra and Chakrabartty 2005).
Alkaline proteases are optimally active under alkaline pH and contain a serine
residue at their active site (Gupta et al. 2002). Alkaline proteases are capable to
function under alkaline pH, high salt, high temperature and in the presence of
organic solvents and other inhibitory compounds (Johnvesly and Naik 2001; Gupta
et al. 2002; Thumar and Singh 2009; Gohel and Singh 2012a). In this context,
protein engineering will offer possibilities of evolving proteases with new combina-
tions of the features. Hence, although microbial alkaline proteases produced from
bacteria and actinobacteria play an important role in several industries such as:
washing powders, tannery, food-industry, leather processing, pharmaceuticals and
peptide synthesis, their potential is much greater and yet to be explored (Pandey
et al. 1999; Kumar and Takagi 1999).

2.5.3 Extracellular Amylases

Amylases are another important group of enzymes employed in starch processing
industry for the conversion of starch to high fructose syrups (Ammar et al. 2002;
Kikani et al. 2010). The occurrence of amylases is commonly observed in actino-
mycetes, particularly Nocardia and Streptomyces (Vigal et al. 1991). A Streptomyces
strain produces moderately halophilic, detergent and surfactant stable a-amylase
(Chakraborty et al. 2009). A surfactant, detergent and oxidant stable a-amylase
from a marine haloalkaliphilic Saccharopolyspora sp. A9 with the optimum activity
at pH 11.0 (range 8.0-12.0) and stability in 11-17 % salt has been reported
(Chakraborty et al. 2011). On the other hand, Zhang and Zeng (2008) studied a
cold-adapted o-Amylase of Nocardiopsis sp. 7326, isolated from Prydz Bay,
Antarctic. The enzyme exhibited sigmoidal growth even at 0 °C with the stability at
pH 5-10 after 24 h at 4 °C. The optimal pH for enzymatic activity was around 8.0.
Thermophilic and acidophilic amylases which can find applications in bakery,
brewing, and alcohol industries have been studied and reported from Streptomyces
erumpens (Kar and Ray 2008). Looking into the commercial significance of this
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enzyme, the focus has been on the discovery and engineering of new enzymes that
are more robust with respect to their pH and temperature kinetics. Thermostable
amylases with important applications in bakery and paper industries are reported
from Nocardiopsis sp. (Stamford et al. 2001). The wide applications of these
enzymes have been established in liquefaction of starch, paper, food, sugar and
pharmaceutical industries. In food industry, amylolytic enzymes play important
roles, such as the production of syrups (glucose, maltose and high fructose corn),
reduction of viscosity of the sugar syrups, reduction of turbidity of the clarified fruit
juice for longer shelf-life, and saccharification of starch in the brewing industry
(Pandey et al. 2000).

2.5.4 Extracellular Cellulases

Cellulases have been investigated mainly with respect to their industrial applications
for the conversion of agricultural biomass into useful products. Recently, cellulases
have been successfully used as additives for laundry detergents. According to the
modern concepts, most of the cellulolytic enzymes comprise modular multi-domain
proteins containing at least three separate structural elements of different functions,
i.e. catalytic domain (CD), cellulose binding domain (CBD), and interdomain
linker. Cellulases convert cellulose to fermentable sugars suitable for human
consumption and the largest known producers are from the genus Streptomyces
(Jang and Chang 2005). The cellulose hydrolyzing thermophilic enzymes are used
for the production of bio-ethanol and value-added organic compounds from renew-
able agricultural residues (Hardiman et al. 2010). Bui (2014) recently examined and
isolated cellulolytic bacteria, including actinomycetes; from the coffee exocarps in
the coffee-producing areas in Vietnam. The reported isolates belong to the Genus
Streptomyces, Clostridium and Bacillus which exhibit optimum activity at pH 7.0.
Besides Streptomyces, several other genera, such as Thermobifida and Micromonospora
produce recombinant cellulases that can be commercially exploited (Zhang et al.
2005). George et al. (2001) reported a carboxymethyl cellulase produced by a novel
alkalothermophilic actinomycetes having optimum growth at pH 9 and 50 °C. The
enzyme has an application potential in detergents to clean, soften, and restore the
color of the fabrics. The applications of the enzyme in the treatment of textiles,
processing of paper and pulp, and as an animal feed additive have been described
(Jones et al. 2004). A recombinant cellulase with thermal and pH stability is reported
from Streptomyces thermoviolaceus. This enzyme retains its activity in the presence
of commercial detergents highlighting its superiority to the existing commercial
cellulases (Jones et al. 2003). These enzymes not only hold a biotechnological
promise but can be economical due to their low cost of production. The cloning and
expression of an endo-cellulase gene from a novel alkaliphilic Streptomycete
isolated from an East African Soda Lake adds to the molecular aspects of the
cellulases from the marine actinomycets (Van et al. 2001).
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2.5.5 Extracellular Chitinases

Chitin is an abundant renewable natural resource obtained from marine inverte-
brates, insects, fungi and algae. Chitin is an insoluble linear -1,4-linked polymer of
N-acetylglucosamine (GIcNAc), being the second most abundant polymer in nature.
Chitinases are glycosyl hydrolases a class of hydrolases that catalyze the degrada-
tion of chitin. This enzyme has gained tremendous importance in the past two
decades. This chitin is present in the cell walls of fungi and in the exoskeletons of
insects and shells of crustaceans (Bhattacharya et al. 2007). Chitinases occur in
several actinomycetes and possess unique properties of thermostability and cataly-
sis in wide pH range (Nawani et al. 2002; Bhattacharya et al. 2007). Chitin oligosac-
charides (COS) have anticoagulant, antimicrobial, anticholesteremic, anticancer,
wound-healing, antitumor, and antioxidant activities which make them prospective
candidates for biomedical applications. A chitinase of Streptomyces sp. M-20 was
purified and characterized (Kim et al. 2003). An extracellular chitinase with the
apparent molecular weight of 55 kDa was characterized from Streptomyces halste-
dii AJ-7 (Joo and Chang 2005). Chitinase from Microbispora sp. was used to recover
chitobiose, a potential antioxidant used as a food additive and in other biomedical
applications. A thermostable chitinase (Chi 40) from Streptomyces thermoviolaceus
OPC-520 was overexpressed, purified and characterized. The understanding of bio-
chemistry of chitinolytic enzymes will make them more useful in a variety of pro-
cesses in near future (Patil et al. 2000). The success in using chitinases for different
applications depends on the supply of highly active preparation at a reasonable cost.
Most of the suppliers use either natural microbial biodiversity or genetically engi-
neered chitinase overproducing microbial strains to obtain efficient preparations.
Chitinases are also important in biocontrol of plant pathogens, and developing
transgenic plants.

2.5.6 Extracellular Xylanases

Hydrolysis of xylan is undoubtedly an important step toward the utilization of
abundantly available lignocellulosic material in nature. Xylan the second most
renewable biopolymer is the major component of the hemicelluloses in angiosperm
cell walls (Priya et al. 2012). While there are many studies on the xylanases from
bacteria and fungi, the actinomycetes are least explored for the xylanases (Ninawe
and Kuhad 2005; Ninawe et al. 2006). Genetic diversity of the alkaliphilic actino-
mycetes of the genera Streptomyces, potent producers of alkaline xylanase, has been
studied (Ninawe et al. 2006). Streptomyces sp. produces high levels of xylanase
utilizing untreated rice straw (Rifaat et al. 2006). Similarly, Streptomyces sp. hydro-
lyzes various agricultural residues, such as oil cake and straw waste leading to
enhanced biogas production (Priya et al. 2012). A xylanase (XynK) from an
alkaliphilic actinomycete (Kocuria sp. 3-3) was overexpressed in Escherichia coli
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(Wang et al. 2014). The enzyme exhibited the optimum catalytic temperature of 55 °C
and the cellulose-free xylanase exhibits high activity and stability at pH 7.0-11.0.
Similarly, fused xylanases from fungi and actinomycetes have been employed in
paper and pulp industries, due to high thermal and pH stability (Fagerstrom et al.
2008). Currently, the focus is on the discovery of enzymes that are effectively stable
and active under the extreme conditions with respect to broader range of tempera-
tures, alkaline conditions and high salt concentrations.

2.5.7 Lipases

Lipases (triacylglycerol acylhydrolases E.C.3.1.1.3) catalyze esterification, trans-
esterification and aminolysis, and have considerable physiological significance and
industrial potential (Babu et al. 2008). Lipases have emerged as one of the leading
biocatalysts with proven potential for contributing to the multibillion dollar under-
exploited lipid industry. They have been used in-situ lipid metabolism and ex-situ
multifaceted industrial application(s) (Sharma and Kanwar 2012). Microbial lipases
have been studied in a wide range of species and have been the subject of many
important studies in the past few years as they catalyze large number of reactions.
The bacterial lipases display highest versatility, reactivity and stability in the organic
solvents (Haba et al. 2000; Gao et al. 2000). The lipolytic enzymes are extensively
studied from Pseudomonas sp. and other oil degrading bacteria (Deb et al. 20006),
while the actinomycetes are scarcely attended in this context. However, there are
certain studies on the lipases from Streptomyces (Zhou et al. 2000; Jain et al. 2003).
Lescic and coworkers (2004) structurally characterized a lipase from Streptomyces
rimosus and confirmed the disulfide bridge pattern using the mass spectroscopy. A
lipase gene was over expressed from Streptomyces rimosus into a heterologous host,
S. lividans TK23 to establish the structure-stability relationship (Vujaklija et al.
2003). An endogenous lipase producing actinomycete, Rhodococcus UKMP-5M,
from Peninsular Malaysia exhibits significant lipase activity at pH 5.0-9.0
(optimum at 5.0) (Nagarajan et al. 2014). Similarly, a cold-adapted, organic solvent
stable lipase from Staphylococcus epidermidis AT2 has been recently reported
(Kamarudin et al. 2014).

Other potent enzymes; lignin peroxidases, ligninase, laccases, lipases, esterases,
agarases and tyrosinases with significant industrial applications are also known
from actinobacteria (Heumann et al. 2006). Esterases and amidases from Nocardia
sp. have been used to increase the hydrophilicity of polyethylene terephthalate and
polyamide fibers.

On the whole, the recent advances in the discovery of novel antibiotics and stable
enzymes from the extremophilic actinomycetes have resulted their applications in
organic synthesis and the production of specialty chemicals, pharmaceutical inter-
mediates, and agrochemicals (Demirjian et al. 2001; Sinha and Khare 2014; Siroosi
et al. 2014; Schreck and Grunden 2014).
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Various enzymes and other value added molecules from the extremophilic
actinobacteria described in this chapter have established their prospective applica-
tions in bio-industries (Nigam 2013). The acceleration of enzyme discovery from
this diverse class of organisms has facilitated the development of new industrial
processes. Furthermore, discovery of new antibiotics and bioactive compounds
from halophilic and alkaliphilic actinobacteria make them potentially valuable can-
didates for biotechnology.

2.6 Conclusion

In this chapter, the significance of the haloalkaliphilic actinobacteria for the produc-
tion of novel antibiotics and other bioactive metabolite is described. These organ-
isms have evolved many structural and chemical adaptations, which allow them to
survive and grow under extreme conditions of alkaline pH and salinity. It’s revealed
that the actinobacteria from the saline and alkaline habitats could provide potential
source of novel antibiotics and enzymes. Antibiotics, compatible solutes and other
compounds from these microbes have range of applications.
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Chapter 3
Biotechnological Exploitation
of Actinobacterial Members

Javad Hamedi, Fatemeh Mohammadipanah,
and Hamed Kazemi Shariat Panahi

Abstract Microbial-derived products, while do not have many environmental side
effects of their synthetic counterparts, have proved more efficient than those syn-
thetically obtained. The nature has provided a treasure of microorganisms with
capabilities to produce vast variety of novel compounds. This ability has been arised
during long last of evolution and adaptation to diverse chemical and physical micro-
enviroments. Microbial-derived metabolites have made their own space in indus-
tries and therefore human life. Among these microorganisms, halophilic and
halotolerant actinobacteria are recently gaining much attentions. Metabolites and
biological functions from halophilic or halotolerant members of this phylum of bac-
teria may resolving the ever-increasing thirst of industry for metabolites with salt-
tolerancy to cope a range of issues from environmental pollution to diseases and
world’s hunger. In the current chapter, it has been tried to introduce the less dealt
group of halophilic and halotolerant actinobacteria, and shed light on their potential
to be exploited in various industry sectors.
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3.1 Taxonomy and Phylogeny of Halophile/Halotolerant
Actinobacteria

A taxonomic investigation of halophilic and halotolerant actinobacteria clearly
demonstrate the relatively heterogeneous nature of energy generation modes
and physiological group, associated with different genera. Polyphasic approach
including molecular, chemotaxonomic, genotypic and phenotypic investigations
has been suggested and/or employed for complete identification of Actinobacteria.
Amplified rDNA restriction analysis (ARDRA) or 16S rRNA analyses have
been applied for establishment of their nomenclature without cultivation that
has increased the knowledge of their diversity. In Table 3.1, halophilic and halo-
tolerant Actinobacterial species, capable of tolerating at least 6 % NaCl (w/v) has
been described.

These 272 valid halotolerant or halophilic species from 66 genera, are
reported in Table 3.1, belonged to 28 families, including Actinopolysporaceae,
Bogoriellaceae, Brevibacteriaceae, Cellulomonadaceae, Corynebacteriaceae,
Demequinaceae, Dermabacteraceae, Dermacoccaceae, Dietziaceae, Euzebyaceae,
Geodermatophilaceae, Glycomycetaceae, Intrasporangiaceae, Microbacteriaceae,
Micrococcaceae, Micromonosporaceae, Nitriliruptoraceae, Nocardiaceae,
Nocardioidaceae, Nocardiopsaceae, Promicromonosporaceae, Propionibacteriaceae,
Pseudonocardiaceae, Ruaniaceae, Rubrobacteraceae, Streptosporangiaceae,
Streptomycetaceae and Thermomonosporaceae and 11 suborders, including
Actinopolysporaceae, = Micrococcineae,  Corynebacterineae,  Frankineae,
Glycomycineae, Micromonosporineae, Propionibacterineae, Streptosporangineae,
Pseudonocardineae, Rubrobacterineae and Streptomycineae, as well as two unclas-
sified families (Euzebyaceae and Nitriliruptoraceae). Therefore, it can be deduced
that both halophilic and non-halophilic relatives exist together within phylogenetic
clades, however, their tolerances or requirements for salts greatly varied (Oren
2008). The most abundantly described genus with all members reported as halo-
philic was Actinopolyspora (13 species reported) while the largest halophilic and
halotolerant genus was Nocardiopsis (31 species reported out of which 16 species
were halophilic). The most tolerated species were Actinopolyspora algeriensis and
Actinopolyspora mzabensis, could grow in presence of up to 32 % NaCl (w/v),
whereas, Actinopolyspora halophila, Actinopolyspora egyptensis, Actinopolyspora
righensis and Actinopolyspora saharensis showed highest NaCl requirement for
optimum growth in 15-20 % NaCl (w/v), followed by Actinopolyspora mzabensis
which grow optimally at 10-28 % NaCl (w/v). The most flexible species tolerating
the widest range for NaCl was Rubrobacter bracarensis that could tolerate 3-30 %
(w/v) salt concentration.

The commonly believed characteristic of actinobacteria regarding their DNA,
containing high load of Guanidine and Cytosine (G+C) subunit bases, and their ter-
restrial origin are not valid anymore as actinobacteria with low G+C content (Ghai
et al. 2012) as well as water harboring actinobacteria have been described. The
phylum “Actinobacteria” is well supported by analyses of the 16S and 23S rRNA
genes, presence of conserved insertions and deletions in certain proteins, and char-
acteristic gene rearrangements. Class Actinobacteria, including 15 orders, 57 families
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and more than 300 genera, is one of the largest taxonomic units within the domain
Bacteria. Among the widely diverse microbial taxa, actinobacteria are the most pro-
lific source for production of bioactive metabolites.

3.2 Ecology of Halophile/Halotolerant Actinobacteria

Ubiquity of hypersaline environments with common phenomenon of gradients in
salinity are characterized in vast geographical area including the Dead Sea, saltern
crystallizer ponds, natural inland salt lakes, brines, alkaline saline habitats, salt-
contaminated soils, salt flats, evaporated ponds, subsurface salt formations, deep-
sea hypersaline basins, alkaline saline habitats, salted foods, cold saline
environments, and decayed monuments which may be the consequence of seawater
evaporation. Saline environments are classified based on pH and cations valence
into thalassohaline environments, containing dominating sodium and chloride ions
with neutral or slightly alkaline pH, and athalassohaline hypersaline environment
containing divalent cations such as Mg?* and Ca*" have more concentration of mon-
ovalent cations with pH of about 6.0 (Oren 2002; Hamedi et al. 2013; Sass et al.
2001). Moreover, sea and ocean waters cover 70 % of earth’s surface while account-
ing for more than 90 % of the volume earth’s crust making an unlimited source of
new microorganisms as well as novel natural products (Satpute et al. 2010). Salt-
induction stress can divide microorganisms to categories of extreme halophiles pre-
ferring 2.5-5.2 M (14.6-30.4 %) salt, borderline extreme halophiles preferring
1.5-4.9 M (8.8-28.6 %) salt, moderate halophiles preferring 0.5-2.5 M (2.9-14.6
%) salt, and halotolerants that grow independently of salt but may resist at least
1.7 M (10 %) salt, depending on the quantity of salt they require or tolerate (Kushner
1978). Many halophilic, halotolerent and/or drought-resistant actinobacteria have
also been reported from arid area (Hamedi et al. 2013). Despite the discovery of
halophilic actinobacteria more than four decades ago, the knowledge of their biol-
ogy and potential industrial application are still not fully investigated. Therefore a
comprehensive enlightenment demanded for systematic understanding of the com-
pelling functions of halophilic and halotolerant actinobacteria in human beings life
to widen the view point which have not been noted fully and found less fascinating
than almost saturated field of mesophilic actinobacteria.

3.3 Clinically Significant Natural Products-Derived
from Halophilic and Halotolerant Actinobacteria

The chemical space occupied by natural products, including drugs, is more diverse
than combinatorial chemicals (Feher and Schmidt 2003) and natural products pro-
vide unprecedented skeletons which could be efficiently used for drug development
technology (Newman and Cragg 2007). Halophilic and halotolerant microorganisms
have proved a reliable and prosperous source of unprecedented natural products.
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The marine environment alone has provided around 30,000 natural products through
the already exploited secondary metabolites from its harbored organisms (Sagar
et al. 2013). In total, 45 % of the drugs have been discovered from actinobacteria,
38 % by fungi and 17 % by unicellular bacteria. Today, it has been accepted that
marine actinobacteria have an unparalleled ability to produce bioactive products
with wide spectrum of antibiotic activities.

Some novel natural products with no biological activity are reported from
halophilic or halotolerant actinobacteria. For instance, in 2005 investigation of
mangrove plant Aegicerus comiculatum leaves led to isolation of an endophytic
Streptomyces sp. GT-20026114. The strain produced four new derivatives of
cyclopentenone including (5R) 3-amino-5-hydroxy-5-vinyl-2-cyclopentent-1-one,
(5R) 5-hydroxy-3-[(methoxy-carbonyl)amino]-5-vinyl-2-cyclopenten-1-one, (5R)
5-hydroxy-3-[[2-(4-hydroxyphenyl)ethyl]amino]-5-vinyl-2-cyclopenten-1-one,
and 3-isobutylpropanamide-2-cyclopenten-1-one (Lin et al. 2005). Actinofuranones
A and B, two new rare polyketides containing a 3-furanone ring system with a C-2-
hemiketal and a C-5 unsaturated alkyl chain were isolated from Streptomyces
MARA4 strain CNQ766 (Cho et al. 2006). In the same year, a new bioactive natural
metabolite (55,85,9R,108)-selina-4(14),7(11)-diene-8,9-diol, a novel sesquiterpene
belonged to terpenes class of antibiotics screened from culture medium of marine-
derived Streptomyces sp. QD518 (Wu et al. 2006). Further, a marine-derived
Streptomyces sp. M491 was isolated which produced a range of natural products
including three new natural products, 10a,11-dihydroxyamorph-4-ene, 10a,15-
dihydroxyamorph-4-en-3-one, and 5a-10a,.11-trihydroxyamorphan-3-one, as well
as already known compound, 10a-hydroxyamorph-4-en-3-one. All these four com-
pounds were muurolane sesquiterpenes. Finally, two new secondary metabolites,
erythronolides H and I which are analogues of clinically significant antibiotic drug
erythromycin A, were identified from a novel obligate halophilic actinobacteria,
Actinopolyspora sp. YIM90600 in addition to erythromycin C. Erythronolide H
possesses the C-14 hydroxy moiety and the C-6/C-18-epoxide whereas erythrono-
lide I contains spiroketal moiety and belong to macrolactone class and C-21
polyketides class of antibiotics, respectively (Huang et al. 2009).

Natural products from halophilic or halotolerant actinobacteria with antimicrobial
activities and/or cytotoxic activities have been mentioned further in Sects. 3.1 and
3.2, in addition to Table 3.2.

3.3.1 Production of Antimicrobial Compounds Produced
Jrom Halotolerant and Halophilic Actinobacteria

During the last eight decades, bioactive compounds derived from microbial origin
have always made a noteworthy contribution for introducing novel antibiotics
through drug discovery and development programs (Demain and Sanchez 2009).
Numerous bioactive natural compounds including some commercially significant
antibiotics such as erythromycin, vancomycin, streptomycin, tetracycline, ampho-
tericin, rifamycin and gentamycin have been provided by phylum of actinobacteria
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alone (Jose and Jebakumar 2014), and it is predicted that more novel bioactive
products with chemotherapeutic applications would be discovered in future from these
phylum of bacteria (Baltz 2007). Numerous bioactive natural compounds including
some commercially significant antibiotics such as erythromycin, vancomycin,
streptomycin, tetracycline, amphotericin, rifamycin and gentamycin have been
provided through phylum of actinobacteria alone (Jose and Jebakumar 2014), and it
is predicted that more novel bioactive products with chemotherapeutic applications
would be discovered in future from these phylum of bacteria (Baltz 2007).

Sophisticated mechanisms has been recruited by pathogenic microorganisms to
undo biological activity of antibiotics which reflect a prompt requirement for novel
antibiotics that would restore their effects and in turn target the evolved multidrug-
resistancy (Butler et al. 2013). Reorientation of current isolation scheme of actino-
bacteria is therefore, required due to re-isolation of already discovered compounds
from conventional environments. In this respect, consideration of new, less or unex-
plored, uncommon and extreme niches including saline terrestrial and marine envi-
ronments have to be taken into account (Hamedi et al. 2013; Jose and Jebakumar
2012). As novel chemistry is a factor of environmental conditions (Genilloud et al.
2011), these poorly explored actinobacteria promise a prosperous source of novel
and potential natural products, exhibiting antimicrobial, antiviral, antitumor, and
anticoagulant and cardioprotective properties (Austin 1989), which can be used fur-
ther as a raw material for drug discovery against a number of targets (Arul Jose et al.
2011; Subramani and Aalbersberg 2012; Hamedi et al. 2013). This statement is sup-
ported by existence of considerable number of chemotherapeutic pharmaceuticals
on the sale that are based on scaffolds of actinobacteria-derived natural metabolites
(Newman and Cragg 2012; Butler 2005; Demain and Sanchez 2009). Antibiotics
derived from neglected resources such as halophilic actinobacteria may display
more efficiency at overcoming infections due to lack of establishment of a mecha-
nism for resistance against them (Donia and Hamann 2003).

Two novel aromatic amides belonging to new class of tri-alkyl-substituted benzenes
were isolated from a marine actinobacterium (MST-MA190) and named as lorneamide
A, active against Bacillus subtilis, and lorneamide B. Despite weak antibiotic activity,
these compounds possess novel natural carbon skeletons (Capon et al. 2000).

Chalcomycin B, a novel macrolide antibiotic, is produced by the marine isolate
Streptomyces sp. B7064 and displayed antibacterial activity against Gram-positive
bacteria with especial potency on Staphylococcus aureus (Asolkar et al. 2002).

Bonactin, a new antimicrobial ester, is produced by marine-sediment-derived
Streptomyces sp. BD21-2 which can render relatively weak antimicrobial activity
against both Gram-positive and Gram-negative bacteria as well as fungi including
Bacillus megaterium, Micrococcus luteus, Klebsiella pneumoniae, Staphylococcus
aureus, Alcaligenes faecalis, Escherichia coli, and Saccharomyces cerevisiae.
Bonactin is the first acyclic ester related to the nonactins that possess antimicrobial
effects (Schumacher et al. 2003).

A new antibiotics alkaloid containing exceptionally rare dibenzodiazepine core
linked to farnesyl side chain with modest antimicrobial activity against Gram-
positive bacteria was isolated from marine Micromonospora sp. DPJ12 and desig-
nated as diazepinomicin (Charan et al. 2004). A novel angucyclinone antibiotic with
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antibacterial activities against Gram-positive bacteria was identified from marine
Streptomyces griseus strain NTK 97 isolated from Antarctica and named as
frigocyclinose. The molecular weight of frigocyclinose was determined as 463 Da
and neither Gram-negative bacteria nor yeasts were found sensitive to it (Bruntner
et al. 2005).

Ongoing screening led to isolation of the first triazolopyrimidine antibiotic,
named as essramycin, from a marine Streptomyces sp. isolate Merv8102. Essramycin
is an active antibiotic compound against both Gram-positive and Gram-negative
bacteria including; Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, and Micrococcus luteus. However, no antifungal activity was displayed.
Triazolopyrimidines are smooth muscle cell growth inhibitors, inflammatory agents,
with potential in alleviation and prevention of cardiovascular diseases. Before isola-
tion of essramycin, the only way of obtaining triazolopyrimidines was through syn-
thetic production (EI-Gendy et al. 2008).

A new thiopeptide antibiotic with rare aminoacetone moiety and 592 Da m.w, is
produced by obligate marine Nocardiopsis sp. isolate TFS65-07 and showed growth
inhibition activity against some Staphylococcus and Streptococcus species, as
vancomycin-resistant bacterial strains including Enterococcus faecalis and
Enterococcus faecium (Engelhardt et al. 2010).

A new 3-hydroxyl derivative of the already identified Streptomyces metabolite
ikarugamycin, named as butremycin, is produced by novel actinobacterium strain
Micromonospora sp. K310 isolated from a mangrove river sediment. This com-
pound with molecular weight of 485 Da belongs to polycyclic tetramic acid macro-
lactams (PTM) family and has been demonstrated for first time in Micromonospora
sp. It was weakly active against Staphylococcus aureus, methicillin-resistant
Staphylococcus aureus, and Escherichia coli (Kyeremeh et al. 2014).

Micromonospora lomaivitiensis strain LL-37I366, a marine-invertebrate-
associated halophilic actinobacteria, was found to produce two potent diazobenzo-
fluorene glycosides antitumor natural bioactive products, lomaiviticins A and B,
with antibacterial activity against Staphylococcus aureus and Enterococcus fae-
cium. Lomaiviticin A was also active against a series of cancer cell lines through
DNA-damaging mechanism by cleaving double stranded DNA under reducing con-
ditions (He et al. 2001).

3.3.2 Production of Antitumor Compounds

The potential of secondary metabolites is more highlighting by underlining that
secondary metabolites-originated drugs have almost doubled the average human
beings lifespan (Verdine 1996). Despite great achievement in the treatment of can-
cer via the application of chemotherapeutic drugs, the requirement of new chemical
entities with potential antitumor properties is yet to be explored which emerges
from intense mortality rates of many cancer types (Jemal et al. 2005).



3 Biotechnological Exploitation of Actinobacterial Members 5

Marine-derived actinobacteria are efficient cytotoxic polyketide-producing
microorganisms; a new marine-derived Streptomyces sp. KS3 was found to be
capable of producing a novel neuritogenetic anthracycline, komodoquinone A, and
its derivative, komodoquinone B with neuronal cell differentiation induction in the
neuroblastoma cell line (Neuro 2A) during solid state fermentation. Upon further
structure investigation of komodoquinone A, it was deduced that in these novel
natural products, a new amino sugar is bonded to anthracyclinone skeleton D-ring
whereas, komodoquinone B is aglycone of komodoquinone A. Komodoquinone B
is the first anthracyclines antibiotics exhibiting neuritogenic activity leading to mor-
phological changes of the neuroblastoma, Neuro 2A cell line (Itoh et al. 2003).
Later, (7S*9R* 10R*)-pyrromycin,(7R*9R* I OR*)-pyrromycin, 1-hydroxyauramycin
T, and 1-hydroxysulfumycin T, four new derivatives of anthracycline with good
cytotoxicity against the P388 murine leukaemia cell line were obtained from
Streptomyces sp. CANU Fox 21-2-6 (Phipps et al. 2004). Thereafter, a noticeable
cytotoxicity against seven human cancer cell lines including MDA-MB-231, human
colon carcinoma (HCT-15), human prostate cancer (PC-3), human lung cancer
(NCI-H23), human renal cancer (ACHN), human skin cancer (LOX-IMVI), and
human leukemia (K-562) was displayed by new cytotoxic compound streptokordin
derived from marine Streptomyces sp. KORDI-3238. The streptokordin with 151 Da
had no activity against fungi and bacteria. This compound belongs to methylpyri-
dine class of cytotoxic compounds. In addition to streptokordin, four known com-
pounds of nonactic acid, an ionophore macrolide antibiotic nonactic with inhibitory
activity against multidrug-resistant erythroleukemia cell line (K-562), dilactone,
trilactone and both antibacterial and antifungal activities were identified (Jeong
et al. 2006). It was also able to produce a benzyl pyrrolidine derivative, streptopyr-
rolidine, with significant angiogenesis inhibition activity (Shin et al. 2008). Early
control of angiogenesis is generally considered as a promising therapeutic strategy
for alleviation of malignant angiogenesis since invasion and metastasis as well as
the growth of solid tumors is dependent mainly on angiogenic inducers (Bouis et al.
2006). The marine-derived actinobacterium, Salinispora arenicola, produces two
bicyclic polyketides, saliniketals A and B. Further structure elucidation demon-
strated that saliniketals possess a new 1,4-dimethyl-2,8-dioxabicyclo[3.2.1]octan-
3-yl ring. The compounds proved to be effective in chemoprevention of cancer
through activity of ornithine decarboxylase induction-inhibiting, an enzyme having
arole in cell growth which is present in wide array of eukaryotic as well as prokary-
otic species, at concentration beyond 1 mM (Williams et al. 2007a). Screening of
fermentation broth of the obligate marine Salinispora arenicola strain CNR-005
resulted in isolation of arenicolides A—C, three new oxygenated bioactive natural
products belonging to macrolide polyketides. Arenicolide A showed only a moder-
ate cytotoxic activity towards human colon adenocarcinoma cell line (HTC-116)
and no activity was observed against tested bacteria (Williams et al. 2007b). More
recently, six novel indoxamycins, A—F, were isolated from sea-water based culture
medium of actinobacterium strain NPS-643 that belonged to polyketides class of
antibiotics and containing a novel tricyclic ring system. Applying indoxymycins A
and F to the human colon adenocarcinoma cell line (HT-29) rendered noticeable
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antiproliferative activity, however, indoxymycins B, C, D, and E were not signifi-
cant growth inhibitors possibly due to absence of a lipophilic core (Sato et al. 2009).
Following to them, new erythronolides H and I, analogues of clinically significant
antibiotic drug erythromycin A, were identified from a novel obligate halophilic
actinobacterium, Actinopolyspora sp. YIM90600 in addition to erythromycin
C. Erythronolide H possesses the C-14 hydroxy moiety and the C-6/C-18-epoxide
whereas, erythronolide I contains spiroketal moiety and belongs to macrolactone
class and C-21 polyketides class of antibiotics, respectively (Huang et al. 2009).
Further, the first three new y-pyrones metabolites containing a methylhexyl side
chain were delivered from marine-derived Marinactinospora thermotolerans
SCSIO 00606 and named Marinactinones A—C. These polyketides-belonged class
of antibiotics displayed moderate cytotoxic activity against pancreatic cancer cell
line (SW1990), human hepatocellular liver carcinoma cell line (HepG2) and a hepa-
toma cell line (SMCC-7721), in addition, marinactinones B was also weak DNA
topoisomerase II inhibitor (Wang et al. 2010a). The cell extract of marine
Streptomyces albus POR-04-15-053 produces four new antitumor actinopyranones
named PMO05011 and PMO050463 with strong cytotoxity, and PM060054 and
PM060431 with moderate cytotoxicity against breast (MDA-MB-231), colon
(HT29), and lung (A549) cell lines. These compounds contain an a-methoxy-y-
pyrone ring with a highly substituted tetraene side chain, therefore belong to
polyketides class of antibiotics (Schleissner et al. 2011). Two mechercharmycins A
and B, with cyclo-peptide like structure containing four oxazoles and a thiazole, and
a linear congener of mechercharmycin A were reported from marine
Thermoactinomyces sp. YM3-251. Relatively strong cytotoxicity activities against
human lung cancer cell line (A549) and human leukemia cell line (Jurkat cells)
were exhibited by mechercharmycin A whereas type B displayed no cytotoxic
activities (Kanoh et al. 2005).

Salinosporamide A with unusual fused y-lactam-f-lactone ring structure was iso-
lated from Salinospora tropica CNB-392 and showed potent cytotoxic activity
against a number of cell-line including HCT-116 human colon carcinoma, NCI’s
60-cell-line panel, NCI-H226 non-small cell lung cancer, SF-539 CNS cancer,
SK-MEL-28 melanoma, and MDA-MB-435 breast cancer. Further investigation
revealed that the unique functionalization of its core bicycle ring structure conse-
quently caused a significantly potent molecule of proteasome inhibitor (Feling et al.
2003). The peculiarity of salinosporamide A was raised by its strong inhibitory
effect against the human malaria parasite during the erythrocytic stages through
inhibition of 20S proteasome both in vitro and in vivo. These findings led sali-
nosporamide A to advance to phase I trials for evaluation of its safety profile in
application against malaria (Prudhomme et al. 2008). Two more new related
y-lactams cytotoxic structural analogues of salinosporamide A named as salinospo-
ramides B and C were identified from the mentioned strain. Salinosporamide B was
500 times less cytotoxic against human colon carcinoma (HCT-116) than compound
A. This finding proposes that the key pharmacophore is -lactone along with signifi-
cance of chloroethyl group in the cytotoxic activity of compound A. Finally, none
of the mentioned compounds showed neither antiviral nor antimicrobial activities
against test microorganisms while no virtually cytotoxicity for compound C was yet
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reported (Williams et al. 2005). Further exploration into the chemistry of this unique
marine actinobacterial strain resulted in discovery of two novel halogenated
macrolides, sporolides A and B. However, no biological activity was observed from
this class of compounds until now (Buchanan et al. 2005). Later, two unprecedented
natural products, named lobophorins C and D, belonging to macrolides class of
antibiotics were produced from Streptomyces carnosus strain AZS17 associated
with marine-derived sponges Hymeniacidin sp. Lobophorins C and D were deriva-
tives of kijanimicin and showed significant selective cytotoxicity against human
liver cancer cell line 7402 and human breast cancer cell (MDA-MB 435), respec-
tively (Wei et al. 2011). The structure of these compounds were very similar to
lobophorin B and A produced by actinobacterium strain CNC-837 isolated from the
surface of brown alga Lobophora variegate (Jiang et al. 1999). Despite relatively
identical structure of lobophorins A and B with C and D, they were only
anti-inflammatory.

An endophytic actinobacterial strain Nocardiopsis sp. A00203 was capable of
producing three new 2-pyranone derivatives named norcardiatones A, B, and C dur-
ing fermentation. Weak cytotoxic activity against Helacyton gartleri (HeLa) cells
was proved by norcardiatones in MTT assay (Lin et al. 2010).

Marine Streptomyces sp. designated YM14-060 was capable of producing two
novel piericidins C; and Cg, having 472 and 486 Da m.w. (Hayakawa et al. 2007a).
These two members of family piericidin displayed cytotoxicity against rat glial cells
transformed with the adenovirus E1A gene (RG-E1A-7), and cytostatic effect on
Neuro-2a mouse neuroblastoma cells by inhibiting mitochondrial NADH-
ubiquinone oxidoreductase leading to mitochondrial dysfunction and finally cell
death (Hayakawa et al. 2007b).

Aureolic acids, chromomycins B, A,, and A;, are produced from a marine-
derived actinobacterium, Streptomyces sp. WBF16, with strong cytotoxic activities
against human gastric cancer cell line (SGC7901), human liver hepatocellular car-
cinoma cell line (HepG?2), human lung adenocarcinoma epithelial cell line (A549),
human colon cancer cell line (HCT-116), human ovarian cancer cell line (COC1),
and human umbilical vein endothelial cells (HUVEC). Despite their limited appli-
cation due to several side effects, as chromomycin are applied clinically in the alle-
viation of a number of tumor diseases by binding MTM to the DNA resulting in
cross-linkage of two strands which in turn blocks RNA synthesis (Lu et al. 2012).
This report along with previous finding about isolation of three chromomycin ana-
logues, chromomycins SA;, SA, and deacetylchromomycin A;, as well as five more
analogues from the marine-derived Streptomyces sp. SNB-005 (Hu et al. 2011) sug-
gest that marine actinobacteria are a rich source for aureolic acids.

Three natural products, galvaquinones A, B and C are obtained from marine-
derived Streptomyces spinoverrucosus SNB-032. Moreover, two already known
compounds, anthraquinones lupinacidin A and islandicin, were isolated from fer-
mentation broth of this strain. Among all these six alkylated anthraquinone ana-
logues, only galyaquinones B displayed considerable epigenetic modulatory
activity and both galyaquinones B as well as anthraquinones lupinacidin A were
moderate cytotoxic agent against non-small-cell lung cancer cell lines (NSCLC)
(Calu-3 and H2887).
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A cytotoxic bioactive product, 5-(2,4-dimethylbenzyl)pyrrolidin-2-one (DMBPO),
against human epithelial type 2 cell line (HEp 2) and liver hepatocellular cell line
(HepG2) with a weak membranolytic activity on erythrocytic membrane was identi-
fied from marine Streptomyces VITSVKS spp. (Saurav and Kannabiran 2012).

The Streptomyces aureoverticillatus NPS001583 was isolated in attempt to dis-
cover new bioactive metabolites and a novel macrocyclic lactam and aureoverticil-
lactam with 22-atom ring was identified from that. The isolated compound showed
cytotoxic activity against colorectal adenocarcinoma cancer cell line (HT-29), mela-
noma cancer cell line (B16-F10), and leukemia cancer cell line (Jurkat) (Mitchell
et al. 2004).

Four novel natural products, lucentamycins A—D, with new amino acid unit,
3-methyl-4-ethylideneproline were isolated from marine-derived Nocardiopsis
lucentensis strain CNR-712. These compounds belonged to cytotoxic peptides class
of antibiotics. Amongst these four unique peptides, only lucentamycins A and B
displayed considerable cytotoxic activity against HCT-116 human colon carcinoma
with a greater activity derived from lucentamycin A, containing phenyl and indole
rings respectively, which highlighting the key role of the aromatic ring for biologi-
cal activity in this class of compounds (Cho et al. 2007).

Investigation of fermentation broth of marine Streptomyces sp. led to isolation of
three promising cytotoxic piperazic acids (piperazimycins A—C) with cyclic
hexadepsipeptides structure having rare amino acids of hydroxyacetic acid,
a-methylserine, y-hydroxypiperazic acid, and y-chloropiperazic acid. Moreover,
two unique amino acid residues 2-amino-8-methyl-4,6-nonadienoic acid and
2-amino-8-methyl-4,6-decadienoic acid were identified in the structures of piperaz-
imycins A and C, respectively. All piperazimycins, A—C, were significant growth
inhibitors against human colon carcinoma cell line (HCT-116). Piperazimycin A
was potentially active against all oncologically divers panel of 60 cancer cell line
showing three times more cytotoxicity against solid tumors, mostly melanoma and
prostate cell lines, than that of leukemia cell lines examined and was active against
the colon cancer group, renal cancers, ovarian cancers, non-small cell lung cancers,
and breast cancers (Miller et al. 2007).

An investigation of LC-MS analysis of culture broth of a new species of the marine
Salinispora pacifica strain CNS103 has resulted in the identification of two possible
cyclization products of C-1027, a naturally occurring enediyne, which possess
3-keto-pyranohexose sugar and novel carbon skeletons, a cyano- and chloro-
substituted cyclopenta[a]indene ring system with unique benzyl nitrile moiety in a
multiple ring system that named as cyanosporasides A and B. The compounds showed
weak cytotoxicity against human colon carcinoma (HCT-116) (Oh et al. 2006).

A novel marine actinobacterium strain CNH-099 was found to be able of biosyn-
thesis of neomarinone, a new metabolite containing a new sesquiterpene and
polyketide-derived carbon skeleton as well as three derivatives of the marinone
class of naphthoquinone antibiotics, isomarinone, hydroxydebromomarinone, and
methoxydebromomarinone. The compounds were moderately active against human
colon adenocarcinoma cell line (HCT-116). Neomarinone also rendered cytotoxic-
ity against a panel of 60 cancer cell lines (Hardt et al. 2000).



3 Biotechnological Exploitation of Actinobacterial Members 79

Chemical investigation of fermentation broth of the marine-derived
Actinoalloteichus cyanogriseus WH1-2216-6 led to isolation of five new bipyridine
alkaloids as well as a novel phenylpyridine alkaloid, caerulomycins F-K, along with
five known analogues, caerulomycin A, caerulomycin C, caerulomycinamide, caeru-
lomycinonitrile, and (Z)-4-methoxy-2-2'-bipyridine-6-carbaldehyde oxime. All iso-
lated compounds exhibited cytotoxic activity against at least one of the cancer cell
lines including the human leukemia (HL-60), K562, KB, and human lung cancer
(A549) cell lines except the analogue (Z)-4-methoxy-2-2'-bipyridine-6-carbaldehyde
oxime which showed no activity. Two analogues, caerulomycin A, caerulomycin C,
also displayed antimicrobial effects against Escherichia coli, Aerobacter aerogenes,
Pseudomonas aeruginosa, and the fungus Candida albicans (Fu et al. 2011).

Proximicin A-C, produced from the marine actinobacterium Verrucosispora
strain MG-37, belong to aminofuran antibiotics and anticancer compounds. This
family of compounds shows no antifungal activity, weak antibacterial activity, but
significant cytostatic effect to several human tumor cell lines including; gastric ade-
nocarcinoma (AGS), breast carcinoma (MCF 7), and hepatocellular carcinoma
(HepG2) (Fiedler et al. 2008).

Four novel manosouramycin A—D with cytotoxicity activity against 36 tumor
cell lines were identified from the marine-derived Streptomyces sp. isolate Mei37.
A significant cytotoxic selectivity was observed towards non-small cell lung cancer,
breast cancer, melanoma, and prostate cancer cells by these compounds. Moreover
moderate inhibition activity against bacteria; Staphylococcus aureus, Bacillus sub-
tilis, and Escherichia coli, and strong activity against microalgae; Chlorella vul-
garis, Clorella sorokiniana, and Scenedesmus subspicatus were exhibited by
Mansouramycin A (Hawas et al. 2009).

Fermentation broth screening of the Streptomyces chilbaensis AUBN,/7 yielded
a bioactive product, resistoflavin, reported for first time from marine sources with
potent cytotoxicity against gastric adenocarcinoma cell line (HMO?2) and hepatic
carcinoma cell line (HePG2) as well as weak antibacterial effect against both Gram-
positive and Gram-negative bacteria. This compound relates to quinone class of
antibiotics (Gorajana et al. 2007).

3.4 Biosurfactant-Production Capabilities of Halotolerant
and Halophilic Actinobacteria

Surfactants including those originated from microorganisms, called biosurfactants,
are populated with increasing environmental awareness (Banat et al. 2000; Desai
and Banat 1997). These surface active compounds secreted from microorganisms,
have the advantages of ecofriendly and non-toxic nature. Some of these amphiphi-
lic biological compounds produced by microorganisms structurally are glycolipids,
rhamnolipids, sophorolipids, trehalolipids, phospholipids fatty acid, lipopeptides
and lipoproteins or polymeric biosurfactants (Rahman and Gakpe 2008).
Biosurfactants have great potential in facilitated bioremediation owing to their
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emulsifying, dispersing, or solubilizing activities by (i) catalyzing desorption of
highly hydrophobic compounds, such as polyaromatic hydrocarbons (PAH),
adsorbed into soil, thus accelerate degradation of these compounds, i.e. increase the
compound bioavailability and (ii) avoid adsorption of desired microorganisms for
bioremediation into soil of a polluted site and thereby increase the microorganisms
mobility (Kitamoto et al. 2002). Biosurfactants are capable of removing heavy met-
als from contaminated soil by means of adsorption (Mulligan et al. 2001; Banat
et al. 2000). Beside the above mentioned applications, some biosurfactants such as
glycolipid exhibit biological activity due to their chemical structures. In general,
Gram-positive bacteria have more susceptible cell wall to biosurfactants than Gram-
negative ones. Moreover, antiviral activity has been demonstrated for some glyco-
lipid biosurfactants (Kitamoto et al. 2002). Biosurfactants have superb dispersing,
emulsifying, and foaming activities as well as their effectiveness at extreme condi-
tions make them ideal for number of applications including detergents, personal
care, enhanced oil recovery, agrochemicals and bioremediation. Despite various
advantages of microbial biosurfactants, their drawback over plant-derived surfac-
tants and synthetic ones is solely their higher expenses; the other demerits of micro-
bial biosurfactants are lack of knowledge for their synthesis regulation and isolation
in highly pure form. According to Transparency Market Research, the global
demand for microbial biosurfactants was almost 12.7$ million in 2012 and are
expected to reach 17.1$ million before 2020 (http://www.transparencymarket-
research.com/microbial-biosurfactants-market.html). It has been pointed out that
sophorolipids account for 54 % of biosurfactants world market in 2012, mainly due
to their high-yield production with rhamnolipids chasing them which are exten-
sively applied in enhanced oil recovery, biopesticides and bioremediation (http://
www.transparencymarketresearch.com/microbial-biosurfactants-market.html).

Although, biosurfactants are mainly accepted as secondary metabolites, some of
these compounds vitally function and are required by the producing microorgan-
isms as facilitating transportation of nutrients or microorganism-host interactions as
well as presenting antibiotic activity (Kiran et al. 2014). The work addressing
actinobacteria-derived biosurfactants are very limited, this is even more adverse in
case of halophilic and/or halotolerant actinobacteria capable of biosurfactants pro-
duction (Khopade et al. 2012b). Among the many, the characteristic driving force
behind exploration of halophilic biosurfactants from halophilic and halotolerant
actinobacteria is their capability to tolerate and restore activity in saline condition
(above 3 % salt concentration), the condition which could efficiently deactivates
synthetic surfactant.

A marine-derived Streptomyces sp. S1 produces a biosurfactants, containing 82 %
protein, 17 % polysaccharide and 1 % reducing sugar, with the yield of 3.8 g/L at
optimized fermentation conditions, pH 7, 28 °C and 3 % NaCl (w/v). The com-
pound maintained relatively good stability following storage at 28 °C and at neutral
pH. The critical micelle concentration (CMC) of partially purified biosurfactant was
calculated as 0.3 mg/mL (Kokare et al. 2007). A halotolerant, up to 26 % NaCl
(w/v), actinobacterium Streptomyces sp. VITDK3 with ability to produce a lipopep-
tides class of biosurfactant was reported (Lakshmipathy et al. 2010). No further
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explanation about the characteristic features of this biosurfactant was provided. The
most recent report of genus Streptomyces with biosurfactant production ability was
a moderately halophilic marine-derived Streptomyces sp. B3. The isolated and puri-
fied biosurfactant was able to reduce water tension by 29 mN/m and had CMC of
110 mg/L. The partial purified biosurfactant exhibited antimicrobial activity against
Bacillus subtilis, Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia
coli, and Candida albicans. The biosurfactant production was observed following
of the strain cultivation on non-hydrocarbon substrate with maximum production
taking place at 30 °C, pH 7, and 4 % NaCl (w/v). The effect of salinity was investi-
gated in range of 0-9 % NaCl (w/v) and emulsification activity was observed at 9 %
salinity tested (Khopade et al. 2012b). This highly active halothermophilic biosur-
factants belonged to lipopeptides class of biosurfactants and were stable in alkaline
pH 8-12, various temperatures from 30-100 °C, and salt tolerated up to 9 % NaCl
(w/v) with an optimum at 6 %. This natural biosurfactant showed higher tempera-
ture stability than synthetic surfactants such as sodium dodecyl sulfate which begins
to significantly loss its emulsification activity from 70 °C onwards (Khopade et al.
2012b). Therefore, this biosurfactants may found applications in bioremediation
sector for degrading spills in saline ecosystem owing to its salinity and alkaline
stability (Khopade et al. 2012b). More recently, a glycolipid biosurfactant, compris-
ing lipid 61 % (w/w) and carbohydrate 30 % (w/w), dropping surface tension of
water from 73.2 to 32.4 mN/m and CMC of 36 mg/L. was identified from a marine-
derived actinobacterium Streptomyces sp. MAB36. A broad spectrum activity
against microorganisms was observed from this glycolipid biosurfactant. Its opti-
mum production conditions were carried out at pH 7, 30 °C, and 1.5 % NaCl (w/v)
with higher emulsification activity at presence of 5 % NaCl (w/v). The stability was
preserved in temperature of 30—50 °C, pH of 5-9, and salinity up to 1.5 % NaCl
(w/v) (Manivasagan et al. 2014).

Rhodofactin, belonging to lipopeptides class of biosurfactants, with a CMC
value of 23.7 mg/L and of 801.6 Da m.w and linear structure is derived from marine-
derived Rhodococcus sp. TW53 which could lower water surface tension to 30.7
mN/m. The producing strain shows 99.3 % similarity to halotolerant Rhodococcus
kroppenstedtii. The yield of rhodofactin was around 0.2 g/ under un-optimized
fermentation conditions (Peng et al. 2008). Also, a seaside soil-derived Rhodococcus
erythropolis sp. strain 3C-9 produces a biosurfactant consisting of two kinds of
glycolipids, glucolipid and a trehalose lipid, and a hydrophobic moiety consists of
seven fatty acids. Unfortunately, no further stability or production optimization
investigations were done for this newly described biosurfactant (Peng et al. 2007).
In 2010, a novel rhamnose-containing glycolipid biosurfactant was delivered from
halotolerant Rhodococcus fascians strain A-3 with 1.8 g/L yield which could reduce
the surface tension of water from 72 mN/m to as low as 27 mN/m and suppress the
growth of Bacillus subtilis. The bioremediation of cold places such as polar soils
may be accomplished using this strain isolated from Antarctica due to prohibition
of foreign organisms from Antarctic Treaty (Gesheva et al. 2010).

A potent halotolerant sponge-associated marine actinobacterium strain of
Nocardiopsis alba was recruited for production of a lipopeptide class of biosurfactant
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with optimum production conditions at pH 8, temperature 30 °C, and 1 % NaCl
(w/v). Constituents of the biosurfactant were reported as carbohydrate 20 ng/0.1
mL, protein 35 pg/0.1 mL, and lipid 573 pg/1 mL with stability in temperature, pH,
and salinity of 10-90 °C, 4-9, and 0-2 % NaCl (w/v), respectively. The compound
exhibited potent antimicrobial activity against Enterococcus faecalis and Bacillus
subtilis and Candida albicans (Gandhimathi et al. 2009). Later, a moderately halo-
philic marine-derived Nocardiopsis sp. B4 was isolated which produced a biosur-
factants with emulsification index E24 of 80 % and could reduce the surface tension
of water up to 29 mN/m. The maximum production of this biosurfactant occurred at
pH 7, 30 °C, in presence of 3 % NaCl (w/v) and the producing strain could retain 80
% of its activity in presence of 12 % NaCl (w/v). The compound was stable in the
range of 30-100 °C, pH range of 8—12, and salinity of up to 8 % with optimum of 3
% NaCl (w/v) (Khopade et al. 2012a). Also, a novel glycolipid containing nonanoic
acid methyl ester biosurfactant was reported from marine sponge-derived
Nocardiopsis lucentenis MSA04 following solid-state fermentation using a number
of industrial wastes including pretreated sludge from tannery, treated molasses
derived from distillery waste, and pretreated molasses. Kerosene was able to
enhance production of this newly discovered biosurfactants. The biosurfactant was
considerably synthesized at pH 7-9 with optimum at 7, 25 °C, and inevitable NaCl
concentration of 0.5-5 % (w/v) with optimum of 2 %. The compound, containing
0.123 mg/mL protein, 0.972 mg/mL carbohydrate, 1.886 mg/mL lipid, and 9.0 mg/
mL glycolipid, was capable of reducing surface tension of water from 72.5 mN/m
to as low as 16.34 mN/m in pure form. Moreover the compound was highly thermo-
stable even after autoclaving, in pH range of 5-9 and NaCl range of 1-4 % (w/v)
with CMC of 16 g/L (Kiran et al. 2010b).

A marine-derived actinobacterium Brevibacterium aureum MSA13 was found to
provide an unprecedented biosurfactants, containing 0.53 mg/mL protein, 0.012
mg/mL carbohydrate and 4.886 mg/mL lipid, which belongs to lipopeptide class
containing an octadecanoic acid methyl ester moiety in addition to short sequence
of four amino acids peptide part. Optimization of solid state fermentation of indus-
trial and agro-industrial solid waste residues was done for strain MSA13 leading to
three folds increase in the production yield of the biosurfactants. The strain could
growth on gelatin, cellulose, chitin and starch with optimum production at pH 7-9,
temperature 30 °C, and salinity 2 % NaCl (w/v). The compound was named as
brevifactin and proved thermo-stability by resistance to autoclaving. In addition, it
was stable at pH and NaCl ranges of 5-9 and 1-5 % (w/v), respectively. Brevifactin
can efficiently reduce surface tension of water from 72.54 to 28.56 mN/m and had
CMC of 18 g/L as well as broad antimicrobial activity with the more potency against
Candida albicans and Klebsiella pneumonia (Seghal Kiran et al. 2010). In the same
year, a glycolipid biosurfactant production from a marine sponge-derived halotoler-
ant actinobacterium Brevibacterium casei MSA19 under optimized submerge fer-
mentation conditions, pH 7, temperature 30 °C, and salinity 2 % NaCl (w/v), with
in vitro antibiofilm activity against pathogenic biofilms as well as wide range of
bacteriostatic activity was reported (Kiran et al. 2010a).

Beside the above mentioned actinobacteria genera, a sponge-derived marine
Brachybacterium paraconglomeratum MSA21 was applied in a solid-state
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fermentation to convert agro-industrial wastes, containing 27 % protein and 53 %
carbohydrate, along with pre-treated tannery effluent to glycolipid biosurfactants.
Although this species is halotolerant (up to 15 % NaCl), salinity-biosurfactant pro-
duction relationship was not investigated above 3 % salinity (Kiran et al. 2014).

3.5 Production of Industrially Important Enzymes by
Halophilic and Halotolerant Actinobacteria

Enzymes have applications in many aspects of human life, including pharmaceuti-
cals, clinical analysis, detergents, food production, organic synthesis and bioreme-
diation. These applications are attracting more and more attention since identification
of novel microbial enzymes from different niches such as saline environments will
introduce new approaches for industry as well as solution for environmental
problems.

3.5.1 Amylases

Starch, an important renewable biological resources, degrading extracellular endo-
enzymes, amylases (endo-1,4-a-D-glucanohydrolases EC 3.2.1.1), are the first
commercially marketed enzymes which have occupied the vending of up to 25 % in
enzyme market and add up to 30 % of all the enzyme production in globe. Amylases
are classified into two subgroups; starch-hydrolyzing enzymes and the transglyco-
sylating amylases, and starch-modifying enzymes. Amylases give diverse products
ranging from sugar syrups, to the cyclodextrins productions which have pharmaceu-
tical applications. Enzymatic hydrolysis is preferred over acid hydrolysis of starch
because of reaction specificity, product stability, lower requirements of energy, and
shorter process. The average annual market growth rate of 3.3 % makes microbial
production of amylases very appealing which demands low-cost medium and effi-
cient producing microorganism (Sivaramakrishnan et al. 2006). Therefore a strain
which have better compatibility with production conditions and the stability of the
resulting amylases produced must be taken into account carefully from industrial
perspective view. For instance, strains demanding high salinity and temperature
may be applied during fermentation in warm geographical environments likewise
are the produced amylases and salinity profile which should be matched with the
expected applications. This created diversity in applications requires the investiga-
tion for unique amylases with new and improved physiological and biochemical
properties. The enzymes which could tolerate more cruel conditions of preservation
may be preferred as they need less caution and are more stable against losing their
activities.

Currently, 90 % of the carbohydrases produced, which occupy 40 % of all
enzymes, are utilized by the food and beverage industry in preparation of a various
digestive juices, as well as reduction viscosity of sugar syrup, haze formation
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reduction in juices, starch solubilization and saccharification in brewing industries
for alcohol fermentation, and postponing staling in baking industry. Other industry
sections utilized amylases include detergent industry, as an additive for starch-based
dirt removal; paper industry, starch viscosity reduction for appropriate paper coat-
ing; textile industry, textile warp sizing of fiber to reduce breakage of yarn, and in
pharmaceutical industry as a digestive aid (Van Der Maarel et al. 2002; Riegal and
Bissinger 2003; Gupta et al. 2003).

Fungal and bacterial amylases are ruling on enzyme market (Pandey et al. 2000),
however, the feasibility of using actinobacters, especially streptomycetes for pro-
duction of amylases has just begun (Syed et al. 2009). In Table 3.3, it has been tried
to cover all reported amylases from halophilic and halotolerant actinobacteria
source at the time of writing.

3.5.2 Proteases

From industrial perspective, diverse applications of peptidase including detergent
additives, biotreatment of leather, bioprocessing of used X-ray films for silver
recovery and also polyester film base recycling, pharmaceutical applications, pep-
tide synthesis and protein processing within food industry sector, waste treatment
management, and chemical industry, have made these enzymes appealing (Kumar
and Takagi 1999). Microbial-derived proteases are very significant hydrolytic
enzymes and are among the three largest industrial enzymes which have occupied
the vending of up to 60 % in enzyme market (Rao et al. 1998). Marine microorgan-
isms have enormous capability for economically and ecofriendly production of
industrial-feasible enzymes (Lam 2006) which are active in extreme conditions of
alkaline pH and high temperatures. The characteristic features of proteases pro-
duced from halophilic or halotolerant actinobacteria, beside economically and eco-
friendly industrial-feasible production (Lam 2006), are their resistances and
activities in many harsh salt-containing industrial processes as well as various toler-
ating capabilities for extreme conditions, mainly alkaline pH and high temperatures,
which consequently decreases enzyme turn over in these situations. There have
been large numbers of studies from protease producers within archea and bacteria,
but the investigations on protease-producing actinobacteria are sparse. Table 3.4
exemplifies the typical valid protease-producing actinobacteria strains from saline
conditions.

3.5.3 Cellulases

Investigations of halophilic cellulases capable of functioning in adverse conditions
are lagging from mesophilic enzymes (Percival Zhang et al. 2006). Browsing the
literature proves the lack of knowledge on biochemical properties, substrate
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specificity, genetic characteristic, and gene products of cellulose decomposition
with halophilic nature which are crucial for any biotechnological industry contain-
ing high salinity processes (Margesin and Schinner 2001).

Genus Thermobifida has strong cellulose degradation potential with distinction
from other microorganisms and has a halotolerant member, 7. halotolerans, isolated
from salt mine with salt-tolerance up to 10 % (Yang et al. 2008). Another outstand-
ing cellulose degrading genus under phylum actinobacteria is Cellulomonas which
provides two halotolerant species namely as Cellulomonas carbonis and C.
bogoriensis isolated from coal mine and sediment of the littoral zone of a lake,
respectively. It has been shown that cellulose decomposition is greatly affected by
salinity-related factor which merely accounted almost 45 % among all the investi-
gated factors. This factor become even more importance when it comes to know that
sea level rises as a result of global warming which in turn impacts coastal wetland
by increasing salinity (Mendelssohn et al. 1999). Therefore, when halophilic and
halotolerant actinobacteria are applied in agriculture, they increase minerals in
saline soil through cellulose-decomposition while have ecological function of car-
bon cycling and waste remediation in saline marshes or can be even applied for com-
mercial purposes through fermentation conversion of salt-contaminated cellulose to
desirable products, and in wood and paper industry.

3.5.4 Chitinases

Wastes coming from aquaculture (shrimp and cab shells) have infinite treasure of
chitin with as high as 60-80 % of the whole shrimp and crabs. However, only a
small fraction of this amount is recycled to produce cheap food of shrimp and crabs
powder (Wang et al. 2011a). Motivation for recovering unused chitin wastes could
be arisen from the potential of chitin-decomposing microorganisms to make highly
value-added products in association with modern biotechnology upon processing
such as nanofibers for biomedical application (Jayakumar et al. 2010) and produc-
tion of enzymes and bioactive compounds (Wang et al. 2011a). Currently, enzymes,
deodorants, biofertilizers, antioxidants, biofungicides, hydrogen gas, and carot-
enoids have been reported from microbial fermentation of chitin-containing bio-
wastes. The ecological significance of microbial degradation of chitin as well as its
potential for biotechnology has made it valuable enough to be investigated. Among
bacteria, Firmicutes, actinobacteria, bacilli and clostridia, provide most active chi-
tinolytics. Many literatures have dealt with the main -chitinase-producing
Streptomyces genus which degrades chitin as primary carbon source, as potential
biocontrol agents due to their inhibitory activity against many plant pathogenic
fungi. One of the prominent works for screening haloalkaliphilic chitinolytic acti-
nobacteria has been done leading to isolation of seven strains belonged to genera
Nocardiopsis, Streptomyces, Glycomyces and group of Cellulomonas-Isoptericola.
These strains could tolerate salt from 8 % to 10.7 % (w/v) in alkaline pH (Sorokin
and Kolganova 2014). In other work Streptomyces sp. CW1 was able to efficiently
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utilize chitin as sole source of carbon while tolerating up to 11 % NaCl (w/v)
(Kurzbaum et al. 2010). Also, actinobacterium strain VITDDK?2 was isolated from
marine soil and exhibited chitinase activity (Deepika and Kannabiran 2010).

3.5.5 Xylanases

Potential applications of xylanase in some industry sectors, including bioconversion
of cellulose material to value-added products (Butt et al. 2008), paper pulp deligni-
fication (Giibitz et al. 1997), production of biofuel, baking and starch from degrada-
tion of lignocellulosic materials (Khandeparker and Numan 2008), have popularized
this enzyme but at the same time either extreme conditions or extreme pretreatment
requirement for these processes discourages the industrial application of this
enzyme (Zhang et al. 2012a). Many xylanase-producing microorganisms have been
reported in literature, however, the most potent xylanase coping up with many cruel
conditions governing industrial processes are provided by extremophiles.
Notwithstanding, a high number of extremophile-derived xylanase, a few have been
addressed to halophilic species while discussions about xylanase-producing halo-
philic actinobacteria are even more rare.

One of the xylanase-producing genera within phylum actinobacteria is
Thermobifida. Despite, outstanding (hemi) cellulolytic degrading abilities revealed
from species of this genus, T. halotolerans sp. is the only halotolerant species within
this genus. A xylanase named ThxynA identified from this species is significantly
important because of its thermophilic and halotolerant capabilities (Zhang et al.
2012a). Moderately halophilic xylanase-producing species from Streptomonospora
capable of growing in up to 15 % or 20 % NaCl (w/v) was recently reported for first
time from this genus (Ren et al. 2013). Both the identified xylanases were suitable
for direct enzymatic treatment of alkaline pulp without requirement for pH re-
adjustment steps which in turn speeding up the process economically (Mishra and
Thakur 2011). The relatively high thermostability of these enzymes make them suit-
able to be exploited in industry for hydrolysis at elevated temperatures with advan-
tages of speeding reactions, avoiding microbial contamination (Maheshwari et al.
2000), and therefore, avoiding lost and/or reducing maintenance expenses Table 3.5.

3.5.6 Other Enzymes

Esterases Extremophilic esterases are of particular attentions because of functional
and configuration stability of their proteins and are repeatedly employed for produc-
tion of optically pure compounds as biocatalysts in fine chemical applications.
Despite, the availability of mature market for esterases, little success in their
exploration and production from archea and bacteria has been achieved. High
temperature and salt-tolerating capabilities of esterase are exploited in development
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and/or improvement of enzymes which could resist denaturation in organic solvents.
One of the few examples of halotolerant esterase-producing actinobacteria is
Rhodococcus sp. LKE-028. The resulting esterase was thermoalkaliphilic halotoler-
ant with specific activity of 861.2 U/mg proteins, 38 kDa, as well as k,, and V,, of
525 nM and 1,666.7 U/mg proteins, respectively. The esterase exhibited activity in
temperature range of 40—100 °C with optimum at 70 °C and pH range of 7-12 with
optimum at 11. The pure form of enzyme preserved its activity with 58.4 % NaCl
(w/v). The enzyme proved to be stable in various organic solvents tested and also it
was resistance to protease (Kumar et al. 2012).

L-glutaminase Potential industrial and therapeutic applications make this enzyme
very important (Kashyap et al. 2002). Apart from various applications in food tech-
nology sector, this enzyme is a potent cytotoxic compound against leukemia cancer
which induces selective death in glutamine-dependent tumor cells through dispos-
sessing glutamine from these cells (Roberts et al. 1970; Pal and Maity 1992). In
addition, L-glutaminase is used in biosensors for monitoring the level of glutamine
in mammalian hybridoma cell cultures with no requirement for direct glutamate
measurement (Sabu et al. 2000). In food industry, L-glutaminase plays as an
enhancing-flavor of food produced in fermentation sector by elevating the glutamic
acid content and consequently conferring a pleasant taste. In fermentation of soy
sauce, increasing the amount of glutamate in the mash is a significant stage for
development of delicious taste. The application of allergic monosodium glutamic
acid in Chinese dishes has almost been stopped by introduction of L-glutamate as a
flavor-enhancing agent. Glutamate synthesis activity of L-glutaminase makes it a
significant additive for processing of Shoyu Koji using enzymatic digestion (Sabu
et al. 2000; Kashyap et al. 2002). The L-glutaminase produced by halophilic actino-
bacteria becomes significant in saline circumstances such as some industrial pro-
cesses with high salinity conditions. Many L-glutaminase are produced by submerged
fermentation, however, the more recent technique is solid-state fermentation which
is able to utilize natural product and/or agricultural by-products and may yield
higher concentration compared to the submerged fermentation. There are only few
reports on production of L-glutaminase from marine-derived actinobacteria.

A marine-derived halotolerant actinobacterium, Streptomyces sp. SBU1 was
identified as an L-glutaminase-producing strain and the yield was enhanced after
optimizing the production at pH 9.0; temperature 30 °C; and NaCl 2 % (w/v). The
produced enzyme L-glutaminase had maximum activity of 18 U/mL and production
efficiency of the strain decreased corresponding with increasing the concentration
of salt up to 5 % NaCl (w/v) (Krishnakumar et al. 2011). Further, Streptomyces
olivochromogens strain P2 could tolerate up to 5 % NaCl (w/v) and optimally pro-
duces L-glutaminase at pH 7.0, temperature 30 °C, and NaCl 3.5 % (w/v).

Nitrate Reductase Effluents containing high concentration of salt and nitrate or
nitrite are generated as a consequence of some chemicals production including pes-
ticides, herbicides, explosive, and dyes leading to concentration-elevation of salt
and nitrite in soil and ground water. The application of bacteria for bioremediation
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of these compounds are challenging due to their sensitivity to even low amount of
nitrate (Carr and Ferguson 1990; Martinez-Luque et al. 1991), nitric as a product of
nitrate reduction followed by nitric transformation to genotoxic nitrosamines (Van
Maanen et al. 1996). The low water activity and the presence of complex mixtures
of xenobiotic compounds reduce the number of potential bacteria extremely
(Ventosa et al. 1998; Moreno-Vividn et al. 1999). The salinity of this effluent made
halophilic or halotolerant microorganisms as potential candidate among many other
nitrate reductase-producing microorganisms since salinity simply can undo nitrate
assimilation by blocking nitrate uptake in non halophilic or non halotolerant micro-
organisms. Potential nitrate-reducing genera within phylum actinobacteria are
Rhodococcus, Actinopolyspora and Nocardiopsis.

A new moderately halotolerant actinobacterium Rhodococcus sp. RB1 is capable
to grow aerobically in the presence of up to 0.9 M nitrate and 60 mM nitrite, con-
suming both of the mentioned compounds, with high ability to degrade xenobiotic
compounds including nitrophenols. The nitrate reductase had molecular weight of
142 kDa, independent to salt availability and was able to use two electron donors of
NADH and reduced bromophenol blue. The regulation of assimilatory NADH-
nitrate reductase was a dual control, inducing and repressing by availability of
nitrate and ammonium/glutamine, respectively. This enzyme showed in vitro activ-
ity up to 17.5 % NaCl (w/v) with optimum at 2.9 % NaCl (w/v). Optimum tempera-
ture for activity was increased from 12 to 32 °C in presence of 11.7 % NaCl (w/v)
but optimal pH 10.3 was unaffected (Blasco et al. 2001).

Inulinase This abundant and cheap plant-originated polysaccharide can be applied
for generation of a numerous products including fructose syrup (as sweetener),
inulo-oligosaccharide (as prebiotics) as well as bioethanol which are highly
demanded in various industrial sectors such as pharmaceutical, food, beverage and
bioenergy with some advantages including low cariogenicity, iron adsorption ele-
vation and stronger sweetening ability than sucrose as well as beneficial effects in
diabetic patients (Yewale et al. 2013; Kango and Jain 2011; Lu et al. 2014). Two
classes of inulinases are endoinulinases (2,1-#-D-fructan-fructanohydrolase, EC
3.2.1.7), reduction of long chain of inulin to smaller oligosaccharides, and exoinu-
linases (f#-D-fructan-fructanohydrolase, EC 3.2.1.80), hydrolysis of the terminal
fructose on the inulin chains. Microorganisms can produce this industrial demanded
enzyme commercially and economically. Unlike many other bacteria and fungi,
halophilic inulinase-producing actinobacteria are undervalued. A halotolerant
Nocardiopsis sp. DN-K15, capable to grow at 12 % NaCl (w/v), produces 25.1 U/
mL of a unique halo-alkalitolerant and thermostable inulinase during 60 h fermenta-
tion which showed highest inulin-hydrolyzing activity at pH 8.0 and 60 °C, respec-
tively. The enzyme was active in broad ranges of pH 5-11, temperature 40-70 °C,
and NaCl 0-15 % (w/v) (Lu et al. 2014). The highest production occurred at pH 8.5,
temperature 37 °C, and 1 % NaCl (w/v).

Keratinase Like many other fields, investigation of halophilic actinobacteria for
keratinase production is limited. The only valid species reported to render
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keratinolytic activity is Nocardiopsis halotolerans (Al-Zarban et al. 2002a) and
Amycolatopsis keratiniphila (Al-Musallam et al. 2003), both isolated are from salt
marsh soil in Kuwait, Actinomadura keratinilytica (Saha et al. 2013) isolated from
bovine manure compost, while Nacardiopsis sp. (Saha et al. 2013) isolated from a
feather waste site. However, the only slightly complete report was about a keratin-
degrading Nocardiopsis sp. SD5 which was a moderate halotolerant actinobacte-
rium, up to 7.5 % NaCl (w/v) with the ability to decompose the feather. The enzyme
produced exhibited noticeable keratinolytic activity which was stable over neutral
pH and temperature at 40 °C with optimum activity at pH 9 and 50 °C, respectively
(Saha et al. 2013).

3.5.7 Enzyme Inhibitors

An inhibitor of f-Glucosidase was first described in the year 2005 from a marine-
derived actinobacterium which could tolerate up to 6 % NaCl (w/v) (Imada 2005).
Since p-Glucosidases function in tumor metastasis and human immunodeficiency
virus (HIV), the bioactive metabolites rendering inhibitory activity against this
enzyme may find application in medicine. Another example is a halotolerant acti-
nobacterium belonging to genus Streptomyces sp. SA-3501 producing two bioactive
metabolites pyrostatin A and B, with 4-hydroxy-2-imino-l-methylpyrrolidine-
S-carboxylic acid and 2-imino-l-methylpyrrolidine-5-carboxylic acid structures,
respectively, with N-Acetyl-glucosaminidase competitive inhibitory activity
(Aoyama et al. 1995). The potential for exploration of inhibitors for this enzyme is
its growing application for causative agent elucidation in patients suffering from
diabetes, leukemia or cancer. Similarly, Pyrizinostatin, a non-competitive inhibitor
of pyroglutamyl peptidase, was isolated from fermentation broth of marine-derived
Streptomyces sp. SA2289 showed antibiotic activity against Proteus vulgaris OX19
and Shigella sonnei as well as no toxicity following intravenously injection to mice
(Aoyagi et al. 1992). Terminal amino acids are blocked upon the release of pyroglu-
tamyl residues in many peptides and proteins. This action can be catalyzed by pyro-
glutamyl peptidase and has application in demonstration of the possible physiological
role in the living body, which make search for this type of inhibitor sounds reason-
able. One of the few examples of a-amylase inhibitors-producing marine microor-
ganisms is Streptomyces corchorusii subsp. rhodomarinus subsp. nov., is capable of
salt-tolerating up to 12 % NaCl (w/v). The enzyme inhibitor isolated from this halo-
tolerant actinobacterium was named as amylostreptin (Imada and Simidu 1988).
Inhibitors of a-amylase are significantly helpful tools for amylase isozyme activities
determination, purification, and suppressing diseases such as diabetes, obesity, and
hyperlipemia. More recently, exploration for amylase enzymes inhibitors from
marine-derived actinobacteria led to identification of four strains requiring seawater
for their growth which showed activity against prokaryotic and eukaryotic amylases
(Raja et al. 2010). Further, three y-pyrones, marinactinones A-C, from
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Marinactinospora thermotolerans SCSIO 00606 showed cytotoxic activity (already
explained under Sect. 3.3.2) as well as blocking effect against topoisomerase II
activity (Wang et al. 2010a). The enzymes responsible for the DNA topology con-
version and replication are topoisomerases, therefore, these enzymes are essential
for genetic processes in many aspects (Wang 1985). Topoisomerase II inhibitors
have potential to be used as antimicrobial and/or cytotoxic drugs. A weak inhibition
against the recombinant enzyme sortase B was observed from two newly cyclic
peptides, belong to nocardamine class, produced from marine sponge-derived
Streptomyces sp. strain M1087 (Lee et al. 2005).

3.6 Halophilic and Halotolerant Actinobacteria Capability
in Bioremediation of Polluted Area

3.6.1 Hydrocarbon Degradation

The incidents of hypersaline environments contamination with petroleum com-
pounds are globally widespread. Some of them are oil fields, saline industrial efflu-
ents, natural saline lakes, sea and oceans. The problem are posed significantly by
oilfield specially in regards to number of these sites in globe as well as the salty
brackish water during oil and natural gas exploitation in ratio of 1:10 barrel, oil and
salty water, respectively (Fathepure 2014). High salt levels (1-250 g/L), oil and
grease, many toxic chemicals, naturally occurring radioactive compounds, and
heavy metals are the predominant mixtures in effluent water from oilfield (Fathepure
2014). In bioremediation, toxic pollutants are degraded to products including CO,,
H,O and other inorganic substances through ecologically harmless and cost effi-
ciently processes (Philp et al. 2005). Approximately 25 % of all land contaminated
by petroleum hydrocarbons are naturally bioremediated thereby highlighting the
significant potential of microorganisms for remediation strategies (Holden et al.
2002). To eliminate detrimental effects of salinity on microorganisms such as cell
membrane disruption, enzyme denaturation, oxygen low solubility, hydrocarbons
low solubility, and low activity water, the characteristic ability of halophilic or halo-
tolerant microorganisms in tolerating salt are exploited (Pernetti and Palma 2005).
Halophilic and halotolerant actinobacteria are among the best possible options for
petroleum bioremediation owing to their capabilities to thrive in harsh conditions
with occasional incidents of dryness or nutrition run out as well as their abilities of
biosurfactants secretions which facilitate uptake of hydrophobic hydrocarbons.
Among halophilic and halotolerant hydrocarbon-degrading actinobacteria are
reported members of the genera Streptomyces (Kuznetsov et al. 1992; Kurzbaum
et al. 2010), Micrococcus (Ashok et al. 1995), Arthrobacter (Plotnikova et al. 2001),
Rhodococcus (Plotnikova et al. 2001; Borzenkov et al. 2006), Cellulomonas (Riis
et al. 2003), Actinopolyspora (Al-Mueini et al. 2007), Gordonia (Xue et al. 2003).
Notwithstanding, the relatively high number of reports on hydrocarbon-decomposing
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microorganisms, little is known about genes and pathways involved in degradation
mechanisms. One of the prominent works on this area has been performed on genes
and enzymes participated in the initial steps of the benzene decomposition process
in halophiles (Dalvi et al. 2012). It was assumed that benzene is first converted to
phenol and later catechol is formed due to the action of phenol hydroxylase. In the
next step, the ring of produced catechol is cleaved through meta pathway with the
support of 2,3-dioxygenase (2,3-CAT) to form 2-hydroxymuconic semialdehyde.
For development of alternative and economically more feasible bioremediation
techniques, discovery and understanding of more unprecedented genes as well as
pathways are vitally important (Dalvi et al. 2012). Table 3.6 presents various halo-
philic or halotolerant actinobacteria with hydrocarbon-degrading capability.

3.6.2 Heavy Metal Bioremediation and Biomining
by Halophilic and Halotolerant Actinobacteria

The expanding inadequacy of mining technology to meet future sustainable devel-
opment from conventional metal resources causes urgent requirement for investiga-
tion of either novel technology-aided, exploitation from unconventional resources
or upgrading current mining techniques. One potential example of the former is
bacterial dissolution of metals to generate metals from resources including, ores,
soils, and solid waste compounds, which their exploitation by conventional mining
is not economically feasible (Brandl 2008). This novel technique called biomining
(Mishra and Rhee 2014), can be performed directly by physical contact of microor-
ganisms or indirectly through ferric-ferrous cycle mediated by microorganisms.
Two processes involved in biomining include; bioleaching process in which sulfides
of metal compounds are converted into water-soluble sulfate forms by microorgan-
isms acting as catalyzers and then the elements are extracted from these compounds
by filtering water through them, another mechanism is biooxidation process in
which the interested elements are concentrated in the solid material while unwanted
minerals are oxidized by bacteria. This technique can efficiently cope with recovery
of valuable metals from both commercial and environmental viewpoints owing to
its relatively inexpensive, versatile, and ecofriendly nature.

Bioleaching activities are prominent in acidophilic and chemolithotrophic bacte-
ria (Brandl 2008). This capability was also reported from alkaliphilic, heterotrophic
microorganisms (Willscher and Bosecker 2001), and more recently from some
halotolerant actinobacteria such as genera Nocardiopsis (Schippers et al. 2002). The
growth of acidophilic microorganisms are chloride-dependent and are inhibited in
presence of high concentration of this ion (Zammit et al. 2012), thus the halophilic
and halotolerant actinobacteria are of special interest due to their ability to thrive in
high concentration of NaCl allowing to take advantage of seawater for prospective
biomining techniques in drought affected environments.
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Table 3.6 Exhibits halophilic and halotolerant hydrocarbon-degrading actinobacteria up to

September 2014

Hydrocarbon
Crude oil

Paraffin

Degrader strain

Streptomyces
albiaxialis
Rhodococcus
erythropolis
Cellulomonas sp.

Rhodococcus sp.
Gordonia sp.

Rhodococcus sp.
NCIM 5126

Actinopolyspora
sp. DPD1
Gordonia
paraffinivorans

Aliphatic compounds

Octane

n-alkanes and
fluorine

n-alkanes

Rhodococcus sp. and

Arthrobacter sp.

Actinopolyspora
sp. DPD1

Dietzia
psychralcaliphila

Polycyclic aromatic hydrocarbon

Naphthalene

Anthracene and
phenanthrene

Fluorene

Biphenyl

Micrococcus sp.

Arthrobacter
spp. SN17

Micrococcus sp.

Actinopolyspora
sp. DPD1

Rhodococcus sp., and

Arthrobacter sp.

Salinity
(%)
3-30
0-10
>17

0-10
0-15

0-10
20

0.5-7

25

Comment/sole
carbon source

Yes

Survival for long
period of time
Oxidization of
n-alkane fraction
of crude oil

Naphthalene and
phenanthrene as
the sole sources
of carbon
Degrades 100 %
Pentadecane in 4

days, 80 % eicosane
in 10 days, and 15 %

pentacoase in 14

days. No triacontane
was degraded. Novel
breakdown pathway

for fluorine
Yes

Yes

Anthracene as sole
carbon source

Yes

Reference
Kuznetsov et al.
(1992)
Zvyagintseva

et al. (2001)
Riis et al. (2003)

Borzenkov et al.
(2006)

Sharma and Pant
(2000, 2001)

Al-Mueini et al.
(2007)

Xue et al. (2003)

Plotnikova et al.
(2001, 2011)

Al-Mueini et al.
(2007)

Yumoto et al.
(2002)

Ashok et al.
(1995)
Plotnikova et al.
(2011)

Ashok et al.
(1995)
Al-Mueini et al.
(2007)
Plotnikova et al.
(2001, 2011)

(continued)
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Table 3.6 (continued)

Salinity | Comment/sole

Hydrocarbon Degrader strain (%) carbon source Reference
Phenol Arthrobacter sp. 6-9 Yes Plotnikova et al.
(2011)
Streptomyces sp. CW1 | 0-11 Catechol inhibitory Kurzbaum et al.
activity maximum (2010)

phenol concentration
tolerated was 50 mg/L

Salicylate, Arthrobacter sp., and | 5-9 Salicylate as sole Plotnikova et al.
o-Phthalate, and | Rhodococcus sp. carbon source (2001, 2011)
gentisate

The effluents from mining operation, tannery, textile, fabric dye, metallic alloys,
petrochemical sectors are rich in salts as well as heavy metal ions including nickel,
cadmium, mercury, cobalt, zinc, tellurite, arsenic, and copper (Patterson 1987).
Upon exceeding the tolerance levels, these persistent metals exhibit many detrimen-
tal effects on biological systems by accumulating in living organisms. Conventional
methods including precipitation, reverse osmosis, ion exchange, redox processes,
and etc. are expensive and inappropriate when only low concentration of metal is
present in relatively large solution volume and high eluent quality is desired
(Valdman and Leite 2000). One of the cost-effective techniques for waste water
treatment is biosorption in which the sequestering of metals is carried out using
biological or industrial biosorbents. Metal ion removal by biosorbents may be
through coordination, chelation, ion exchange, complexation, adsorption, and inor-
ganic microprecipitation (Volesky 1990). To recover obtained metals from biosor-
bents in small, concentrated volume, a desorption mechanism is employed which is
identical to that of biosorption involving ion exchange or complexation and biosor-
bents are eluted with a suitable washing eluent (Vilar et al. 2007). The feasibility of
this technique has direct relationship to the metal adsorbent capacity of biosorbents-
desorbents and its recycling ability as well as the valid wastewater discharge proto-
cols (Njikam and Schiewer 2012). Halophilic and halotolerant metal-remediating
actinobacteria till the time of writing have been presented in Table 3.7.

3.6.3 Humic Acid-Reducing Halotolerant Actinobacteria

A ubiquitous, highly abundant and heterogeneous class of organic compounds on
the world is humic substances (Stevenson 1994). These substances can be utilized
by microorganism as source of carbon. The microbe-reduced humus, which is stable
soils and sediments accumulated organic substances, plays a dynamic role as medi-
ators in the anaerobic oxidation of organic or inorganic pollutants including
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nitroaromatic or halogenated compounds, azo dyes, chlorinated organic
contaminants, and iron (IIT) oxides by transferring electrons in availability of an
appropriate electron donor such as sulfide, nitrate and ferric iron (Schwarzenbach
etal. 1990; Benz et al. 1998; Cervantes et al. 2000; Hong et al. 2007; Kappler et al.
2004; Wang et al. 2009). Quinone moieties are responsible for humus redox reac-
tions. Many reported humus reducing microorganism are able to transfer electrons
to anthraquinone-2,6-disulfonate (AQDS) and subsequently, its reduction to
anthrahydroquinone-2,6-disulfonate (AH,QDS) (Lovley et al. 1996, 1998; Francis
et al. 2000). In fact, two halotolerant, alkaliphilic, humic acid-reducing actinobacte-
ria Corynebacterium humireducens (Wu et al. 2011), growing at 0-13 % NaCl
(w/v), at pH 7-11 and 2545 °C, and Kocuria rosea HNO1 (Wu et al. 2014), grow-
ing at 0-12 % NaCl (w/v), at pH 6-10 and 30 °C were described. The optimum
growth for both actinobacteria was occurred at 10 % NaCl (w/v) and pH 9.0, while
temperature optimum for former organism was at 37 °C. These strains were capable
of anthraquinone-2,6-disulfonate (AQDS) reduction under anaerobic condition.
Corynebacterium humireducens were capable of utilizing electron from lactic acid,
formic acid, acetic acid, ethanol or sucrose, whereas Kocuria rosea HNO1 could
utilize electron from sucrose, glucose, methanol, glycerol, acetic acid, and ethanol.
Kocuria rosea HNOI could also reduce iron(I1l) oxides at pH 9.0 when sucrose was
available. The effective dechlorination of p,p’-DDT (1,1,1-trichloro-2,2-bis(4-
chlorophenyl) ethane) was also reported for this strain. To the best of our knowl-
edge, C. humireducens was the first reported alkaliphilic bacterium capable of
reducing humic acid under alkaline condition, while K. rosea HNO1 was the second;
therefore these two strains increased the upper pH limit for quinone reduction by
microorganisms. The higher pH is important as it dissolves humus and in turn
increases its availability for humus-reducing bacteria.

3.6.4 Polyester and Bioplastic Degradation

Poly[(R)-3-hydroxyalkanoic acids] [poly(HAs)] is a group of polyesters which
belongs to class of bacterial storage polymers. This group is synthesized and accu-
mulated intracellularly up to 90 % cellular dry weight in the form of granules by
both Gram-positive and Gram-negative bacteria (Jendrossek 2001; Steinbiichel and
Hein 2001). The microorganisms capacity to incorporate as many as 60 dissimilar
monomer types into their storage compound has resulted in rising a variety of com-
pounds belonging to this family which has been described in the last three decades
withpoly-3-hydroxybutyrate [poly(3HB)] as well asits copolymer, 3-hydroxyvalerate
[poly(3HB-co-3HV)], as the most famous and abundant ones (Steinbiichel 1991). In
general, poly(HAs) are classified according to the number of monomer carbon
atoms to short-chain-length with crystallinity properties, consisting 3—5 atoms of
carbon, and medium-chain-length with elastomeric properties, consisting 6—15
atoms of carbon, denoted as poly(HAgcr) and poly(HAycy), respectively (Gagnon
et al. 1992; Holmes 1988; Anderson and Dawes 1990). This group of polymers has
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potential commercial applications as thermoplastic elastomers with advantages of
ecofriendly and biodegradability to water, methane and/or carbon dioxide as the end
products over saturated, non-functionalized carbon skeletons polymers such as poly
(ethylene), making poly (HAs) perfect substituents of the latter non-degradable
plastics. Poly(HA) as biodegradable plastic is industrially produced and commer-
cialized by Zeneca Bio products (Great Britain) and under trade name BIOPOL®,
respectively (Brandi et al. 1995). Poly(HA) can be degraded by various, ubiquitous
microorganisms using poly(HA) hydrolyzing enzymes, also known as poly(HA)
depolymerases, either extracellularly or intracellularly which is the utilization of an
exogenous and active mobilization of an endogenous carbon or energy source,
respectively (Jendrossek 2001). The significant merit of poly(HAs) over other bio-
degradable aliphatic polyesters, including polycaprolactone [poly(LAs)], poly(s-
hydroxybutyrate) [poly(HBs)], and poly(butylene succinate) [poly(BSs)], is the lack
of requirement for specific condition in degradation varying from aerobic to anaero-
bic situation and, consequently cope up the large space occupied with landfill dis-
posal of polymers.

To the time of writing, bioplastic degradation has been reported for only three
halotolerant and halophilic actinobacteria genera including Stretoalloteichus hindu-
stanus JCM 3268; degrading poly(LAs) (Jarerat et al. 2002), Streptomyces and
Nocardiopsis aegyptia (Ghanem et al. 2005), and obligate marine Streptomyces sp.
SNG9 (Mabrouk and Sabry 2001). They were capable of decomposing poly(HBs)
and its copolymer poly(3HB-co-3HV).

3.6.5 Reduction Azo-Dye

Industry expansions as the consequences of civilization have made environment
more polluted due to discharge of large amount of pollutants to ecosystem. Among
these pollutants are dyes effluents which are produced by textile, food, paper,
leather, and cosmetic, dyeing and dyestuff industries. These sulphonated waste
compounds are colorant, biorecalcitrant, toxic and carcinogenic for organisms
(Levine 1991). High biological oxygen demand (BOD), chemical oxygen demand
(COD), heat, color, pH and presence of heavy metals make treatments of the textile
and dying effluents impractical, highly expensive, and challenging by commonly
applicable physical and chemical method (Levine 1991). Bioremediation of these
xenobiotics by improving natural degradation capability of indigenous organisms
are quite burdensome. In addition the only safe process for the bioremediation of
azo dyes is through aerobic treatment since anaerobic treatment leads to production
of carcinogenic and mutagenic aromatic amines (Levine 1991). Actinobacteria are
capable of azo dye removal through biodegradation, biotransformation or liberaliza-
tion (Banat et al. 1996; Chung and Stevens 1993). The effectiveness of this treat-
ment depends directly on activities, survivals, and adaptabilities of the interested
microorganisms (Cripps et al. 1990; Pasti-Grigsby et al. 1992).
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The only described azo dye-reducing halotolerant actinobacterium in literature
is Streptomyces sp. VITDDK3 with ability to degrade close to 98 % of the azo dye
and Reactive Red 5B (RR5B) with initial concentration of 50 mg/L (Lakshmipathy
et al. 2010).

3.7 Compatible Solutes from Halophilic and Halotolerant
Actinobacteria

Organisms inhabiting in saline water and/or salty environments must be able to cope
up injurious osmotic mediated stresses. Halophilic and halotolerant actinobacteria,
in addition to ion accumulation like KCl, have the advantage of synthesizing or
accumulating compatible solutes or osmolytes for thriving devastating effects of
salt. These low molecular densities, highly hydrophilic organic solutes which are
compatible with the cellular metabolism and are also responsible for osmotic bal-
ance divided in five classes. The first class is disaccharides sugars containing treha-
lose, mannosucrose and sucrose, the second class is polyols containing glycerol,
sorbitol, manitol, mannosyl-glyceramide, mannosyl-glycerol and «-glucosyl-
glycerol, the third class is N-acetylated diamino acids compounds such as
N-acetylglutaminylglutamine amide, the fourth class is betaines compounds, for
example glycine betaine and its derivatives, the fifth class is amino acids including
proline, hydroxyproline glutamate and alanine, as well as amino acid derivatives
(Pastor et al. 2010), cyclic amino acid ectoine (1,4,5,6-tetrahydro-2-methyl-4-
pyrimidine carboxylic acid) (Galinski et al. 1985) and its derivatives (Inbar and
Lapidot 1988). It has been accepted that osmotic stress duration, salinity intensity,
raw material availability, and surrounding osmolytes or available carbon source in
culture media have decisive influence on various compatible solutes synthesized by
bacteria (Roberts 2005).

Solutes like ectoine and hydroxyectoine are zwitterions and most abundant, bio-
logically inert and safe for cellular functions which are synthesized and enriched
within microorganisms such as Streptomyces during stress conditions rendered by
high salinity. These amphiphilic compounds function by improving the mobility of
the lipid head groups and fluidizing the lipid layer mediated through elevating the
surface hydration (Harishchandra et al. 2010). It has been suggested that they inhibit
reverse osmotic through increasing the total water content leading to an elevation in
the volume of cell cytoplasms (Cayley et al. 1992).

Ectoine and betaine are the most abundant organic compatible solutes found in
Salinisphaera shabanensis. They accumulate glycerol in prokaryotic cells as was
first reported (Antunes et al. 2003). A rare example of extremely halophilic hetero-
trophic betaine-producing eubacterium is Actinopolyspora halophila, uses simple
carbon sources for this purpose, showed typical characteristic feature of extreme



3 Biotechnological Exploitation of Actinobacterial Members 101

halotolerant bacteria. In contrast trehalose and other sugars are the main compatible
solutes for non-halophilic bacteria (Mackay et al. 1984). It is commonly accepted
that high concentration of betaine is more favorably compatible for enzyme activity
comparing to sugars such as trehalose (Galinski 1993). In contrast to betaine, treha-
lose has never reported to be present in molar concentration within cytoplasm
(Nyyssold and Leisola 2001). The synthesis pathway of betaine recruited by bacte-
ria are via threefold methylation of glycine, expending 12 ATPs for each betaine
regenerate which are most energy-utilizing mechanisms in nature and costs as
equivalent to ATP as for regeneration of each active methyl group from
S-adenosylmethionine (Atkinson 1977).

3.7.1 Biological and Industrial Applications of Compatible
Solutes and Their Productions

Compatible solutes such as ectoine and 5-hydroxyectoine, an ectoine derivative, are
osmoprotectant, stabilizer, and rectifier of proteins and provides protection for
nucleic acids, enzymes, and other biomolecules as well as cell protection against
stress conditions (Harishchandra et al. 2010; Roychoudhury et al. 2012; Sadeghi
et al. 2014). Potential therapeutic applications of ectoines have been highlighted for
diseases related to misfolding of protein owing to their capabilities in inhibition of
misfolding (Barth et al. 2000; Arora et al. 2004). Whole cell damage and viability
loss prevention are among the interesting features of ectoines for cosmetics which
could lead to production of protective cosmetics products with protective applica-
tions for human skin against stresses leading to skin dehydration (Graf et al. 2008).

Two types of microorganisms, genetic engineered non-halophilic microorgan-
isms and wide salt range halophilic or halotolerant microorganisms, are utilized for
production of ectoine (Pastor et al. 2010). It has been accomplished by utilization of
genes from Streptomyces crysomallum to Chromohalobacter salexigens (Prabhu
et al. 2004). The large scale biosynthesis of ectoine using salt-tolerating actinobac-
teria has been considered feasible for genus Brevibacterium. A final distilled water-
ethanol extraction process for ectoine produced by Brevibacterium epidermis has
also been reported (Onraedt et al. 2005). Earlier, an efficient cyclic system using
osmotic downshock through biomass separation by centrifugation and, then re-
suspension of obtained pellets on distilled water, known as bacterial milking, has
been proposed for ectoine-production with the help of Brevibacterium sp. JCM
6894 (Nagata et al. 2008).

Halophilic and halotolerant compatible solutes-producing actinobacteria and
those exploited in industrial production of compatible solutes have been mentioned
in Tables 3.8 and 3.9, respectively.
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3.8 Pigments of Halophilic and Halotolerant Actinobacteria
Origin

Significant roles are being played by pigments in various physiology and molecu-
lar processes of microorganisms including photosynthesis, adaptation to extreme
ecosystems, protectant against solar radiation, and cell-cell communication.
Diversity and distribution of pigments in microorganism, especially actinomy-
cetes, has been among the criteria identification and classification for many years
(Kuhn and Starr 1960).

The interest for microbial pigments is growing not only because of their abilities
to make commodities more appealing and more consumers preferring (Clydesdale
1993) but also due to their production independency to season and geographical
conditions. Also microbial-derived pigment can be extracted easily and are
commercially utilized (Dharmaraj et al. 2009). Microbial pigments have potentials
to be used in textile, cosmetics, animal feeds and pharmaceutical industries (Venil
and Lakshmanaperumalsamy 2009; Sutthiwong et al. 2014).

Doxorubicin is a cytotoxic anthracycline pigment antibiotic isolated from cul-
tures of Streptomyces peucetius var. caesius (Arcamone et al. 1969). It has been
approved by FDA and is supplied as a sterile red-orange lyophilized powder in treat-
ment of various cancers (FDA news release 2013). Rubrolone is a water-soluble
purple-red pigment produced by Streptomyces echinoruber. This pigment has low
toxicity and has potential as a food coloring agent (Palleroni et al. 1978).
Canthaxanthin is a carotenoid pigment widely distributed in the nature and pro-
duced by crustacean, fish and bacteria. It is produced by Micrococcus roseus, the
actinobacterial member (Cooney et al. 1966). Canthaxanthin is approved in USA
and Europe as coloring agent (EFSA 2010; FDA 2014). Indigoidine is non-ribosomal
peptide, blue pigment that is produced by various actinobacteria, including
Corynebacterium insidiosum (Starr 1958) and Streptomyces aureofaciens (Novakova
et al. 2010). In Table 3.10 a list of halophilic and halotolerant pigment-producing
actinobacteria are summarized. Most of these pigments were belonged to below
discussed class of pigments.

3.8.1 Phenazine and Prodiginines

These redox-active nitrogen-containing aromatic pigments could render much bio-
logical potentials. Their colors vary in intensity. Although, commonly red in color
and share a common pyrrolyldipyrromethane structural core. These features have
made these class of pigments subjected to various researches during last decade
which resulted in identification of them from Streptoverticillium (Gerber and Stahly
1975), Streptomyces (Pusecker et al. 1997), Pseudonocardia and Actinomadura
(Maskey et al. 2003c), Streptimonospora (Liu et al. 2008), and Nocardiopsis (Gao
et al. 2012).
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3.8.2 Quinone

Quinone is another group of colored biologically active compounds consists of an
aromatic ring structure isolated from saline environment which appeared as yellow
to red. This pigment was found to be the secondary metabolite of Strepromyces
(Gorajana et al. 2007; Martin et al. 2007) (Maskey et al. 2003a; Hughes et al. 2009)
(Pan et al. 2012) and Salinispora (Asolkar et al. 2010).

3.8.3 Indolocarbazole

Indolocarbazole (ICZ) family of compounds was first described in 1977 and showed
many different chemical structures as well as biological activities. A number of
arrangements are observed for indole and carbazole to yield different isomeric ring
systems among which the most important and the most frequent isolated ICZs from
nature are indolo[2,3-a]carbazols (Sanchez et al. 2006). ICZ family of pigments
was produced from Actinomadura (Han et al. 2005), Streptomyces (Wu et al. 2006;
Fu et al. 2012a), and unknown specified actinobacteria (Liu et al. 2007).

3.8.4 Manumycins

Manumycins commonly exhibit biological activities and are yellow in appearance.
They have been consisted of two separately synthesized polyketide chains.
Manumycin-group compounds are usually produced upon submerged cultivation of
manumycin-producing organisms with complex nutrient sources. Streptomyces (Li
et al. 2005a; Asolkar et al. 2006) was reported to produce this class of pigments.

3.8.5 Carotenoids

These compounds consist of a polyene, polyunsaturated hydrocarbons, skeleton
with 40 carbon atoms and can be terminated by cyclic or an acyclic end groups
(Dharmaraj et al. 2009). These compounds appear in orange, yellow or red-colored
pigments. Two different classes of carotenoid are the carotenes and the xanthophylls
which are non-oxygen-substituted hydrocarbon carotenoid and oxygen-substituted
carotenoid, respectively. In photosynthetic organisms, they are present in light-
capturing complexes and function as accessory pigment to absorb light and subse-
quent transfer of the energy to chlorophyll. These compounds can also provide both
phototrophic and non-phototrophic organisms with protection against harmful oxy-
gen radicals (Krinsky 1998; Asker et al. 2012). Human and other animals obtain
carotenoid from the diet and are unable to synthesize it themselves. Carotenoid are
extensively used as color-enhancing additives to animal feed and also applied as
food colorants (Gordon et al. 1982). It is produced by Arthrobacter (Reddy et al.
2000) and Streptomyces (Dharmaraj et al. 2009).
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3.9 Application of Halophilic and Halotolerant
Actinobacteria in Agriculture

Todays, food production is a main concern in different parts of world. The setbacks in
global agriculture productivity are ecological stresses which can be divided into biotic
stresses such as plant diseases (Maheshwari 2013), and abiotic stresses such as salin-
ity, drought, nutrient deficiency, and temperature (Atkinson and Urwin 2012).
Conventional ways to control pest, diseases, and abiotic stresses are by means of
chemical pesticides in addition to chemical fertilizers. A newer method to chemical
pesticides is selection of resistant plants or improving susceptible plants by applying
genetically modified engineering technology. The application of many chemical enti-
ties, despite their great contribution in sustainability and high agricultural productivi-
ties, has been banned following to the confirmation that these chemicals are
non-ecofriendly, due to misuse or overuse, and ultimately resulted in the development
of resistant pests and microorganisms against chemical pesticides. Also, notwithstand-
ing, great versatility of genetically modified organisms (GMO) including crops, there
are a great controversial about possible ecological and health consequences resulted
from cultivation and consumption of GMO throughout the world. The situation
become harder by the fact that about 5 % of the world’s cultivable land (1.5 billion
hectares) do not yields efficiently because of high salt level, 20 % (308 million hect-
ares) of the irrigated land is salt-affected, and the area of salt-affected land is increas-
ing (Selvakumar et al. 2014). Therefore, a potential substitute for chemically enhanced
agricultural productivity as well as decreasing detrimental effects of salt stress could
be through recruitment of agriculturally beneficial microorganisms (Strap 2011).

A number of bacteria referred as plant growth promoting rhizobacteria (PGPR) are
found in the rhizoplane and rhizosphere, or as endophytic inside of tissues of plants
which could promote plant growth either directly or indirectly (Glick 1995). In indirect
method, PGPR decrease or suppress the detrimental effects of single or many phyto-
pathogens through competition for niches and nutrients (Kloepper et al. 1986), secretion
of antibiotics, extracellular cell wall hydrolyzing enzymes or siderophore, removal or
detoxification of organic and inorganic pollutants, stress tolerance, and synthesizing
hydrogen cyanide (Voisard et al. 1989; Nadeem et al. 2013). Secretion of high affinity
(Kd=10-20-10-50) siderophores (approximately, 400—-1,000 Da) that bind to already
sparingly soluble iron, leads to depletion of required iron for assimilation of iron by
phytopathogens (Castignetti 1986; Glick 1995), also hydrolyzing detrimental fusaric
acid synthesized by Fusarium sp. (Toyoda and Utsumi 1991) can promote plants growth.
Plants are not commonly susceptible to the localized iron depletion and can grow in
much less iron concentrations than microorganisms which makes this biocontrol mecha-
nism specific (Glick 1995). In other hand, increase in the availability of microbial-syn-
thesizing compounds for plant or facilitation of certain nutrients uptake from the
surrounding can be fulfilled through direct effect. These include siderophores that pro-
vide iron to plants through solubilizing and sequestering it from the soil, production of
phytohormones, and mineralization of insoluble sources of minerals (Glick 1995).

The level of soil salinity can drastically affects various physiological processes
in plants including seed germination (Raafat et al. 2011), certain enzyme activities
(Almansouri et al. 1999), photosynthesis disruption by affecting its bioenergetics
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processes (Sudhir and Murthy 2004), lengths, and shoot and root weights in term of
wet and dry weight (Jamil et al. 2006). The premature death of plants due to salt
stress originated from enhanced ethylene production that accelerates petal and leaf
dropping (abscission) and tissue aging (senescence) (Mayak et al. 2004). Bacteria
with 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity could alle-
viate this salt stress-induced ethylene by decreasing ethylene level through exclu-
sion of ACC, the precursor for ethylene, and further its hydrolyzation to ammonia
and o-ketobutyrate (Glick et al. 1998; Siddikee et al. 2010). The most available
endogenous auxin is indole-3-acetic acid (IAA) which functions in stem elongation
and root growth, is also reported from a number of microorganisms which results in
increased amount of this phytohormone in rhizosphere and consequently, these
PGPR could promote plant growth through direct mechanisms.

Many halophilic or halotolerant heavy metal-reducing actinobacteria (Sect.
3.6.2) or other bioremediating-capable ones (Sect. 3.6) could promote plant growth
under saline conditions through detoxification or degradation of soil pollutants.

Despite, some developments in biological application of agronomically impor-
tant microorganisms for certain conditions in recent years; currently, market share
of these microorganisms is relatively small (Glick 1995). The statistic for halophilic
and halotolerant actinobacteria is even worse (Table 3.11).

Table 3.11 Halophilic and halotolerant agriculturally important actinobacteria

Proposed
Beneficial actinobacteria | mechanism(s) Test crop/explanation Reference
Brevibacterium iodinum | ACC-deaminase | Reduction in ethylene Siddikee et al.
Zhihengliuela alba RS16 | activity production by 53 % and (2011)

Brevibacterium
epidermidis RS15
Micrococcus
yunnanensis RS222

Streptomyces isolate C

ACC deaminase
activity

TIAA,
siderophore,
and tricalcium
phosphate
activities

57 %, respectively, in salt
stress (9 % NaCl (w/v)) red
pepper seedlings Capsicum
annuum L

Reduction in ethylene
production by 47-64 %, ACC
concentration by 47-55 %
and ACO activity by 18-19 %
in salt-stressed (9 % NaCl
(w/v)) red pepper seedlings
Capsicum annuum L

The amount of auxin
increased after adding salt
and reached to 4.7 g/mL in
17.5 % NaCl (w/v).
Solubilization decreased
in presence of NaCl
(maximum at 92 mg/L).
Applying the bacterial
inocula increased the
concentration of N, P, Fe,
and Mn in wheat (cul.
Chamran) shoots grown in
normal and saline soil

Siddikee et al.
(2012)

Sadeghi et al.
(2012)

(continued)
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Table 3.11 (continued)

Beneficial actinobacteria

Brachybacterium
saurashtrense

Streptomyces sp.
Micromonospora sp.

Streptomyces sp. strain
PGPA39

Kocuria turfanensis strain
2M4

Proposed
mechanism(s)

Nitrogen fixation,
TIAA,
siderophores, and
ACC deaminase
activities

TAA, nitrate, and
extracellular
protease and
chitinase activities
IAA, ACC
deaminase, and
phosphate
solubilization
activities

IAA, phosphate
solubilization
activity

Test crop/explanation

Root-associated bacterium with

plant growth-
promoting potential

They were able to grow up
to pH 9 (below 8 was not
tested) and salinity of
5-10 % NaCl (w/v)

Increase in biomass and number

of lateral roots of
Arabidopsis seedlings

in vitro. A significant
increase in plant biomass and
chlorophyll content, and a
reduction in leaf proline
content were observed in
PGPA39-inoculated tomato
plants under 10.5 % NaCl
(w/v) stress

It produced 38 pg/mL IAA
when growth medium was
supplemented with

600 pg/mL of L-tryptophan. In

presence of fructose,
the highest phosphate
solubilization was

12 pg/mL. Siderophore

production was 53 % units under

iron-free minimal

MM9 medium and
produced 1.8 pmol/mL
ammonia in peptone water
broth. It promoted growth
of groundnut (Arachis
hypogaea L.) under
non-saline and saline soil.
There was increase by

18 % in total plant length
and 30 % in fresh biomass
observed under non-saline
control soil, and 17 %
increase in total length of
the plant and 13 % increase
in fresh biomass under
saline soil

115

Reference

Gontia et al.
(2011)

Malviya et al.
(2014)

Arunachalam
Palaniyandi
et al. (2014)

Goswami et al.
(2014)

(continued)
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Table 3.11 (continued)

Beneficial actinobacteria

Nocardiopsis gilva YIM
90087

Actinomycete strain
VITDDK?2

Nocardiopsis terrae YIM
90022

Saccharopolyspora salina

VITSDK4

Actinopolyspora sp. AH1

Streptomyces violascens
IN2-10

3.10 Conclusion

Proposed
mechanism(s)

Biocontrol

Biocontrol

Biocontrol

Biocontrol

Biocontrol

Biocontrol

Test crop/explanation

p-terphenyl and its
derivatives with antifungal
activity against Fusarium
avenaceum, Fusarium
graminearum, and
Fusarium culmorum
Production of active
secondary metabolite
against Aspergillus flavus
and Aspergillus niger, as
well as chitinolytic activity
Antifungal activity against
Pyricularia oryzae (rice
blast disease)

The crude extract exhibited
significant antagonistic
activity against Aspergillus

niger and Aspergillus fumigatusi

The crude extract exhibited
antagonistic activity
against Aspergillus niger,
Aspergillus fumigatus,
Aspergillus flavus,
Fusarium oxysporum,
Penicillium sp., and
Trichoderma sp.

The crude extract exhibited
significant antagonistic
activity against
Microsporum gypseum,
Microsporucanis,
Trichophtyton rubrum,
Aspergillus flavus,
Aspergillus fumigatus,

and Aspergillus niger

J. Hamedi et al.

Reference

Tian et al.
(2013a)

Deepika and
Kannabiran
(2010)

Tian et al.
(2014)

Suthindhiran
and
Kannabiran
(2009)
Kokare et al.
(2004)

Bisht et al.
(2013)

Although salt are present ubiquitously, excess of it can have many detrimental
effects on productivity and efficiently of interested process and therefore, either
makes the process expensive or not feasible. The study of halophilic and halotoler-
ant actinobacteria has just begun, but the metabolites obtained from these microor-
ganisms have exhibited many potentials which are suitable for vast industrial and
environmental applications. As it is predictable, halophilic and halotolerant
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actinobacteria or the metabolites derived from these organisms can solve these
problems. Nowadays, many applications under saline conditions have been pro-
posed for halophilic and halotolerant actinobacteria which include agriculture pro-
ductivity enhancement in saline soil, bioremediation of effluents from mining
operations, oil and natural gas exploitation, tannery, textile, fabric dye, metallic
alloys, petrochemical sectors, and likewise from pollutants, as well as degradation
and/or conversion of not ecologically problematic resources like feathers, chitin,
cellulose, starch and etc. to value-added compounds. Their other fields of applica-
tions are within enzyme industry as well as food and drug technologies. The discov-
ery possibility of novel compounds from these microorganisms due to their
unleashed niches is quit high. And if studied more systematically, it could help
saline-based industries or consumption of raw material obtained from saline envi-
ronments. As human population is growing fast then many environmental-friendly
and efficient methods are required to save world from pollution-producing tech-
nologies or improve agriculture in salty soil or saline water and help to solve hunger
in world. Also biological active materials from halophilic actinobacteria can save
many lives by decreasing mortality rates of cancer or resistant pathogens caused
diseases.
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Chapter 4
Biosynthesis of Nanoparticles from Halophiles

Pallavee Srivastava and Meenal Kowshik

Abstract Nanobiotechnology is a multidisciplinary branch of nanotechnology
which includes fabrication of nanomaterials using biological approaches. Many
bacteria, yeast, fungi, algae and viruses have been used for synthesis of various
metallic, metal sulfide, metal oxide and alloy nanoparticles, since the first report on
biosynthesis of cadmium sulfide quantum dots by Candida glabrata and
Schizosaccharomyces pombe in 1989. These nanofactories offer a better size control
through compartmentalization in the periplasmic space and vesicles, and are usually
capped by stabilizing cellular metabolites. Halophiles depending on their salt
requirements may be classified as slight, moderate and extreme halophiles. They are
found in marine and/or hypersaline environments. These organisms are known to
encounter metals in their environment as the econiches they inhabit serve as eco-
logical sinks for metals. Metal based nanoparticle synthesis by halophilic organisms
is in its infancy and has only been reported in few organisms. This chapter aims to
shed light on the various halophilic organisms and their by-products that have been
exploited for nanomaterial synthesis, the mechanisms that may be involved in the
nanomaterial fabrication and the possible applications of the fabricated nanoparti-
cles. A special section would be dedicated for the bioavailability of metals to halo-
philes under varying salinity conditions.

Keywords Nanobiotechnology ¢ Biosynthesis ® Nanoparticles e Metal » Haloarchaea
* Bio-availability * Quantum-dots * NADH-dependent nitrate reductase

4.1 Introduction to Nanotechnology

Nanotechnology is an interdisciplinary technology seeking to explore the unique
advantages of manipulating the structure of materials at a scale of individual atoms,
molecules and their organized aggregates. It involves creation and exploitation of
materials with structural features in between those of atoms and bulk materials
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(Rao and Cheetham 2001). Nanofabrication is of interest as it results in materials
with unique size dependent optical, physico-chemical, electronic, mechanical,
magnetic, and biological properties. These novel properties are a result of the large
surface area to volume ratio, large surface energy, spatial confinement and reduced
imperfections. Nanomaterials can either be synthesized by a top-down approach,
where the bulk materials are gradually broken down to nano-dimensions or a bot-
tom-up approach, where the atoms or molecules are assembled into nano-struc-
tures. The top-down approach is used by various physical methods of nanomaterial
fabrication such as sputter deposition, laser ablation, attrition and pyrolysis. The
chemical and biological routes of nanoparticles synthesis utilize the bottom-up
approach.

Nanoparticles may be classified as organic (carbon based) and inorganic which
include magnetic, metal based and semiconductor nanoparticles. Metallic nanopar-
ticles are characterized by the excitation of the surface plasmons that result in opti-
cal properties hardly achievable in other optical materials. Semiconducting
nanoparticles and quantum dots exhibit change in electronic properties with
decrease in size due to quantum-confinement and increase in band gap. The mag-
netic moment per atom and magnetic anisotropy of the magnetic nanoparticles are
distinct from their bulk counterparts due to finite size and surface effects. Therefore,
nanoparticles find applications in fields such as biomedicine, bio-labelling, bio-
imaging, drug delivery, photovoltaics, solar cells, photocatalysis, and data storage
(Bera et al. 2010; Garcia 2011; Issa et al. 2013).

4.2 Nanobiotechnology

Nanobiotechnology is an interdisciplinary field of science that studies the applica-
tion of biological material for synthesis of nanomaterials and design of nano-devices
and nano-systems. Various biological methods of nano-fabrication include micro-
bial synthesis and biomimetic synthesis using viral particles, S-layers, DNA and
proteins as templates. Even though nanoparticles have been synthesized using myr-
iad physical and chemical methods, the processes have various disadvantages. The
physical routes of nanofabrication are usually energy (maintenance of high tem-
perature and pressure) and capital (requirement of expensive instrumentation)
intensive. Even though the chemical synthesis results in large yield of nanoparticles
in short periods of time with a fairly good control over the size and shape, contami-
nation from the toxic precursor chemicals and the generation of hazardous by-prod-
ucts are the major drawbacks (Kowshik et al. 2003). Due to their extremely small
size, the nanomaterials possess large surface energies and have the tendency to
agglomerate, unless passivated using certain stabilizing agents to maintain their
size. The passivating agents often used are toxic and reduce the applicability of the
nanomaterials. Accordingly, the need for green synthesis of metallic nanoparticles
was recognized and since then biological resources have been explored and exploited
for fabrication of nanomaterials using environmentally benign methods.
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4.3 Nanoparticles Synthesis by Micro-organisms

Biological synthesis of nanoparticles using micro-organisms is a clean, bio-
compatible, non-toxic and an eco-friendly method. This method of nanofabrication
exploits the highly structured physical and biosynthetic activities of microbial cells.
Microbes when exposed to metals, overcome the toxicity using various metal resis-
tance mechanisms. These mechanisms are a result of enzymatic detoxification of
the metals and/or extrusion of the metal through the energy-dependent ion efflux
membrane transporters present in the cell. Micro-organisms thereby transform toxic
metals to their non-toxic nanosized form; or the soluble form to the insoluble nano-
sized form, during these detoxification processes. Interactions between metals and
microbes are well documented and have been exploited for various applications in
the fields of biomineralization, bioleaching and bioremediation (Klaus-Joerger
et al. 2001). Many magnetotactic bacteria are known to naturally produce nano-
structured mineral crystals that have properties similar to chemically synthesized
materials (Baumgartner et al. 2013). Such nano-factories exercise strict control over
size, shape and composition through compartmentalization in the periplasmic space
and vesicles. Additionally, the microbially synthesized nanoparticles are usually
capped by stabilizing cellular metabolites produced during the process of synthesis.
The rate of synthesis and the size of the nanoparticles can be manipulated to an
extent by controlling parameters like pH, temperature, substrate concentration and
time of exposure of the substrate (Gericke and Pinches 2006; Kang et al. 2008;
Gurunathan et al. 2009). Numerous bacteria, yeast, fungi, algae and viruses have
been used for synthesis of various metallic, metal sulphide, metal oxide and alloy
nanoparticles. The synthesis may either be an intra- or an extra-cellular process
depending upon the nature and the metabolic activity of the organism. The forth-
coming sections will describe the various halophilic organisms and their by-prod-
ucts that synthesize nanoparticles, the mechanisms involved and applications of the
synthesized nano-materials.

4.3.1 Nanoparticles Synthesis by Halophiles

Halophiles are salt loving organisms that flourish in saline environments and can be
classified as slightly, moderately or extremely halophilic depending on their sodium
chloride requirements (DasSarma and DasSarma 2012). The saline environments
that halophiles inhabit include the marine and estuarine environments, solar salt-
erns, salt lakes, brines and saline soils. Marine environments could be good source
of metal tolerant microbes as most of these organisms exist at the bottom of the sea,
and contribute towards biogeochemical cycling of inorganic elements. Besides, the
marine econiche is continuously exposed to metallic pollution due to volcanic erup-
tions, natural weathering of the rocks, anthropogenic activities such as mining,
combustion of fuels and industrial and urban sewage. Estuaries and solar salterns



148 P. Srivastava and M. Kowshik

may also contain high concentrations of metals as they serve as effective traps for
river borne metals (Chapman and Wang 2001). Thus, halophiles are continuously
exposed to metals and could be exploited for nanoparticle synthesis.

Nanoparticles synthesis by halophiles is in its infancy and has been reported in
few organisms like bacteria (Halomonas salina, H. Maura, H. eurihaline,
Pseudomonas sp., Idiomarina sp. PR-58-8), vyeasts (Pichia capsulate,
Rhodospiridium diobovatum), fungi (Penicillium fellutatum, Thraustochytrium sp.,
Aspergillus niger), algae (Navicula atomus, Didesmis gallica) and archaea
(Halococcus salifodinae BK3, H. salifodinae BK6). Table 4.1 gives the details of
nanoparticles synthesized by halophiles. The exopolysaccharides secreted by the
halophiles have also been exploited for synthesis of composite nanoparticles for
various drug delivery applications. The exopolysaccharide Mauran, secreted by
halophilic bacteria H. maura stabilizes ZnS:Mn?** quantum dots (QDs) enhancing
the biocompatibility and reducing the cytotoxicity of the QDs. A significantly
improved genetic system for displaying foreign proteins on Halobacterium gas
vesicle for generating gas vesicle nanoparticles has been developed that could be
exploited for various biological applications (DasSarma et al. 2013).

4.3.1.1 Halophilic Bacteria and Nanofabrication

Reports on nanoparticles synthesis by halophilic bacteria and their metabolites are
mostly confined to metallic nanoparticles. A highly silver tolerant halophilic marine
bacterium Idiomarina sp. PR 58-8 synthesizes intra-cellular crystalline silver
nanoparticles with an average particle size of 26 nm. Non-protein thiols that are
known to be expressed in response to metal stress are involved in metal tolerance
(Seshadri et al. 2012). Similarly, a novel halophilic strain of Pseudomonas sp.
591786 can also synthesize polydisperse intra-cellular silver nanoparticles with
sizes ranging from 20 to 100 nm (Muthukannan and Karuppiah 2011). The halo-
philic proteobacteria Halomomas salina can synthesize anisotropic gold nanoparti-
cles under acidic conditions and spherical nanoparticles under alkaline conditions.
The nanoparticle synthesis is extracellular and the NADH-dependent nitrate reduc-
tase is involved in the silver reduction and nanoparticle synthesis (Shah et al. 2012).
Similarly, two halophilic strains of Bacillus megaterium, BSB6 and BSB12 isolated
from Bhitarkanika mangrove soils, synthesize spherical selenium nanoparticles
both intra- and extra-cellularly with an average size of 200 nm (Fig. 4.1a). The
mechanism involved for the reduction of selenite to selenium, however remains
unexplored (Mishra et al. 2011).

Two strains of halophilic bacteria H. eurihalina ATCC 49336 and H. maura
ATCC 700995 convert graphene oxide (GO) to graphene sheet under both aerobic
and anaerobic conditions. Reports on biological synthesis of graphene by micro-
organisms are scarce. The microbially reduced GO sheet exhibits an increased con-
ductivity as compared to chemically reduced GO and is bio-compatible. Such
bio-compatible Graphene sheets may be used for green electronics and biological
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Fig. 4.1 TEM images of the (a) Selenium nanoparticles biosynthesized by halophilic bacteria
Bacillus megaterium BSB12 (Mishra et al. 2011); (b) Silver nanoparticles biosynthesized by halo-
archaeon Halococcus salifodinae BK6

applications such as detection of cancer biomarkers, encapsulation of enzymes and
nanoparticles (Myung et al. 2011; Raveendran et al. 2013a).

Bacterial metabolites or products such as polysaccharides/bio-flocculants and
enzymes (nitrate reductase) are also being used as reducing agents to synthesize
inorganic nanoparticles. In most cases the synthesized nanoparticles are capped by
reducing agents. MBSF17, a polysaccharide bio-flocculant produced by a halo-
philic bacterium Bacillus subtilis MSBN17 reduces silver nitrate to synthesize
spherical silver nanoparticles in reverse micelles. The electrostatic forces between
the amino groups of the polysaccharide MSBF17 and the silver ions in the solution
are proposed to be the driving force for the formation and stabilization of the silver
nanoparticles. The carboxyl, hydroxyl and methoxyl groups of MSBF17 form a
coating on the silver nanoparticles thereby stabilizing them. These nanoparticles
exhibit anti-microbial activity against a host of pathogenic organisms
(Sathiyanarayanan et al. 2013).

Besides the various inorganic and organic nanoparticles, the exopolysaccharides
of the halophilic bacteria have also been utilized for fabrication of polymer hybrid
nanomaterials. The highly sulphated anionic exopolysaccharide, Mauran (MR)
secreted by the halophilic bacterium H. maura, is well characterized and has been
successfully used for generation of such hybrid nanomaterials. MR exhibits charac-
teristic viscoelastic, pseudoplastic and thixotropic behaviour and has an ability to
withstand harsh conditions, which make it an ideal candidate for material science
research. The high sulphate content imparts immunomodulating and anti-cancer
properties to MR. Thus, MR can be used for various biomedical applications due to
their biological and the physicochemical properties. MR-Chitosan (MR/CH) hybrid
nanoparticles (Fig. 4.2) fabricated via the ionic-gelation technique when used for
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Fig. 4.2 TEM micrographs (a—d) depicting the morphology of the Mauran-Chitosan nanoparti-
cles fabricated using the exopolysaccharide mauran secreted by the halophilic bacteria Halomonas
maura (Raveendran et al. 2013b)

encapsulation of drugs exhibits controlled and sustained drug release and
bio-compatibility (Raveendran et al. 2013b). Similarly, electrospun MR-Poly Vinyl
Alcohol (MR-PVA) nanofibre membranes (Fig. 4.3) boost the cellular adhesion,
migration, proliferation and differentiation, properties desirable for tissue engineer-
ing applications (Raveendran et al. 2013c). MR may be used in augmenting the
biocompatibility of quantum dots that are usually cytotoxic (Fig. 4.4). MR conju-
gated with ZnS:Mn?* QDs at a concentration of 0.05 mg results in a drastic increase
in cell viability as compared to cell viability of bare QDs (Raveendran et al. 2014).
Therefore in addition to fabrication of polymer based nanomaterials, MR can also
be used in conjugation with inorganic nanoparticles for enhancing their biological
applications.
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Fig. 4.3 (a) SEM micrographs of the MR/PVA nanofibres fabricated using the exopolysaccharide
mauran (x10,000) (b) Confocal microscopy images of L.292 cells attached and proliferating on MR/
PVA nanofibres (merged microtracker green and DAPI stained images) (Raveendran et al. 2013c)

ZnS: Min QDs
i5nam} {10-20 reny

Fig. 4.4 Schematic representation of stabilization of QDs by Mauran, an exopolysaccharide
secreted by H. maura (Raveendran et al. 2014)

4.3.1.2 Nanoparticles and Halophilic Yeast and Fungi

A few halophilic yeasts and fungi are known to synthesize nanomaterials. Pichia
capsulata, a mangrove derived halophilic yeast, is capable of synthesizing silver
nanoparticles extra-cellularly (Manivannan et al. 2010). Rhodospiridium diobo-
vatum, a marine yeast, synthesizes lead sulphide nanoparticles intracellulary
with the help of non-protein thiols (Seshadri et al. 2011). Similarly, a 70 kDa
protein present in the cell filtrate of the marine fungus Penicillium fellutatum
exposed to silver nitrate is involved in the extracellular nanoparticles synthesis
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(Kathiresan et al. 2009). Silver nanoparticles are also synthesized by the
halophilic fungi Thraustochytrium sp. and Aspergillus niger. Silver nanoparti-
cles synthesized by Aspergillus niger exhibit antibacterial activity against patho-
genic bacteria which can be further enhanced by passivating them with PVA
(Kathiresan et al. 2010).

4.3.1.3 Halophilic Algae in Nanoparticles Synthesis

The reports on nanoparticles synthesis by halophilic algae are few and mostly
recent. All studies so far are on extracellular synthesis of inorganic (metallic)
nanoparticles. The marine brown algae Sargassum wightii synthesizes stable gold
(30-100 nm) and silver nanoparticles (8—12 nm) when its extract is exposed to
gold chloride and silver nitrate, respectively (Singaravelu et al. 2007; Oza et al.
2012). Similarly, extracts of S. longifolium can reduce silver nitrate to spherical
silver nanoparticles that exhibit excellent antifungal activity. The extracts contain
various active molecules rich in hydroxyl groups or carboxyl groups that are
responsible for the reduction of the metallic ion (Rajeshkumar et al. 2014). The
water soluble exopolysaccharides extracted from the marine algae Pterocladia
capillacae, Jania rubins, Ulva faciata and Colpmenia sinusa reduce silver ions to
silver nanoparticles. The exopolysaccharides also serve as the stabilizing agent.
These nanoparticles have been used to make antibacterial cotton fabrics (El-Rafie
et al. 2013). EPS-gold and silica-gold bio-nanocomposites can be generated using
the diatoms Navicula atomus and Diadesmis gallica. The diatoms when grown in
presence of tetrachloroaureate, reduce it to gold nanoparticles that are associated
with the diatom frustules and exopolysaccharides (EPS) excreted by the diatom
cells. The gold bio-nanocomposites may find applications in the field of catalysis
(Schrofel et al. 2011).

4.3.1.4 Nanoparticles and Haloarchaea

Haloarchaea are known to encounter metals in their natural habitat, yet reports on
metal tolerance and nanoparticles synthesis by haloarchaea are few. With the excep-
tion of two organisms, H. salifodinae BK3 and H. salifodinae BK6, there are no
other reports on metallic nanoparticles synthesis by haloarchaea. The intracellular
synthesis of silver nanoparticles by H. salifodinae BK3 and BK6 (Fig. 4.1b) involves
the enzyme NADH- dependent nitrate reductase that helps in silver ion reduction.
These organisms adapt to the metal stress and thus their growth kinetics parameters
in presence of silver nitrate are similar to that of organism grown without silver
nitrate. These silver nanoparticles exhibit good antibacterial activity against both
Gram-positive and Gram-negative bacteria (Srivastava et al. 2013, 2014).

Gas vesicle nanoparticles (GVNPs), that may be engineered for various biotech-
nological applications are the buoyant gas vesicles widely distributed among bacte-
ria and archaea. These organelles that naturally promote floatation are present in
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abundance in haloarchaea. These vesicles are plasmid encoded with the genetic
cluster gypMLKIJIHGFEDACNO involved in gas vesicle formation (DasSarma
1989; DasSarma et al. 1987; Halladay et al. 1993; DasSarma and Arora 1997). The
proteins encoded by the gene clusters include the GvpA, J and M of Pfam741 fam-
ily, involved in gas vesicle membrane formation, and GvpF and L, coiled-coil pro-
tein (Pfam 6386) involved in the nucleation process of nanoparticles due to their
self-associative properties (Jones et al. 1991; Shukla and DasSarma 2004). Genes
corresponding to these proteins have been found in other organisms as well, with
the exception of gvpC gene, which is found only in haloarchaea and cyanobacteria
(van Keulen et al.2005). In the haloarchaeon Halobacterium sp. NRC-1, the GvpC
protein is hydrophilic and insertion mutations within this gene results in gas vesicles
with altered shape and size (Fig. 4.5) (DasSarma et al. 1994). Thus, by genetic
manipulation of gvpC gene, the gas vesicles may be made to express different pro-
teins or display antigens, thereby increasing their applications in the field of bio-
technology. A new Halobacterium sp. NRC-1 derived host strain and a series of
smaller, more versatile plasmid expression vectors have been constructed. These
represent a significantly improved genetic system for expression of GvpC-fusion
proteins. For example, active Gaussia princeps luciferase enzyme can be fused to
GvpC that would result in the expression of the luciferase enzyme on the surface of
the GVNPs (DasSarma et al. 2013). Such GVNPs may be used for antigen display
and vaccine development.

Fig. 4.5 TEM micrographs showing thin sections of (a) Halobacterium sp. NRC-1 and (b) SD109
(pFM104gvpC::k1) mutant. Gas vesicles can be seen as empty oval or spindle shaped regions.
SD109 (pFM104gvpC::k1) mutant exhibits gas vesicles with altered phenotypes. (Scale bar = 325
nm) (DasSarma et al. 2013)



4 Biosynthesis of Nanoparticles from Halophiles 155
4.4 Bio-availability of Metals to Halophiles

Metallic nanoparticle synthesis is possible only when the metal is biologically avail-
able to halophiles that inhabit saline environments. Bio-availability of metals in
such saline environments is determined by the metal species which in turn depends
on their solubility. Factors such as alkalinity, pH, hardness (presence of Ca/Mg),
natural dissolved organic matter and redox potential of the saline environment
determine the solubility of the metal species. Metals that are strongly complexed
with a ligand are non-labile and are not available for biological uptake. Labile metal
species are the weak complexes formed between a metal and a ligand and are bio-
logically available (Campbell 1995; Markich et al. 2001).

The type of heavy metal and the inorganic/organic ligands present in an econiche
determines the nature of the metal complex formed. The ionic radii of a metal plays
an important role in this complexation. Metals with small ionic radii such as Zn
and Cu easily complex with ligands containing oxygen, such as OH-, CO,*, HCO*
and SO,* to form inorganic complexes. Metals with large ionic radii such as Hg,
Cd and Ag are easily ionized and preferentially form chloro-complexes. Some of
these inorganic complexes dissociate easily into their free ionic forms which bind
to the membrane transporters of a micro-organism and move across the cell mem-
brane. Organic-metal complexes cannot be transported across cell membranes and
are not available for the micro-organisms for uptake (Niirnberg 1983; Roux et al.
1998; Tipping et al. 1998). Inorganic complexes predominate saline environments.
Table 4.2 shows the type of inorganic species formed at different salinities for five
major metals.

Table 4.3 summarizes the bio-availability of various metal-chloro complexes in
saline environments. Even though metal bio-availability, uptake and toxicity
decreases in presence of natural dissolved organic ligands, salinity may alter these

Table 4.2 Effect of salinity on the type of complexes formed by five major metals

Salinity
conditions Silver Cadmium | Mercury Zinc Copper
Estuarine AgCI°, CdCl,, HgCl1°, HegCl-, | Zn**, ZnCl,, |CuCl,,
(variable AgHS®, AgCl*, | CdCI* HgCl> ZnCO;, CO;> and
salinity) AgCly>, AgCl3- Zn(HCO;),, | OH™ complexes
Zn(OH),,
ZHSO4
Sea water AgCI°, AgHS® | CdCI* HgCl~ Zn*, ZnCl,, | COs> and
(3.5 % salinity) ZnCO;, OH™ complexes
Zn(HCO:3),,
Zn(OH),,
Zl’lSO4
Hypersaline AgCI°, AgCl*, | CdCl,, HgClI°, HgClI, | ZnCl, CuCl,
(5-35 % AgCly*, Ccdcr+ HgCl>

salinity) AgCl?
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Table 4.3 Bio-availability of chloro complexes in varying saline conditions
Biological availability
Type of chloro-complex Hypersaline Sea water Estuarine

Insoluble complexes

Strong (Un-dissociating) Unavailable Present in low amounts; Unavailable
unavailable

Weak (dissociating) Available Available Available
Soluble complexes

Strong Unavailable Unavailable/available® Unavailable

Strong lipophilic Available Not present Not present

Weak Available Available Available
Biosorbed complexes Available Unavailable Unavailable
Complexes sorbed Available Available Available*

on abiotic ligands

“Depends upon the salinity of the water body, during ocean water intermixing, chloro-complexes
are available

*Depends upon the metal involved in complexation

properties influencing the metal bio-availability. For example, in river water Cd may
either exist in free cationic form or as CO* complex, both of which are bioavailable.
In oceanic waters (salinity 3.5 %) it exists as bioavailable highly soluble CdCl,,
whereas in estuarine waters (varying salinity), it forms a strong CdCI* complex
which is biologically unavailable (Turner 1987; Jensen and Bro-Ramussen 1992;
Peakall and Burger 2003). Similarly, Ag and Hg form soluble chloro-complexes in
hypersaline and estuarine environments that are bioavailable to the organism. These
complexes are lipophilic and can readily move across the cell membrane. Metals
like Zn and Cu that exist as ZnCl* and CuClI* at higher salinities, co-precipitate due
to a decrease in the net negative charge on macromolecular suspended particles and
therefore are not available for uptake. Fe, Co, Ni and Mn on the other hand, form
bioavailable weak chloro-complexes in saline environments that dissociate easily to
their ionic forms (Byrne 2002). Besides the solubility of metal complex, presence of
biotic ligands in saline environments may also limit the bioavailability of metals.
Biotic ligands are the receptors present on an organism to which metal binds and the
toxic effects of metals are manifested. Fish gill surfaces, algal membranes, phyto-
planktons etc. have various ion transporters (Na* and Ca**) and metal receptors that
act as biotic ligands. Once bound to a biotic ligand, the metal is rendered unavail-
able for uptake and the binding remains unaffected by salinity. However, if the metal
binds to an abiotic ligand (sediments, particulate matter), a change in salinity may
result in solubilisation of the metal making it bioavailable. For instance, an increase
in salinity results in desorption of the Ag complexed with suspended sediments to
form bioavailable Ag-chloro-complexes. However, if Ag is biosorbed, the increase
in salinity does not result in desorption of the Ag and metal remains unavailable for
uptake by micro-organisms (Sanders and Abbe 1987; Paquin et al. 2002).

The chemical species of the metal greatly influences its toxicity towards micro-
organisms. The metal has to be biologically available to a microbe to exert its toxicity
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and only bio-available metals get detoxified by the organisms to form metallic
nanoparticles. Salinity plays a major role in the bioavailability of metals to halo-
philes. Better understanding in metal speciation at varying salinities is important dur-
ing the search for novel halophilic organisms for metal nanoparticles biosynthesis.

4.5 Conclusion

Halophiles inhabit saline environments that are exposed to metallic pollution and
therefore possess metal resistance mechanisms. These mechanisms are usually
involved in metal reduction and nanoparticles synthesis. However, the mechanisms
involved in nanoparticles synthesis by halophiles remain unknown. Thus, research
in nanoparticle synthesis by halophiles requires further studies to understand the
mechanisms involved in the synthesis process. This understanding will enable
researchers to design the synthesis process in an intelligent way to maximize the
nanoparticle yield. The bioavailability of metals is influenced by the salinity of the
growth medium. Therefore, studying the influence of the media components on the
metal bioavailability may help in designing better biosynthesis protocols.
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Chapter 5

Halophilic Microorganisms and Their
Biomolecules: Approaching into Frame
of Bio(Nano) Technologies

Madailin Enache, Roxana Cojoc, and Masahiro Kamekura

Abstract The increasing human society development claims for products, services
and technologies and new and complex interactions between human and biological
ecosystems. The capacity of biological ecosystems to regenerate their resources and
to answer to these new interactions appears to be generally affected by various fac-
tors like climate change, loss of biodiversity etc. Thus, ecosystems that have been
considered hostile to normal life forms were investigated extensively in last 20 years,
looking for organisms harboring metabolic pathways governed by enzymes func-
tional in extreme conditions like high or low temperature, ionic strength, pH values
or combinations of these physico-chemical conditions. Among these hostile ecosys-
tems, the saline environments appear to represent an interesting spring of novel
halophilic microorganisms. Several bio-molecules currently produced by these
halophilic organisms, i.e. enzymes, halocins (halobacterial proteins with antibiotic
activities), exopolysaccharides showed biological activity in harsh conditions.
Combination of these bio-molecules with various nanomaterials like thin-layers,
nanotubes, nanospheres results in novel compounds possessing both biological
properties of biomolecules and physico-chemical characteristics of nanomaterials.
The present chapter deals with the main biomolecules produced by both halophilic
archaea and bacteria revealing their potential implications in some nanotechnolo-
gies. The interaction of moderately halophilic bacteria with nanostructures like tita-
nate nanotubes and silica microtubes are presented and discussed.
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5.1 Introduction

The increasing human society development claims for new products, services and
technologies and new and complex interactions between human and biological eco-
systems. The capacity of biological ecosystems to regenerate their resources and to
answer to these new interactions appears to be generally affected by various factors
like climate change, loss of biodiversity (Murariu 2012). Thus, in last 20 years eco-
systems considered hostile to normal life forms were investigated extensively; high
or low temperature, pH values, high ionic strength, or combinations of these
physico-chemical conditions. Between these, the salty environments appear to rep-
resent an interesting spring of novel organisms, halophilic microorganisms or sim-
ply halophiles, harboring metabolic pathways functional in saline condition.

Saline environments characterized by huge and mostly endemic biodiversity are
distributed worldwide as salt lakes, salt mines and salted soils. The salinity of these
areas is generally understood by biologists in terms of sodium chloride content.
This compound represents over 90 % of the total salt content in many cases and the
presence of other compounds in terms of influence to physical or chemical param-
eters of the saline area could be considered as low. On the other hand, these com-
pounds could have a significant influence on the diversity of halophilic
microorganisms if we considered the high concentrations of magnesium in Dead
Sea or carbonates in soda lakes such as Magadi, in Kenya, Wadi Natrum in Egypt,
Sambbhar, India. The predominant microorganisms in the saline environments are
represented by both halophilic archaea and bacteria.

Currently, over 182 species distributed in 48 validly described genera in
Halobacteriaceae cover aerobic halophiles and a few anaerobic and halophilic
methanogens are known in Archaea domain. The number of halophiles in Bacteria
domain is higher and they are distributed in many groups (phyla). Representatives
of halophilic bacteria are included in Phylum Bacteroidetes, Cyanobacteria,
Proteobacteria, Firmicutes and Sulphur-Green bacteria. Furthermore, halophilic
Fungi, Plants, Ciliates and Flagellates have also been known in Eucarya domain.
These organisms cope with harsh environmental conditions by two strategies,
namely “salt-in” and “compatible solutes” (Oren 1999a, b, 2002a, b). The salts are
accumulated inside of cells to osmolarity equivalent with external environment in
first strategy, and synthesis of organic molecules known as compatible solutes
occurs or they are accumulated from environments if they are present in the second
strategy (Oren 1999a, b). Special adaptations are requested for proteins and enzymes
in case of first strategy, and the most well-known fact is the increasing acidic amino-
acids residues on their surface (Lanyi 1974; Graziano and Merlino 2014).

The present chapter deals with the main biomolecules produced by both halo-
philic archaea and bacteria and their potential implications in some nanotechnolo-
gies. Our recent work on the interaction of moderately halophilic bacteria with
nanostructures like titanate nanotubes and silica microtubes are also presented and
discussed.
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5.2 Halophilic Enzymes

The life in saline and hypersaline environments has been investigated intensively for
many years focusing on diversity of microorganisms and controlling mechanisms
involved at high salinity. The enzymes of halophilic microorganisms involved in
such mechanisms could be of potential interest for several biotechnologies or agri-
culture fields. Researches on halophilic enzymes are also attracted to putative
impact on the possible life forms in space (Satyanarayana et al. 2005). Halophilic
enzymes are biologically active in saline media where generally the structure and
function of enzymes are critically affected. In order to keep their functionality at
high salt content, the surface of halophilic enzymes is highly negatively charged,
and spheres of hydration is clustered to the protein surface to prevent their degrada-
tion (Lanyi 1974; Paul et al. 2008). In this context the number of hydrophobic
amino-acids is decreasing at the surface and hydrophilic amino-acids residues
increase at the protein surface (Bolhuis et al. 2008). In another word, halophilic
enzymes have high acidic residues of amino-acids on their surface, the content of
lysine is low, high number of salt bridges in their structure and a low hydrophobicity
are observed (Mevarech et al. 2000; Fukuchi et al. 2003). The unique properties of
halophilic enzymes, requirement of salt for the stability and activity, high resistance
to several denaturation methods (Karan et al. 2012) and their ability to perform cata-
Iytic activity at low water activity or in organic solvents (non-aqueous media)
attracted the interest for research in this area (Tokunaga et al. 2008; Enache and
Kamekura 2010; Oren 2010; Karan et al. 2012). The most well investigated
haloezymes are hydrolases such as amylases (Amoozegar et al. 2003), lipases and
esterases, xylanases, chitinases, proteases, cellulases, nucleases, etc. (Mellado and
Ventosa 2003; Oren 2010; Moreno et al. 2013).

5.3 Halocins

Beside enzymes and bacteriorhodopsin, halocin is one of the best characterized
proteins produced by halophilic archaea (Shand et al. 1999; O’Connor and Shand
2002). Their presence as protein with antagonic activity against halobacteria was
signaled for first time in 1982 by Rodriguez-Valera et al. (1982). The halocins deliv-
ered to hypersaline environment by synthesizing cells could be considered as bio-
chemistry way to compete for nutrients. There is an argument, however, that the
contribution of halocins in the competition is probably negligible, since no halocin
activity was detected in any of brines taken in Israel, U.S.A and Spain (Kis-Papo
and Oren 2000). In laboratory, the halocins showed similar behavior as bacteriocins.
Similar with BLIAS (Bacteriocin Like Inhibitory Substances produced by Gram
positive bacteria) the syntheses of halocins are not induced by intercalating agents
and have the effect against huge numbers of halophiles. Several studies were per-
formed on halocin H4 (Cheung et al. 1997), H6 (Meseguer et al. 1995; Torreblanca
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et al. 1989), Hal R1 (Rdest and Sturm 1987) and Hfl (Enache et al. 2004). The
studies concluded that some halocin (H4) have bactericidal and bacteriolytic effect,
lost activity in the absence of sodium chloride and by protease or thermal treatments
(80 °C) and have molecular weight over 100 kDa. Halocin Hf1 (Enache et al. 2004)
was produced by a haloarchaeal strain isolated from Bride Cave salt lake (in Slanic,
Prahova, Romania). This strain has been identified to belong to Haloferax genus
based on biochemical and molecular taxonomic investigations. High amount of
halocin Hf1 was obtained in media with high salinity. The maximum antimicrobial
activity has recorded at the start of stationary phase of growth (after 72 h of cultiva-
tion) followed by a slightly decreasing intensity in later stages of growth. The puri-
fied halocin Hfl showed maximum activity at 25-30 °C, pH 7 and 3M sodium
chloride, features characteristic for proteins of halophilic archaea (Enache et al.
2004). Antagonisms studies performed by Torreblanca et al. (1994) concluded that
“production of halocin is a practically universal feature of archaeal halophiles”.
Similar conclusions were drawn in similar studies (Enache et al. 1999; Birbir and
Eryilmaz 2004; Salgaonkar et al. 2012). A fragment of DNA coding for halocin H4
has been isolated for first time from plasmid DNA of Haloferax mediterranei
(Cheung et al. 1997). They concluded that halocins could act as transporter proteins
and their functionality is dependent or regulated function of ionical power of
environments.

5.4 Exopolysaccharides Produced by Halophiles

5.4.1 Exopolysaccharides Synthesized by Extremely
Halophilic Archaea

Some extremely halophilic microorganisms belonging to Archaea domain, such as
Haloferax mediterranei, present a particular biotechnological potential due to the
ability to produce exopolysaccharides. Generally, the biosynthetic activity is initi-
ated in the early stages of the cell growth, and reaches the maximum value at the
beginning of the stationary phase, after which the synthesis activity slows down
(Anton et al. 1988). In the case of Hfx. mediteranei, the exopolysaccharide synthesis
was favored by an aeration rate lower than the optimum for growth, the use of glu-
cose as a sole source of carbon and energy and the cultivation in a continuous-
culture system (Anton et al. 1988; Rodriguez-Valera et al. 1991; Hezayen et al.
2000).

The extracellular polymer produced by Hfx. mediterranei is an acidic, anionic
heteropolysaccharide comprising glucose, mannose, galactose, aminoglucides,
uronic acid and a considerable amount of sulphate (6 % of the dry weight of the
polymer). It combines the rheological properties (viscosity and high pseudo-
plasticity) with a remarkable resistance to extremely high salt concentrations, tem-
perature and pH, suggesting the possibility of wide use in various practical
applications (Rodriguez-Valera et al. 1991; Rodriguez-Valera 1994).
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5.4.2 Exopolysaccharides Synthesized by Halotolerant
and Moderately Halophilic Bacteria

The specific physiological characteristics of halotolerant and moderately halophilic
bacteria, as well as their ability to produce a variety of bioproducts superior to the
ones synthesized by nonhalophilic species, have led to a number of studies on exo-
polysaccharides production by these microorganisms.

In 1986, Pfiffner et al. isolated from oil wells associated environments some
halotolerant, facultative anaerobic strains of Bacillus sp. able to produce exopoly-
saccharides from various substrates (fructose, glucose, mannose, cellobiose, malt-
ose, sucrose, arabinose, galactose, xylose, mannitol, starch), up to the salinity of
12 % NaCl.

Quesada et al. (1993) isolated from samples of hypersaline soil located near
Alicante (Spain) 28 moderately halophilic strains of Volcaniella eurihalina (later
reclassified as Halomonas eurihalina) able to produce exopolisaccharides. Of these,
strain F2-7 was remarkable for producing a polyanionic exopolysaccharide with
high thermal stability, pseudoplasticity and viscosity (especially at low pH values)
and resistance to high ionic strength (Quesada et al. 1993; Bejar et al. 1998; Ventosa
et al. 1998).

In 1998, the team led by Bejar isolated from hypersaline soil samples collected
from Alicante some moderately halophilic bacterial strains belonging to Halomonas
genus able to produce exopolysaccharides that can serve for biotechnological use.
The chemical compositions of exopolysaccharides synthesized by the tested
Halomonas strains proved to be similar, consisting of three types of neutral sugars
(glucose, mannose, rhamnose), small amounts of proteins, hexosamines, uronic
acid, acetyl residues and some cations. Moreover, all studied exopolysaccharides
showed a high sulfur content (1.3-24.7 %) (Bejar et al. 1998; Margesin and Schinner
2001). Also, all of exopolysaccharides produced by the tested strains presented a
high pseudoplasticity, the increase in the shear rate resulting in a decrease of viscos-
ity of the polymer solution (Bejar et al. 1998; Calvo et al. 1998).

Exopolysaccharides containing high amounts of sulfate may be used in the phar-
maceutical industry as antivirals, antitumor and anticoagulant substances (Bejar
et al. 1998; Ventosa et al. 1998; Margesin and Schinner 2001).

Also, due to the relatively large amount of uronic acid, such polysaccharides may
be used in the processes of waste water decontamination (Bejar et al. 1998).
Recently, some Halomonas maura strains were isolated from hypersaline soil sam-
ples collected from a solar saltern in Asilah — Morocco. Those strains produced
exopolysaccharides with high viscosity and pseudo-plastic behavior that proved to
be more efficient in emulsifying various hydrocarbons (crude oil) than some chemi-
cal surfactants. Due to these properties, they can be used as thickeners and emulsifiers
in various industrial processes (Bouchotroch et al. 2001; Margesin and Schinner
2001; Llamas et al. 2012).

A moderately halophilic bacteria isolated by our group from rock salt crystal
from Slanic, Prahova area showed the capacity to synthesize an exopolysaccharide
having high thermal stability, with a melting temperature of 207 °C associated with
thermal degradation of the polymer. The polymer production was influenced by
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composition of culture medium and growth conditions, stirring or static. The poly-
mer was characterized by an emission of fluorescence at 530 nm, and absorption
maximum at around 260 nm. Investigations by FT-IR method revealed that amine
and sulphate groups were connected to backbone of the sugar polymer (Cojoc et al.
2009).

5.5 Lipids of Archaea and Halophiles: Archaeosome

Membrane lipids of halophilic archaea, as well as other groups of archaea, are dis-
tinctively different from those of bacteria in the following major features: the link-
age of hydrocarbon to glycerol moiety is ether type, the hydrocarbons are isoprenoid
units and chirality of glycerol is sn-1 (sn-glycerol-1-phosphate) (DeRosa et al.
1986; Kamekura 1993; DeRosa 1996; Kates 1997). These unusual qualities attracted
a large interest in research for a putative biotechnological exploitation. The major
target is represented by their use in archaeozomes (liposome obtained with mem-
brane lipids from archaeal cells).

Archaeosomes constitute a novel family of liposomes that demonstrate higher
stabilities to different conditions, in comparison with conventional liposomes. The
archaeal lipids show high stability to oxidative stress, low or high temperatures,
acidic or alkaline pH, and action of phospholipases and bile salts. The lipid mem-
brane of archaeosomes may have a bilayer form if it is made exclusively from
monopolar archaeol (diether) lipids, or may have a monolayer form if made exclu-
sively from bipolar caldarchaeol (tetraether) lipids (Kates 1997), or a combination
of monolayers and bilayers if made from caldarchaeol lipids in addition to archaeol
lipids or standard bilayer-forming phospholipids. Due to the remarkable molecular
and physicochemical properties of archaeal lipids, archaeosomes can be formed
using standard procedures at any temperature in the physiological range or lower,
making possible the encapsulation of thermally labile compounds (Choquet et al.
1996). Also, they can be prepared and stored in the presence of air/oxygen without
any degradation and studies in vitro and in vivo indicated that archaeosomes are
safe and do not elicit toxicity in mice. Therefore, the biocompatibility and the supe-
rior stability properties of archaeosomes in different conditions offer advantages
over conventional liposomes in the manufacture and the applications as drug deliv-
ery systems (Sprott 1992; Gambacorta et al. 1995; Patel et al. 2000; Gonzales-
Peredes et al. 2011).

5.6 Interaction of Several Nanomaterials with Halophilic
Bacteria

Our recent studies (Neagu et al. 2014) revealed the reaction of moderately halo-
philic bacteria Virgibacillus halodenitrificans at the presence of various nanomateri-
als like titatane nanotubes (Fig. 5.1) or silica microtubes in their culture medium.
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Fig. 5.1 TEM image of titanate nanotubes used in investigations towards Virgibacillus
halodenitrificans

These materials were subject of several physical or chemicals treatment after syn-
thesis reaction like thermally treatment. The obtained results revealed antimicrobial
action of titanate nanostructures against moderately halophilic strains of Virgibacillus
halodenitrificans and Bacillus subtillis. The same investigations showed that post
reaction thermal treatment conducted to increasing of antimicrobial properties and
authors consider that mechanisms of action are related to bacteriocin-like sub-
stances inhibitory properties (Merciu et al. 2009).

In another study, Cojoc et al. (2013) demonstrated the ability of Virgibacillus
halodenitrificans to grow for short time in culture media with nine milligrams of
silica microtubes (Fig. 5.2). The primary reaction of the microbial cells was consid-
ered to be the exceeding synthesis of exopolysaccharides. The growth stopped after
24 h. The photoactivity and structure of silica microtubes and their antimicrobial
activity is considered to be factors which combined contribution to the first answer
of microbial cells to the microtubes. Supplementary data related to total dehydroge-
nase activity determined with tryphenyl tetrazolium chloride as substrate (Casida
etal. 1964) supported activity with low intensity of microtubes towards Virgibacillus
halodenitrificans and their absence towards Bacillus subtilis. The behavior differ-
ences between tested strains are considered to be due to either exceeding exopoly-
saccharides synthesis or photoactivity of silica microtubes (Cojoc et al. 2013).

Another investigation (Enache et al. 2014) showed that commercially available
calcined silica microtubes had a slight inhibitory effect towards Bacillus subtilis but
stimulated the growth of Virgibacillus halodenitrificans. If these microtubes are
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Fig. 5.2 The effect of microtubes against Virgibacillus halodenitrificans (right) in comparison
with control Petri dish (Picture from reference Cojoc et al. 2013 — Reproduced with permission)

thermally treated 1 h at 400 °C in our laboratory, they stimulated the growth of
Bacillus subtilis but diminished the growth of Virgibacillus halodenitrificans. If we
used silica nanostructures having spherical shape or those doped with platinum,
they showed a positive effect on the growth of tested halophilic bacteria. Similarly
to previously studies (Cojoc et al. 2013), the different reactions of investigated halo-
bacterial cells in the presence of calcined or doped silica microstructures is attrib-
uted to the structure and composition of nanomaterials and conclusion is supported
also by viability of cells and total dehydrogenase activity (Enache et al. 2014).
When the calcined silica microtubes, silica nanospheres and platinum doped silica
microtubes were thermally treated (400 °C, 1 h), they stimulated the growth of
Virgibacillus halodenitrificans (Enache et al. 2014). The strain V. halodenitrificans
has been isolated from hypersaline habitat from Slanic, Prahoca county, Romania,
namely Neogene dated subterranean salt rock. The strain is sensitive to chloram-
phenicol and erithromicin but is able to grow in the presence of neomycin, penicil-
lin, anysomicin and bile salt. This strain is able to grow until to 2M sodium chloride
in culture medium. The partial sequence of 16S rRNA showed 99 % similarity with
V. halodenitrificans AY543168 in BLAST analysis.

The investigation related to immobilization of a halophilic protease isolated from
culture medium of a moderately halophilic strain obtained from subterranean rock
salt crystal from Slanic, Prahova, Romania on silica and titanate nanostructures
revealed that immobilization capacity is three times higher on the titanate nanotubes
compared with silica microtubes (Neagu et al. 2014). The differences of composi-
tion, morphology and structure of titanate nanotubes and silica microtubes influ-
enced the immobilization capacity. For this study was used the halophilic protease
in various steps of purification by treatment with organic solvent, acetone. The bio-
logical activity of enzymes after immobilization was not affected by purification
step but is higher after immobilization on silica microtubes, as expressed in units
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per mg of immobilizing material, in spite of low adsorption on this material by
electrostatic bridge (Neagu et al. 2014).

5.7 Conclusion

The investigations about interactions between nanostructures and various biological
molecules like proteins, vitamins, and lipids of microorganisms attracted a huge
interest for the last few decades with the main focus to understand their benefits for
human life (Kaur et al. 2013). Nanostructures available nowadays in market are
composed of commonly used materials including metal oxides (titanium, zinc and
iron). These structures are defined by chemical stability, several electrical or mag-
netic properties, and also some catalytic properties (Katz et al. 2003; Willner and
Katz 2004). These properties suggested the use of nanostructures in a various appli-
cations including food component, cosmetic products, antimicrobial agents, biosen-
sor materials, electronic components (Willner and Katz 2004).

Today it is well known that hypersaline and saline environments are the natural
or anthropic habitat of a huge number of halophilic microorganisms including bac-
teria and archaea extremophiles. These organisms represent a valuable resource of
enzymes (extremozymes) with stability in harsh conditions of pH or/and ionic
strength. Thus, their investigations as biocatalysts in the presence of novel nanoma-
terials are attractive. Several bio-molecules produced by these halophilic organisms,
i.e. enzymes, halocins (halobacterial proteins with antibiotic activities), exopoly-
saccharides etc. show biological activity in harsh conditions. Combining of these
bio-molecules with various nanomaterials like thin-layers, nanotubes, nanospheres
results in novel compounds harboring both biological properties of biomolecules
and physico-chemical characteristics of nanomaterials. The data summarized in this
work argued that some extremophiles, either bacteria or archaea should be regarded
as important subjects for novel activities and applications in correlation with new
materials and nanomaterials.
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Chapter 6
Environmental Diversity and Biological
Survivability of Halophilic Bacteria

Narayanan Rajendran

Abstract Halophiles are among the best model microbes to study cellular
adaptation. Haloferax, Haloarcula, Haloquadratum, Halobacteriales and many
other halophiles living in the Great Salt Lake can survive extremely high salt con-
centrations. Many of them cannot survive if moved from hypersaline to non-saline
habitats, and die from immediate cell lysis. The unique biological survivability of
these bacteria in the saline condition is dictated by the phylogenetic dexterity at the
given environmental constraints. Microbial adaptation has played a major role when
bacteria in all forms branched out into different environmental niches, arising from
the hypersaline conditions of the primordial sea. Their pervasive nature, created by
ever-changing environmental conditions, was acquired by microbes from millions of
years of making. The adaptation of enzymes during the course of their evolutionary
development and some metabolic differences helped them expand and achieve
environmental diversity. Metabolic processes, like osmoregulation in halotolerant
cells, dictate the regulation of the bacterial cell membrane. For example, glycerol
metabolism has been linked to osmoregulation in some halophilic microbes. Some
mechanisms behind osmoregulation in halophiles are extremely energetic since
they live in hostile environments. Pathways of such regulations, including de novo
synthesis of solutes anabolically and/or extraction of solutes environmentally,
help them to produce secondary metabolites like poly-p-hydroxyalkanoates. How
halophiles maintain high metabolic similarity to other non-saline bacteria while
showing different survivability under heavy salt stress remains an important question.
This review attempts to outline progress in our understanding of their environmental
diversity and biological survivability.
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6.1 Introduction

In recent years, modern tools and techniques have provided insight into the selection
and optimization of extremophiles for commercial uses (Tango et al. 2002). The
potential application of halophiles in bioconversion processes has emerged as a
promising field for future biofuel conversion technology (Oren 2010). The breakdown
of biomass materials to gain energy, and the cleanup of contaminated salty lands and
aqueous sites are particularly important potential uses as reported (Rodriguez-Valera
1991). The exploration of their biodiversity in extreme salty environments has
opened a new era for biotechnologists to use various techniques including genomics
and proteomics. For example, in the last 10 years genomic sequencing and proteomic
analysis have vastly expanded since the genomics studies of Halobacterium NRC-1
was first published in the year 2000 (Ng et al. 2000). Since then, the complete
genomic sequences of many halophiles and halotolerant bacteria were published,
including Haloarcula marismortui (Baliga et al. 2004), Natronomonas pharaonis
(Falb et al. 2005), Haloguadratum walsbyi (Bolhuis et al. 2006), Halomicrobium
mukohataei (Tindall et al. 2008), Halorhabdus utahensis (Bakke et al. 2009),
Halogeometricum borinquense (Malfatti et al. 2009), Haloterrigena turkmenica
(Saunders et al. 2009), and Haloferax volcanii (Hartman et al. 2010).

Halophiles are salt-loving microbes and multiply quickly in saline environments.
They are predominantly concentrated in bacterial group while some fungi (such as
Wallemia ichthyophaga) and others algae (Dunaliella salina). Among the pro-
karyotes, the domain Archaea has several extremophilic genera of halophiles, like
Haloferax, Haloarcula, Haloquadratum, Halobacteriales etc. The bacterial domain
also has halophiles like Salinibacter, but they are less common when compared to
archaea. Halophilic bacteria come in many sizes and shapes and live in variable salt
stress conditions. For example, the bacterium Thiomargarita namibiensis, found in
the ocean sediments of the continental shelf of Namibia, is the largest bacteria ever
discovered. The second largest bacterium, Epulopiscium fishelsoni, was found in
the Red Sea within the marine surgeonfish (Angert et al. 1993) (Fig. 6.1a). This

Fig. 6.1 (a, b) The largest bacterium Epulopiscium fishelsoni found in the Red Sea within the marine
surgeonfish was isolated by D. A. Angert, and reported in 1993 (a) This bacterium is a million times
larger than E. coli, as shown in the picture* as a dot, and one can see E. fishelsoni with the naked eye
(b) (Picture permission was obtained from Dr. D. Angert, Cornell University, Ithaca, New York)
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bacterium is a million times larger than E. coli, and one can see it with the naked
eye (Fig. 6.1b).

The family Halobacteriaceae, which contains 15 genera, is a member of the
domain Archaea and comprises the majority of the prokaryotic extremophiles (Oren
2002a). Due to the presence of halophiles like Salinibacter, Haloquadratum,
Halobacteriales, and Dunaliella salina, many lake and saltern habitats display a
pink or reddish color. Hence, most known halophiles such as Halobacterium,
Haloferax, Halococcus, Halorubrum, Halogeometricum, Haloterrigena and
Haloarcula have become popular models for habitat adaptation studies in the
archaeal domain. This review will focus on the exploitation of halophilic bacteria
and its environmental adaptability and biological survivability in salt stress
conditions.

6.2 Habitat and Environmental Adaptation

Microbial adaptation has played a major role in the existence of Halophiles,
especially when bacteria in all forms and shapes branched out into different
environmental niches (Rajendran et al. 2008), when they were evolving from the
hypersaline primordial sea (Dundas 1998). High salty salterns or lakes represent an
exceptional ecosystem in which several bacteria, especially halotolerants, can
survive under the high salt pressure. Halophiles can thrive not only in those small
salt water bodies such as salterns and lakes but also in large oceans and benthic
floors of the sea. Halophilic bacteria are some of the best examples of environmental
adaptation. With a heavy salt presence in the surrounding area, these microbes have
developed metabolic conditions favorable to their survival. Some may be found
within fluid inclusions in salt crystals (Norton and Grant 1988) and others produce
compatible solutes to adapt high salt-stress conditions. The requirement for sodium
chloride plays a major role in the metabolism of extremely halophilic bacteria, but
they also require magnesium. As the growth of halophiles is predominantly dictated
by the concentration of salt in the water, most moderate and slight halophilic bacteria
do not require magnesium (Grant et al. 2001).

Halophilic bacteria are more abundant than any other groups in high salt con-
ditions such as the Dead Sea (Bodaker et al. 2010), saline lakes in Inner Mongolia
(Pagaling et al. 2009), African soda lakes, and deep-sea brines (van der Wielen et al.
2005) etc. The water salinity (Fig. 6.2) for fresh water is measured as less than
0.05 %, brackish water is 0.05-3 %, saline water is 3—5 % and Brine is more than
5 % (Anati 1999). Halophilic bacteria multiply better at the temperature of 28-37 °C
with a pH range of 7.0-8.0 at 5-20 % sodium chloride concentration. Based on their
salinity habitat and extent of their halotolerance, they were grouped into extremely
(15-32 % wi/v), moderately (3—15 % w/v), and slightly (1-3 % w/v) halophilic
(Oren 2013). The slight halophiles generally prefer 0.3-0.8 M NaCl (Sodium
chloride 1.8-4.7 % — seawater is 0.6 M or 3.5 %), moderate halophiles 0.8-3.4 M
(4.7-20 %), and extreme halophiles 3.4-5.1 M (20-30 %). Some of the regular
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Salty environment and examples  Salinity in % and ppt

Fresh Water: Less than Less than
Lakes, 0.5 % 0.5 ppt
River, Streams,

Ponds

Brackish Water: |0.5-3% 0.5 - 30 ppt
Estuaries,

Mangrove lakes,
Brackish swamps

Saline Water:

Ocean, 3-5% 30 - 50 ppt
Sea,
Salt lakes
Brine Water:

- More than More than
Benthicsites, 5% 50 pot
Brine pools » PP

Fig. 6.2 Four different saline aqueous environments such as Freshwater, Brackish water, Saline
water and Brine water were pictured with examples. Their salinity contents were expressed in
percentage as well as in the traditional parts per thousand units

halophiles are halotolerant, meaning they do not require high NaCl condition, but
can grow under saline conditions (Bowers et al. 2009).

Halophiles can be aerobic or anaerobic (Ollivier et al. 1994). Their cellular
uniqueness, adaptation and survivability are dictated by the phylogenetic dexterity at
given environmental constraints. For example, the osmotic stress in the surrounding
space makes the saline water enter into the cytoplasm through the membrane and
non-halophiles may not survive under this stress. However, halophiles and halotolerant
microbes maintain turgor pressure at least equal to the ambient pressure (Mustkhimov
et al. 2010). In that case, anaerobic halophilic bacteria Haloanaerobiales, aceto-
genic anaerobes such as Halobacterioides, Sporohalobacter, and Acetohalobium
can all thrive well in those high salt water bodies. Those that maintain aerobic life
are also able to tolerate low salt pressure like Halobacteriaceae, and depend on
other forms of nutrients and become phototrophic, fermentative, sulfate-reducing,
homoacetogenic, methanogens etc. (Oren 2002a). Some show heterotrophic, photo-
trophic, photosynthetic, methenogenic or litotrophic nature. Analysis of microbial
diversity in lakes and salterns using metagenomic studies (Bodaker et al. 2010) are
useful in order to show biological adaptability and nutritional habits.
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There are many hypersaline environments found around the globe and different
types of halophilic bacteria survive in different salt stresses as presented to them
by the environment (Gunde-Cimerman et al. 2005). Within each ecosystem,
well-adapted microfloras flourish and in some cases possess unique resident micro-
biota within themselves. Some live conveniently on the surfaces of large marine
ecosystems and some in the far more complex saline systems including the various
trophic levels of ocean, deep sea, mangrove saline sites, arid, islands and coastal
area, underground salt mines and saline caves. Some reservoirs of natural salt
sources such as the Great Salt Lake (Utah), Owens Lake (CA), halite cores from
Saline Valley (CA), Thane Papke (Storrs, CT), deep-brines of the Red Sea (Antunes
et al. 2003), Xinjiang salt lake, Lake Assal in Djibouti (French Somaliland), Chinese
salt mine, Goa salterns in India, salterns of Israel, the Salar de Atacama, Chile,
Turkish salt mine, Iranian salt lakes hypersaline lake in Argentina, La Mala saltern
near Granada, salterns of Spain, Western Australian hypersaline lake (Lake O’Grady
North), Quidam Basin Quaternary sediments, Gabara in the Wadi Natrun, Egypt,
brine wells in southwestern China, The South China Sea, a Korean salt flat, Venere
Lake, Pantelleria Island Italy, the Yellow Sea, Mongolian salt and soda lakes and
south Siberian hypersaline lakes, Mexican soda environments, salted hides), benthic
floor of the Mediterranean Sea, the Gulf of Mexico, and soda lakes of the Kulunda
Steppe (Sorokin et al. 2010) are ecologically significant as they are considered rich
in halophiles.

6.3 Cellular Adaptation and Biological Survivability

Marine microorganisms and halophiles in particular play a major role in the
atmospheric oxygen stability. Halophiles perform a recycling function similar to other
diverse non-halophiles (Kastritis et al. 2007) in spite of their salt-stress cellular
adaptations. The higher rate of oxygen production comes from a significant marine
bacterium, Cyanobacterium, which predominantly occupies the surface of global
saltwater. This individual species, C. prochlorococcus is very diverse due to its
adaptability and shows 96 variations of strains sampled from southeast of Bermuda
in the Atlantic Ocean. Such distinct variable markers within a single species
indicates that this species would have originated millions of years ago and diverted
into ecologically distinct groups because of the genomic diversity with hyper-
variable genes (Kashtan 2014). Others, like Haloferax, Haloarcula, Haloquadratum,
Halobacteriales and many more can survive extremely high salt concentrations and
also produce a high rate of oxygen.

Many halophiles cannot show optimal growth if moved from hypersaline to
less-saline habitats (Mustkhimov et al. 2010). During the course of evolutionary
development in several millions of years, the enzymes and other biomolecules of
halotolerant microbes have been modified to function efficiently at high intracellular
salt concentrations. Hence they may die from immediate lysis of cell if the salt
conditions are changed drastically. For example, in Haloarcula marismortui, the
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behavior of membrane proteins is highly active in high-salt environments in support
of ribosome and molecular adaptations of malate dehydrogenase and other enzymes
(Madern et al. 2000). The acidic surface of the macromolecule allows protein-salt
interactions that avoid water or salt enrichment at the surface of the protein and
preserve its solubility (Ebel and Zaccai 2004). In a situation where the concentra-
tion of salinity increases, the number of diversified groups of halotolerant bacteria
living in the vicinity of such hypersalinity conditions decreases. Since high salinity
represents an extreme condition, relatively few microbes can survive in those
conditions (Gunde-Cimmerman et al. 2005). Even if the rate of salinity is inconsistent
in the aqueous environment, they can often survive due to their defensive mechanisms
in order to prevent a desiccation type of dehydration.

The osmosis process is the most common method of preventing water loss among
halophiles in a hypersaline stress condition (Mustkhimove et al. 2010). In this way,
organic compounds known as osmoprotectants or compatible solutes such as
amino acids, sugars, ectoines, betaines etc. are accumulated in the cytoplasm to
prevent the desiccation. Some groups of halophiles such as Salinibacter ruber of the
Halanerobiales group adopt another mechanism, using an influx of potassium ions
into cytoplasm. Both mechanisms increase the internal osmo-regularity condition of
the microbial cell. Such adaptation of cells helps most halophiles to sustain their
viability in their native high salt conditions. If they were removed and left in a fresh-
water environment, their cells often burst and may not survive due to the change of
osmotic pressure. The osmoregulatory mechanism with the help of osmoprotectant
or compatible solutes is the most adapted cellular mechanism from an evolutionary
point of view. Compared to the mechanism of K* ion influx into the cytoplasm, the
compatible solute mechanism helps halophiles gain more ATPs for other uses. More
structural protein molecules are needed in the mechanism of influx of K* ions into
the cytoplasm. Since the compatible solutes often act as high salt stress protectants,
most halophiles follow this method of osmoregulation (Santos et al. 2002).

6.4 Pathways of Regulation and Evolutionary Adaptability

The ubiquitous nature of halophiles in the salty environment was acquired by
microbes from millions of years of making. It occurred due to the ever-changing
environmental conditions due to the climate variations and is dictated by the regu-
lation of the bacterial cell membrane like osmoregulation in hypersaline natural
habitats. Some mechanisms behind osmoregulation in halophiles are extremely
energetic (Saum and Miiller 2008), and adaptation of enzymes during the course of
their evolutionary development, made some differences in environmental diversity
(McGenity et al. 2000), and helped halophilic cells to develop a metabolic variation.
In order to adapt to stress and damage to proteins, halophiles possess more acidic
residues especially glutamate (Kuntz 1971). Glutamate has a water binding nature
higher than any other amino acid (Saenger 1987). Such evolutionary development
helps halophiles to adapt to the salt stress by binding more compactly with water
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molecules (Lanyi 1974; Bolhuis et al. 2008). Beyond this, extreme halophiles have
increased the number of acidic glutamic and aspartic acids (Kennedy et al. 2001),
and charged amino acids (Fukuchi et al. 2003) on the surface of active proteins
(Tadeo et al. 2009). Since glutamate residues have a superior water binding capacity
over all other amino acids, they are generally found in excess on the surface of
halophilic proteins.

The catabolic ability of a microbe depends on the environment (Hough and
Danson 1999) where it tries to survive, by overcoming the chemical rejections or
autointoxication. For example, Thermus aquaticus is a bacterium that lives in hot
springs and hydrothermal vents, and Taq polymerase was identified (Chien et al.
1976) as an enzyme able to withstand the protein-denaturing conditions (high
temperature) required during PCR (Saiki 1988). In salty conditions extremophiles
develop evolutionary variations to have specific hyperenzymatic reactions against
given substrates such as highly concentrated sodium chloride. Such ability leads
extremophiles to competitively survive better than any other group of microbes in a
saltwater body, such as the ocean. Since one third of the biosphere is covered with
salty water, it is obvious that halophiles are a dominant group (Gomes and Steiner
2004). Protein hydration needs free water molecules, but in the ocean, water mole-
cules are sequestered in hydrated ionic structures (Danson and Hough 1997). The
evolutionary adaptation of halophilic cells to high concentrated salt condition
depends on the ability of the catalytic protein dehydrogenase (Britton et al. 2006) or
synthetase which they harbor. Such enzymes provide a cover to halophiles or an
ability to adapt the influx of salt to regulate the osmotic pressure (DasSarma et al.
2010). The three dimensional structural features of the family of halophilic proteins
(Frolow et al. 1996), and their functional stabilities against salt stress supports their
survivability (Dym et al. 1995)

6.5 Exploitation of Halophilic Bacteria

6.5.1 Secondary Metabolic Products

Moderate halophiles accumulate high cytoplasmic concentrations of organic
compounds to cope with the osmotic stress and to maintain positive turgor pressure
(Graf et al. 2008). The natural ability of halophiles to produce and accumulate high
concentrations of these low-molecular-weight compounds makes moderate halo-
philes useful for the biotechnological production of these osmolytes (Santos and da
Costa 2002) Some these compatible solutes, especially glycine, betaine and ectoines
have gained considerable attention in the recent past. They are good stabilizers of
enzymes, nucleic acids, membranes and whole cells (Louis et al. 1994). They are
used as stress protectants against high salinity, thermal denaturation, desiccation,
and freezing. The industrial uses of these compounds in enzyme technology
are used in biosensors and PCR technologies as well as in pharmaceuticals and
cosmetics (Vendosa 1995). Salt labile enzymes such as lactate dehydrogenase



180 N. Rajendran

and phosphofructokinase can be protected by using several compatible solutes
such as betaine, trehalose, glycerol, glycine proline, ectoines and hydroxyectoine
(Louis et al. 1994). Ectoine is as an active ingredient for many epidermal applica-
tions. This medically exploitable product commercially manufactured by a German
company BitopAG from Halomonas elongata is one the most successful bacterial
resources for Ectoine (Graf et al. 2008). Currently ectoine becomes part of
compounding industries in medicinal product preparations (Graf et al. 2008).
The derivatives of ectoine are used in Microarray and PCR technology as bio-
molecular protectants (Schnoor et al. 2004). Many of them were used as building
blocks for some pharmaceuticals. Novel antibiotics were isolated from Halophilic
Actinomycetes. Nocardiopsis, Saccharomonospora, and Streptomonospora were
also tested in the context of cytotoxic effect against a range of cancer cell lines.

Some commercially significant products are obtained from halophiles such as
B-carotene from Dunaliella, bacteriorhodopsin from Halobacterium, and ectoine
from Halomonas (Oren 2010). For example, Halomonas elongata is used to produce
ectoine, the active ingredient of many cosmetics and skin care products. Ectoine and
hydroxyectoine biosynthesis is widely found in halophilic and halotolerant micro-
organisms, and can only be produced biologically. The production of ectoine for
industrial purposes by using H. halodenitrificans is known since 1996. The halophilic
cells were grown in an anaerobic fed-batch fermentation process, in a synthetic
medium at high concentration with glycerol as the carbon source. Once the cell
density reached a certain threshold, ectoine was extracted by “bacterial milking”,
a process previously developed for Holomonas elongata, in which an osmotic
down-shock applied from 10 to 2 % NaCl, results in excretion of about 80 % of the
intracellular ectoine to the surrounding medium (Van-Thuoc et al. 2010). Subsequent
exposure of the cells to a hyperosmotic shock from 2 to 10 % NaCl restored the
original level of ectoine in a period of 10 h. Thus, a yield of 2 g ectoine per liter of
medium per day was obtained. Ectoine and hydroxyectoine can also be produced by
the Gram-positive moderate halophiles like Marinococcus strain M52. A maximum
yield of 35.3 g/l cell dry weight was achieved as reported (Frings et al. 1995). The
use of a dialysis reactor, in which cells were grown in an inner chamber fed with fish
peptone and glucose, resulted in a dramatic increase in yield up to 132 g of cell dry
weight with about 20 % hydroxyectoine obtained (Krahe et al. 1996). Another
organism used for the production of ectoine is the actinomycetes Nocardiopsis
lucentensis A5-1 (Yassin et al. 1993), isolated from a saline soil near Alicante, Spain
(Lippert and Galinski 1992).

Halophiles, while surviving under high salt stress, can also produce secondary
metabolites like poly-fB-hydroxyalkanoates or bioplastics, halophilic enzymes, and
biofuel. Some halophilic bacteria such as Halomonas boliviensis and members of
genus Haloferax produce poly-p-hydroxyalkanoates commonly known as bio-
plastic (Quillaguaman et al. 2010). Many useful enzymes obtained commercially
from halophilic microbes such as Salinibacter are applied in the detergent and the
textile industries. Some enzymes such as proteases, cellulases, lipases, amylases,
and mannanases are produced from various halophiles (Min et al. 1993) including
but not limited to the group of Haloarchaea. A novel halophilic dehydrogenase was
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created using site directed mutagenesis from Halobacterium salinarum glutamate
dehydrogenase (GDH). Due to their high salt and heat tolerance ability, some of
them such as Haloferax volcanii (Large et al. 2007), are used as industrial bio-
catalysts and production of alcohol from ketones. Some halophiles like Alcanivorax
dieselolei, Marinobacter and Halomonas sp., are able to degrade various polyaro-
matic hydrocarbons (Fig. 6.2). Another process in which halophiles may contribute
in the future is the production of biofuel. Some halophilic bacteria have shown
that they can break down cellulosic biomass via fermentation. The yield of ethanol
and hydrogen could be a good source of biofuel, which opens up a new line of com-
mercial uses for halophiles.

In recent years the poly-B-hydroxyalkanoate-based bioplastics has stimulated
higher expectations for biotechnologists as ingredients for many house-hold
products. Such biodegradable polymers are produced from Halomonas boliviensis
(Quillaguaman et al. 2010). A successful attempt was made by mixing the bio-
polymer from H. boliviensis and the compatible solute ectoine from H. elongata
with hydroxyectoine to gain a synthetic high-value product (Van-Thuoc 2010).
A commercial halophilic strain of Haloferax was used to produce Tirel, a bioplastic
product by Metabolix. The genus Haloferax (H. volcanii and H. mediterranei) was
tested (Han et al. 2009) for its polyhydroxyalkanoate (PHA), and Haloarcula
hispanica was also compared (Lu et al. 2008) for its poly (3-hydroxybutyrate-co-
3-hydroxyvalerate) synthase.

6.5.2 Halophilic Remediation

Biological remediation is well known for its ability to take up and concentrate
contaminants in the biological tissues without destroying the environment. Microbial
remediation in particular has been developed from a conceptual methodology to a
viable technology for contaminant clean-up (Rajendran et al. 2013). The potential
applications of halophiles as remediators of toxic chemicals and biological wastes
were studied well in the past (Ventosa and Nieto 1995). The halophiles are relatively
less exploited and applied in the commercial sectors, compared to other extremo-
philes with the notable exceptions of p-carotene, bacteriorhodopsin, and ectoine
(Oren 2010). Some of those commercially successful products from halophiles are
employed as surfactants in olive oil industries to recover hypersaline waste brines,
and some were used in fur-curing leather industries. The halophilic bacteria
can be used to remove phosphate from saline environments and it is known to be a
cost-effective method (Ramos-Coremzama et al. 1991).

Many toxicants persist hundreds of years in large and small bodies of water such
as seas and lakes not only because of natural disasters but also due to man-made
wastes. These wastes can arise from smelter and mining sites, manufactured gas
plants, ammunition factories, run-over contaminants from fertilized farmland, sludge
from agriculture, and pollutants from industrial and municipal waste-dumping
grounds. These wastes are now reaching the oceans (Rajendran et al. 2008).
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Many chemical contaminants, especially hydrocarbon-based petroleum contami-
nants, are very problematic for the environment (Schwab et al. 1999). Remediation
of such contaminants from the land and aqueous sites, using non halophiles, is a
very difficult and slow process. Only 25 % of petroleum-contaminated land sites
were being bioremediated using Pseudomonas (Holden et al. 2002). Beyond this,
using those microbes in high salt environments is difficult due the effect of salt on
the cell membrane and for other metabolic reasons. The application of halophiles as
remediator in petroleum and other contaminants land and aqueous environment
will have an impact on cleaning up our chemical toxic sites and will become
increasingly important in the cleanup of aquifers and large plumes.

In halophilic remediation process, toxic heavy metals and organic pollutants are
the major targets for a potential remediation (Roberts 1987). Many chemicals like
polycyclic aromatic hydrocarbon (PAH) cause many health problems (Pradhan
et al. 1998). Enhancement of PAH dissipation in soil and aqueous environment is
often suggested to be a result of human impact. For example, PAHs is one of the
dominant contaminants found in the superfund sites and resources conservation and
recovery act (RCRA) sites (Kevein et al. 2006). One of the methods that can be
effectively applied for cleaning-up many toxicants like PAHs is using microbes.
Other major toxic chemicals and its species are Polychlorinated biphenyls,
Chlorinated benzoic acid, Mercury (Hg), Hexachlorobiphenyl, 2,4,6-trinitrotoluene
(TNT), Naphthalene, Pyrene, Chloroacetamide herbicides, Benzo(a)pyrene,
3,34 ,4-tetra chloroazobenzene (TCAB), Arsenic (As), metals such as Nickel (Ni),
Zinc (Zn), Copper (Cu), Rubidium (Rb), Cesium (Cs), Manganese (Mn), Iron (Fe),
Selenium (Se), Chromium (Cr), Cadmium (Cd), Lead (Pb), or radioactive isotopes
such as Uranium, Cesium-137, Strontium or Cobalt (Rajendran et al. 2013).

Microbial species uptake, metabolize and accumulate toxic chemicals and
metals. Environmental cleaning of such chemical contaminants by bacteria is varied
from bacterial species to species, and based on the chemical contaminant in question.
Some species act as powerful remediators of the primary chemical contaminants
but others remediate only the chemical species of the primary contaminants.
For example, uptake of Selenium, Trichloroethylene (TCE) Tetrachloroethylene
(PCE) and its speciation such as Trichloroethanol, and Trichloroacetic acid
as well as Nitroaromatic compounds such as Aminodinitrotoluene (ADNT),
Diaminonitrotoluene (DANT), Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and
Octahydro-1,3,5,7-tetranitro-1,3,5,7,-tetraazocine (HMX), Brominated compounds
such as Ethylene dibromide, 2,4,5-Trichlorophenoxyacitic acid (2,4,5-T), Carbon
Tetrachloride and Tetrachloroethlene, and Dibromochloropropane as well as
nonhalogenated compounds such as methyl-t-butyl ether (MTBE) are significantly
present in many contaminated sites and aquifers (Rajendran et al. 2013).

Many bacteria can be directly used to remediate toxic wastes including PCBs
(Roberts 1987). As the result, the accumulated biomass, similar to that of
“commercial ore” can be recycled. It can also be decomposed into manure or
disposed-off into a traditional landfill (Rajendran et al. 2008). The association of
halophilic microbes and toxic contaminants (Table 6.1) therefore offer a viable
means of accomplishing the remediation of contaminated aquifer and other sites
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Table 6.1 Halophilic remediators mentioned here are associated with remediation of benzene,
toluene, phenolics and various other chemical toxicant groups such as aliphatic hydrocarbon
(Example: Octane, Pristane), polycyclic aromatic hydrocarbons (Example: Naphthalene,

Anthracene), as given

Toxicants” Remediator-halophiles
Acenaphthene Actinopolyspora sp. DPD1 Halomonas sp. strain C2SS100
Anthracene Alcanivorax sp. Otet3 Halomonas sp. strain IMPC
Benzene Arhodomonas sp. strain Halorubrum ezzemoufense,
Rozel
Benzoate Arhodomonas sp strain Marinobacter aquaeolei
Seminole
Biphenyl Atcanivorax sp. HA03 Marinobacter falvimaris Marinobacter

Cinnamic acid

Candida tropical

hydrocarbonoclasticus

Marinobacter lipolyticus Marinobacter
nanhaiticus

Eicosane Chromohalobacrer sp. Marinobacter sedimentalis
strain HS-2

Ethylbenzene Haloarcula hispanica Marinobacter vinifirmus,

Fluorene Haloarcula vallismortis Modicisalibacter tunisiensis

Heneicosane
Heptadecane
4-Hydroxybenzoate

Haloarcula sp. strain 01
Halobacterium piscisalsi,
Halobacterium salinarium,

Planococcus sp. strain ZD22
Pseudomonas sp. C-450R
Salinicoccus roseus

Gentisate Haloferax sp.01227 Thelassobacillus devorans
Naphthalene Halomonas alimentaria

Octadecane Halomonas campisalis

Pentacosane Halomonas elongata

Phenanthrene Halomonas eurihalina

Phenol Halomonas glaciei

Phenyl propionic acid
Phthalate

Phytane

Pristane

Pyrene

Salicylate
Tetracosane

Toluene

Xylene

Halomonas halodurans
Halomonas halophil
Halomonas organivorans
Halomonas salina
Halomonas venusta

The references for respective halophilic remediator and its target hydrocarbon contaminant were
given adequately by Fathepure (2014)

like deep hypersaline anoxic basins (van der Wielen 2005). Such bioremediation
processes have many advantages over physical and chemical means of remediation
at the open surface of ocean and other large bodies of water such as lakes. They are
environmentally safe (Philip et al. 2005), biologically feasible, and economically
cheaper to remove contaminants from the crude oil wastes and oil spillage or a
variety of other contaminants such as pesticides, solvents. At high risk sites of
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contaminants and benthic zones, halophilic remediation can be used as supportive
method to remove contaminants (Ramos-Cormenzana 1991). Because of the ability
of specific halophiles which can reach specific depths and clean-up the last remains
of contaminants trapped in the benthic floor halophilic remediation could become a
truly viable option.

6.6 Future Application of Halophiles

Problems of chemical contamination and its salvage will continue because of the
continuous use of the metals, chemicals and its derivatives in our everyday life in one
way or other. The tremendous use of chemicals today will have a profound effect on
the environment tomorrow. Due to the synergistic chemical effect on public health
(Barbosa et al. 1998), which poses a significant threat to our economy, application
of halophilic microbes or its products will dictate the alternative approaches to solve
such emerging risks. The other future application of halophiles is the use of halo-
tolerant bacteria in breakdown of biomass materials to gain the energy in the form of
ethanol as biofuel (Tango and Islam 2002). The current progress towards achieving
an outcome-based approach as studied by many marine microbiologists to replace
fresh-water algae expected to reduce high consumption of fresh water (as in the
case of fresh-water algae) and to speed up the entire biofuel conversion process
(Fathepure 2014). Diverting the established algal conversion technologies and
accessory approaches towards halophilic bacterial biofuel conversion will not only
reduce energy consumption for quick recovery of products but also offer a cost-
effective way for making commercial products. The commercial success of ectoine
(Bestvater et al. 2008) achieved through the biotechnology and genetic engineering
synthesis has opened an array of products from halophiles to be commercialized using
fermentation technology. Cloning of ectoine genes made it possible so that 1 day salt
tolerance genes could be cloned in stable foods such wheat to make them grow in
salty soils or use sea water to grow rice in paddy fields (Min-Yu et al. 1993).

6.7 Conclusion

Halophilic bacteria and their abilities to survive in the extreme salt condition have
stretched our understanding not only of how metabolic processes played crucial roles
in survivability but also in the intermediate processes involved in the evolutionary
adaptability. The current proteomic and genomic studies on the stability, structural
and functional analysis aided by modern molecular and genetic engineering
approaches paved a way for scientists to develop a family of enzymes and products
from Halophiles for commercial purposes. However, how halophiles maintain high
metabolic similarities to other non-hypersaline bacteria, but show different sur-
vivability under heavy salt stress, remains an important question to be further studied.
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Chapter 7
Investigating the Quorum Sensing System
in Halophilic Bacteria

Tommonaro Giuseppina, Abbamondi Gennaro Roberto, Toksoy Oner Ebru,
and Nicolaus Barbara

Abstract Halophiles are organisms that inhabit hypersaline environments and
require hypersaline conditions to grow (from 2-5 % NaCl up to above 20-30 %
NaCl). Halophiles are mostly prokaryotes, which are able to thrive in such harsh
conditions because of their capability to balance the osmotic pressure of the envi-
ronment through different mechanisms. Bacteria mainly produce high concentra-
tions of compatible solutes, small water-soluble organic molecules, which do not
interfere with cell metabolism (amino acids and their derivatives, sugar and poly-
ols). Archaea and some halophilic anaerobic bacteria accumulate high concentra-
tion of salts intracellularly (KCl). Halophilic bacteria produce biomolecules with
great potential for biotechnology: exopolysaccharides, compatible solutes (which
can be used as stabilizers of biomolecules) and stable enzymes (with potential use
as biocatalysts). Quorum sensing (QS) could influence the production of these bio-
molecules, thus a better understanding of halophilic bacterial communication mech-
anisms can help to improve the yields of these biotechnological processes. QS
contributes to environmental adaptation via different models, by inducing the
expression of genes that are required for the well-being of the organisms in a given
milieu. To date, different kinds of autoinducers were detected in halophilic microor-
ganisms (diketopiperazines, N-Acyl homoserine lactones, autoinducer-2), but the
role of QS in this group of extremophiles needs to be elucidated yet. This chapter
presents the recent advances in our understanding of bacterial intercommunication
systems in halophilic bacteria.
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7.1 Introduction

Quorum sensing (QS) is the term adopted to describe the mechanism by which
microbial communities coordinate gene expression at high cell density. It was
observed for the first time by Nealson et al. in 1970. They investigated the biolumi-
nescence production in the Photobacterium fischeri strain MAYV, then reclassified as
Aliivibrio fischeri (Urbanczyk et al. 2007), a marine bacterium associated with the
Hawaiian bobtail squid Euprymna scolopes. They observed that the appearance of
luminescence started during the exponential phase of growth, while it was repressed
or inactive in freshly inoculated cultures. On the base of the experimental results,
they concluded that the key step of the control of bioluminescence production in A.
fischeri was the transcription of luciferase gene (or operon). The authors could not
determine if it was a negative or positive control, but they described the phenome-
non by which the synthesis of luciferase was activated at high cell density as “auto-
induction” (Nealson et al. 1970). Further studies focused on the understanding of
this communication system, starting from the chemical characterization of the auto-
inducer responsible for the activation of bacterial luciferase synthesis. The cell-free
medium of A. fischeri cultures was extracted with ethyl acetate, then the extract was
purified by means of chromatographic techniques and chemically characterized by
high-resolution 'H nuclear magnetic resonance spectroscopy, infrared spectroscopy,
and high-resolution mass spectrometry data. The structure was determined as N-(3-
oxohexanoyl) homoserine lactone (3-oxo-C6-HSL) (Eberhard et al. 1981). The
term “Quorum Sensing” (QS) was adopted for the first time by Fuqua et al. in 1994
to describe that kind of cell-to-cell communication mechanism. Bacteria synthesize
small diffusible compounds (termed “autoinducer”) and release them in the sur-
rounding environment where they accumulate. When the concentration of these
substances reaches a critical threshold, the bacterial communities “sense” the
reached “quorum” and co-ordinate gene expression and subsequent phenotypic out-
comes (Fuqua et al. 1994). Since the discovery of QS, different QS mechanisms
were described within the three domains of life: Bacteria, Archaea and Eukaryota.
Focusing on microbial communication, it is possible to generalize that in Gram-
negative bacteria, the signalling system is mainly based on N-acyl homoserine lac-
tones (AHL), while in Gram-positive bacteria, QS is mainly mediated by peptides
(Figs. 7.1 and 7.2) The AHL-dependent QS-system, also known as autoinducer-1
(AI-1), is the most known and studied. It is based on two crucial genes: lux/ and
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Fig. 7.1 General chemical structure of Acyl Homoserine Lactones (AHLSs)
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luxR. The transcription of luxI and its homologues leads to the synthesis of the auto-
inducers (acylated homoserine lactones); LuxR and its homologues are the signal
receptors, they are responsible for the detection of AHLs and they modulate the
expression of the target genes as transcription factors. The QS-dependent target
genes often incorporate those required for the synthesis of the autoinducers, thus
this system provide an auto-regulatory mechanism for amplifying signal molecule
production (Williams et al. 2007). AHLs have the same central ring structure
(homoserine lactone), but they differ in the side-chain. The acyl chain may vary in
length and possess oxo or hydroxyl groups, and this variety allows AHLS to be spe-
cies specific. Gram-negative bacteria can also employ 2-alkyl-4-quinolones (AQs),
long-chain fatty acids, fatty acid methyl esters and autoinducer-2 (AI-2) (Atkinson
and Williams 2009). AI-2 QS system is also utilized by some Gram-positive bacteria
and it is dependent on furanosyl borate diesters. Contrary to AHLs, whose structure
can considerably vary, in AI-2 QS-systems, the chemical products of the signal syn-
thase (LuxS) are the same in all AI-2-producing bacteria, but products detected by
the signal receptor (LuxP) can differ, e.g. S-2-methyl-2,3,3,4-tetrahydroxytetrahydr
ofuranborate (S-THMF-borate) or R-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran
(R-THMF) (Fig. 7.2). Unravelling the role of AI-2 in bacterial Kingdom is compli-
cated, because of the dual role that it plays as signal molecule and in metabolic
pathway. The [uxS gene, in fact, is part of an operon that encodes enzymes involved
in the activated methyl cycle (AMC) (Pereira et al. 2013). AMC is an important
metabolic pathway for the recycling of S-adenosylmethionine (SAM), and it is
interesting that it is also a common substrate for the synthesis of different autoin-
ducers, not only AI-2 but also AHLs and CAI (cholerae Al-1) (Tang and Zhang
2014). Physiological activities related to QS systems are various and include bio-
film development, virulence expression, plasmid conjugation, motility, growth inhi-
bition, etc., that are associated with a variety of vital functions which sustain life
(Williams 2007). The expression of these QS-dependent phenotypic outcomes con-
tributes to environmental adaptation in different models (such as bacteria found in
the rhizosphere) (Joint et al. 2007). It is possible to speculate that autoinducers may
control the expression of genes that are required for the well-being of organisms in
extreme conditions, in particular, QS could be involved in the strategy evolved by
Bacteria and Archaea to thrive in hypersaline environments. The diversity of life in
extreme environments is surprising. The term “extreme” refers to habitat in which
physical or chemical parameters are prohibitive for the majority of the organisms,
such as temperature, pH, salt concentration and hydrostatic pressure. Within this
group, halophiles are distinguished by their adaptation to hypersaline conditions,
that are environments in which salt concentrations are in excess of sea water (from
2-5 % NaCl up to above 20-30 % NaCl). This kind of microorganisms actually
require high salt concentrations for growth. A clear distinction must be made
between thalassohaline and athalassohaline environments. In thalassohaline habitat,
the hypersaline milieu is generated by the evaporation of sea water, thus sodium
chloride is found to be the most abundant salt and the proportion between the salt
composition is comparable to the one of sea water. There are many similarities
between the communities of moderately halophilic bacteria that inhabit
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thalassohaline hypersaline environments and the ones present in seawater. Different
marine aerobic heterotrophic bacteria could in fact grow at a NaCl concentration of
up to 20 % (in some cases also at 30 % NaCl). On the contrary, in athalassohaline
environments sea water salt composition is not kept (DasSarma and Priya 2012).
Dead Sea is an example of athalassohaline in which a higher concentration of diva-
lent cations (Mg>* and Ca®*) compared to monovalent cations (Na* and K*) was
found. A nonmarine proportion can be also generated by the precipitation of NaCl,
and the consequent concentration of potassium and magnesium salts. Ventosa et al.
(1998) divided the environments in which moderately halophilic bacteria thrive in
five categories: salt lakes and brines; saline soils; cold saline habitats; alkaline saline
habitats; salted fish, meat, and other foods; unusual habitats (such as desert plants
and desert animals). Prokaryotes are the most abundant constituents of halophiles.
Every living cell is subject to the availability of liquid water as solvent for metabolic
reactions, thus halophiles evolved different strategies to adapt to such harsh condi-
tions. Halophilic bacteria can thrive in hypersaline habitat because of their capabil-
ity to balance the osmotic pressure of the environment through different mechanisms.
Bacteria mainly produce high concentrations of compatible solutes, small water-
soluble organic molecules which do not interfere with cell metabolism (amino acids
and their derivatives, sugar and polyols). Archaea and some halophilic anaerobic
bacteria accumulate high concentration of salts intracellularly (KCl) (Saum and
Miiller 2008). Only one group of bacteria adopted this “salt-in” strategy, the order
Halanaerobiales, that are fermentative and homoacetonic anaerobes. Otherwise, the
main strategy adopted by bacteria is to accumulate organic solutes, keeping their
cytoplasm at least isoosmotic with the hypersaline milie. The most common organic
solutes synthesized or only accumulated from the medium by halophiles are ectoine
and glycine betaine, with the cyclic amino acid derivatives ectoine and hydroxyec-
toine found to be the most abundant in the domain Bacteria (Oren 2008).

7.2  Quorum Sensing in Halophilic Bacteria

Halophilic bacteria are salt-loving microorganisms, able to thrive in habitats char-
acterized by high salt concentrations. This condition is often correlated with high
pH, some halophiles can in fact survive at a pH level of >9 (alkaliphiles). There are
also examples of halophilic bacteria that are able to thrive at high temperatures
(thermophiles) (Montgomery et al. 2013). It is known that QS plays a role in the
processes involved in bacterial adaptation and growth in complex environmental
niches. As an example, the surfaces and the internal spaces of marine sponges are a
unique niche for the isolation of diverse bacteria and fungi. Abbamondi et al. (2014)
described the detection of signal molecules belonging to the class of diketopipera-
zines (cyclic dipeptides) in different bacteria isolated from marine sponges. Vibrio
sp. and Pseudoalteromonas sp., associated with the same sponge (Dysidea avara),
showed contrasting responses respectively as activator/inhibitor of cell-to-cell com-
munication mechanism in specific QS-biosensors. This finding led them to
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speculate that QS can play a role in the mutual control on the growth of different
microorganisms in the same host (Abbamondi et al. 2014). Acidithiobacillus ferro-
oxidans is an extremely acidophilic bacterium, capable to resist at high concentra-
tions of Cu?* that can cause serious damage to cells. The effect of
(5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone (FUR) on the Cu?* resistance
of A. ferrooxidans was investigated and results showed a dose dependent inhibition
of Cu?* resistance by FUR, starting from a concentration of 0,01 pg ml-'. The role
of QS in heavy metal resistance needs further investigation, but the collected data
suggest that QS signal system might be implicated in Cu** resistance mechanism
(Wenbin et al. 2011). The human body can also be considered as an “extreme envi-
ronment”, because of the wide range of acidic, oxic and anoxic conditions.
Helicobacter pylori is a Gram-negative pathogen of the human stomach that causes
gastritis, peptic ulcer disease, gastric adenocarcinoma, and low-grade gastric lym-
phoma. In this model, the regulation of flagella gene transcription, and consequently
normal levels of motility essential for the infection, is regulated by AI-2 signaling
(Rader et al. 2007). Therefore, it is possible to speculate that the autoinducers may
control the expression of genes that are required for the well-being of the organisms
in extreme conditions, in particular QS could be involved in the strategy evolved by
halophilic bacteria to thrive in hypersaline environments. Five bacterial strains
(genera Marinobacter and Halomonas) and one Archaea strain (Haloterrigena)
were isolated from an hypersaline cyanobacterial mat, desert wadi in south eastern
Oman. The strains were tested for their ability to synthesize bioactive compounds,
potentially relevant for biotechnological use as antifouling agents. Different studies
confirm that compounds with Quorum Quenching (strategies employed by various
bacteria and fungi to degrade acylated homoserine lactones and other lactone-
containing compounds) activity can be used as antifouling agents. Ethyl acetate
extracts of total hypersaline mats inhibited QS in Agrobacterium tumefaciens NTL4
(pZLR4) and S. enterica S235. Four DKPs were isolated from Marinobacter sp.
(SK-3): cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-Leu), cyclo(L-Pro-L-isoLeu) and
cyclo(L-Pro-D-Phe). Cyclo(L-Pro-L-Leu) and cyclo(L-Pro-L-isoLeu) inhibited QS
violacein production in CV-017; cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-Leu) and
cyclo(L-Pro-L-isoLeu) inhibited bioluminescense production in E. coli pSB401
reporter (Abed et al. 2013). AHL-QS system is widespread within Halomonadaceae.
Forty-three strains of that family were analysed for their ability to activate QS in A.
tumefaciens NTL4 (pZLR4) that is sensitive to AHLs with medium-to-long acyl
chains. All the analysed strains activated NTL4 bioreporter. Further analysis by
PCR and DNA sequencing approaches demonstrated that most of the studied spe-
cies contained a LuxI homolog. TLC-overlay test showed that the most predominant
AHL molecule was C4-HLS. The chemical characterization of C,-HLS was con-
firmed in Halomonas anticariensis FP35T by means chromatography/mass spec-
trometry (GM/MS) and electrospray ionization tandem mass spectrometry (ESI
MS/MS) (Tahrioui et al. 2013b). AHL production by moderately halophilic bacteria
was described for the first time by Llamas et al. in 2005. In that study, a growth-
phase dependent N-acyl homoserine lactones production was observed in the
Halomonas species (H. maura, H. eurihalina, H. ventosae and H. anticariensis).
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The analogous growth-phase dependent exopolysaccharide production led the
research group to hypothesize that EPS synthesis could be regulated by AHL-based
QS. Four AHLs were isolated from H. anticariens FP357, and identified by means
GM/MS and ESI MS/MS: N-butanoyl homoserine lactone (C,- HLS), N-exanoyl
homoserine lactone (C¢- HLS), N-octanoyl homoserine lactone (Cg- HLS) and
N-dodecanoyl homoserine lactone (C,,- HLS). Actually, an increase of EPS produc-
tion was observed in the culture of the analysed strains supplemented with exoge-
nous AHLs (Llamas et al. 2005). A deeply investigation of AHL-QS system in H.
anticariens FP35T was performed by the same group in 2011. They described a
system composed of [uxR/luxI homologues: hanR (the putative transcriptional regu-
lator gene) and hanl (the AHL synthase gene) (Tahrioui et al. 2011). The draft
genome sequence of H. anticariens FP35T was then deposited at DDBJ/EMBL/
GenBank as a starting point for further studies to investigate the role of QS-regulatory
system in the adaptation to hypersaline environments (Tahrioui et al. 2013a).
Production of autoinducer-2 (AI-2) was detected in the moderately halophilic bac-
terium Halobacillus halophilus. H. halophilus carries a homologue of LuxS that is
upregulated by the chloride concentration, but its production is also regulated by
salinity and growth phase. LuxS is involved in the activated methyl cycle, and one
of the products of the LuxS-catalyzed reaction leads to AI-2 production. In this
study, the authors suggested a potential role of QS in salt precipitation (chloride
regulon) (Sewald et al. 2007). Halomonas pacifica and Marinobacter hydrocar-
bonoclasticus can cause serious environmental problems through their vital roles in
microfouling processes. These two halophilic marine microorganisms produce sig-
nificant amounts of AI-2 activity at early exponential to stationary phases. Liquiat
et al. investigated the effect of QS inhibitors (QSI) on biofilm formation. Penicillic
acid and patulin inhibited AI-2 based QS in H. pacifica, but additional research is
needed to elucidate the implication of QS in biofilm formation in marine isolates
(Liaqat et al. 2014). Vibrio vulnificus molecular communication system was deeply
investigated over the past 10 years. This halophilic bacterium is a marine pathogen
that causes human diseases such as fatal septicaemia and necrotizing wound infec-
tions. A screening of signal molecules production by V. vulnificus was at first per-
formed by Kim et al. in 2003. They observed AI-2 production and identified the
gene responsible for its synthesis ({uxSy,). The maximal AI-2 activity was detected
during mid-exponential to early stationary growth phase that is the same growth
rage in which the production of haemolysin was detected. After the early stationary
phase, a metalloprotease begins to be produced. These observations lead the authors
to speculate a possible role of QS in the co-ordination of haemolysin/protease
expression. A [uxSy, mutation that resulted in the loss of AI-2 synthesis, caused a
decrease in protease level and an increase in haemolysin synthesis. On the basis of
these results they suggested that the virulence expression in V. Vulnificus was regu-
lated by an AI-2 based QS system (Kim et al. 2003). Iron availability is a crucial
factor in the pathogenicity of many bacteria and it is frequently involved in the
expression of virulence-associated properties. Pathogens can counteract iron-
limited conditions by the synthesis of high iron affinity compounds such as sidero-
phores. These compounds transport iron across the cell envelope and release it once
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inside the cell, in this way iron becomes available for utilization by the cell.
Siderophores production is one of the most important virulence factors in an infec-
tion. V. vulnificus produces vulnibactin (a phenolate-type siderophore), and its bio-
synthesis is regulated by QS. Genes vvsA and vvsB are co-transcribed and are
involved in the production of vulnibactin. Wen et al. (2012) identified smcR as the
main regulatory protein for QS signalling in V. vulnificus, repressing vvsAB tran-
scription. They suggested that this mechanism could have a role in the management
of bacterial metabolic economy. It is clear that at high cell density, bacterial growth
is slowed, thus iron (and consequently siderophores) are not required (Wen et al.
2012). V. vulnificus virulence is mainly due to the two protein toxins that it secretes:
a metalloprotease (gene vvpE) and a cytolysin (gene vwpA). The synthesis of these
virulence factors is regulated by QS through small diffusible signal molecules of the
autoinducer 2 (AI-2) type. In this model, luxO encodes a central response regulator
of the QS circuit. Elgaml et al. (2014) described that the disruption of /uxO leads to
an increase of metalloprotease level and a decrease of hemolysin production.
Temperature was also identified as an important virulence factor. The authors
described that the optimal temperature for protease production was 26 °C, while for
the cytolysin was 37 °C. In that way V. vulnificus senses the temperature in the small
intestine and produces enough amount of hemolysin, that accelerates the bacterial
invasion to the blood-stream (Elgaml et al. 2014). The role of QS in Vibrionaceae
family was also investigated by Israil et al. (2008). Nine halophilic bacteria from
water sources were subject of this study: two V. alginolyticus no. 229 and 1560,
three V. fischeri no. 10, 754 and 898, two V. anguillarum no. 798 and 1545 and two
V. parahaemolyticus no. 1442 and 1671. They evaluated the effects of exogenous
QS soluble mediators on bacterial growth. Sterile cell free cultures were prepared
for each analysed strain at the logarithmic phase (filter sterilized by 0.22 pm mem-
brane filtration). Ninety-six plastic well microplates were prepared by adding an
aliquot of the homologous bacterial filtrate (and consequently autoinducers accu-
mulated in it) in the respective bacterial culture. The viable cell counts were per-
formed in order to establish the bacterial growth curves. Results demonstrated a
possible role of autoinducers in the modulation of the multiplication rate and growth
curve of the selected strains (Israil et al. 2009). Wang et al. (2013) detected multiple
QS systems in the halophilic bacterium Vibrio fluvialis. It can be detected in aquatic
environments, and it is classified as a human enteric pathogen, causing diarrhoea,
dehydration, abdominal pain, fever and vomiting. The authors identified three kinds
of molecules involved in QS systems: 3-oxo-C10-HLS, CAI-1 and AI-2 signal
molecules. V. fluvialis synthesizes a protease and a hemolysis as virulence factors.
In this study, production of the protease is regulated by a CAI-1/AI-2 QS-system,
while the transcription of the gene for the expression of the hemolysin is activated
by AHL-QS system and repressed by CAI-1/AI-2 QS system. This finding showed
the existence of a multiple QS network that co-ordinate virulence factors produc-
tion, and consequently pathogenesis, in V. fluvialis (Wang et al. 2013). The more
representative findings are summarized in Tables 7.1 and 7.2.
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Table 7.1 Halophilic microorganisms producing QS molecules and their corresponding activity

Bacterial strain

Signal molecules
detected

Activity

Reference

Halomonadaceae (43

Cs-HLS (most

Activation of QS in

Tahrioui et al.

strains) predominant Agrobacterium tumefaciens | (2013b)
AHL) NTL4 (pZLR4)
Halomonas anticariensis | C,-HLS, C¢-HLS, | Potential role in EPS Llamas et al.
FP35T Cg-HLS, C,,-HLS | production (2005)
Tahrioui et al.
(2011, 2013a, b)
Halobacillus halophilus | Autoinducer-2 Potential role in salt Sewald et al.
(AI-2) precipitation (chloride (2007)

regulon)

Vibrio vulnificus

Autoinducer-2
(AI-2)

Biosynthesis of vulnibactin

Kim et al. (2003)

Metalloprotease and

Wen et al. (2012)

cytolysin expression Elgaml et al.
(2014)
V. alginolyticus no. 229 | — Possible role of exogenous | Israil et al.
and 1560, V. fischeri no. autoinducers in the (2009)
10, 754 and 898, V. modulation of the
anguillarum no. 798 and multiplication rate and
1545 and V. growth curve of the selected
parahaemolyticus no. strains
1442 and 1671
Vibrio fluvialis 3-0x0-C10-HLS, | Protease production Wang et al.
CAI-1 and AI-2 | regulated by a CAI-1/AI-2 | (2013)
QS-system, hemolysin
expression activated by
AHL- system and repressed
by CAI-1/AI-2 QS system
Natronococcus occultus | Autoinducer Correlation between signal | Paggi et al.
(archaeon) molecules, most | molecules production and (2003)
likely belonging | the production/activation of
to the AHL class | an extracellular protease
Haloterrigena hispanica | cyclo-(D-Pro-L- | Supernatant extract: Tommonaro

(archaeon)

Tyr), cyclo-(L-
Pro-L-Tyr),
cyclo-(L-Pro-L-
Val), cyclo-(L-
Pro-L-Phe) and
cyclo-(L-Pro-L-
isoLeu)

activation QS in pSB401 and
NTL4 (pCF218; pCF372)

Cyclo-(L-Pro-L-Val):
activation QS in NTL4
(pCF218; pCF372) and Gfp
production in DM27

etal. (2012)

7.2.1 Quorum Quenching

In recent years, several chemicals and enzymes have been identified that interfere
with the key metabolites of QS mechanism. These Quorum Quenching (QQ) mol-
ecules that prevent cell-cell communications are considered as a promising way to
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Table 7.2 Halophilic microorganisms producing QQ molecules and their corresponding activity

Bacterial strain

Signal molecules
detected

Activity

Reference

Five bacterial strains (genera
Marinobacter and Halomonas)
and one archaea strain
(Haloterrigena)

Inhibition of QS in
Agrobacterium
tumefaciens NTL4
(pZLR4) and S. enterica
S235

Abed et al.
(2013)

Marinobacter sp. (SK-3)

cyclo(L-Pro-L-
Phe), cyclo
(L-Pro-L-Leu),
cyclo(L-Pro-L-
isoLeu) and
cyclo(L-Pro-D-Phe)

Cyclo(L-Pro-L-Leu) and
cyclo(L-Pro-L-isoLeu):
inhibition of QS violacein
production in CV-017

cyclo(L-Pro-L-Phe), cyclo
(L-Pro-L-Leu) and
cyclo(L-Pro-L-isoLeu):
inhibition of
bioluminescense
production in E. coli
pSB401 reporter

Abed et al.
(2013)

Halomonas pacifica and
Marinobacter
hydrocarbonoclasticus

Autoinducer-2
(AI-2)

Penicillic acid and patulin
inhibited AI-2 based QS in
H. pacifica

Liaqat
etal.
(2014)

Halobacillus salinus

N-(2'-phenylethyl)-
isobutyramide,
3-methyl-N-(2'-
phenylethyl)-
butyramide

Bioluminescence
inhibition against Vibrio
harveyi

Isolated compound:
inhibition violacein
biosynthesis by CV026
and Gfp production by
JB525

Teasdale
et al.
(2009)

Five bacterial strains (genera
Bacillus or Halobacillus)

Bioluminescence
inhibition against Vibrio
harveyi

Inhibition violacein
biosynthesis by
Chromobacterium
violaceum

Teasdale
et al.
(2011)

Haloterrigena saccharevitan
(archaeon)

Quorum quenching
compounds

Inhibition of violacein
production CVO017
(supernatant and water
extract of cell pellet)

Abed et al.
(2013)

Vibrio fluvialis

3-0x0-C10-HLS,
CAI-1 and AI-2

Protease production
regulated by a CAI-1/AI-2
QS-system, hemolysin
expression activated by
AHL- system and
repressed by CAI-1/AI-2
QS system

Wang et al.
(2013)
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control bacterial diseases (Hong et al. 2012; Tang and Zhang 2014). Some of these
compounds are analogous to AHLs or HSLs and work as competitive antagonists
such as the furanones produced by the macroalgae Delisea pulchra (Hentzer et al.
2002) as well as their synthetic derivatives (Martinelli et al. 2004). Others act as
inhibitors of enzymes that catalyze key steps in QS mechanism. The antimicrobial
Triclosan and antiparasitic agent Closantel are two well known examples. There are
also enzymes that function as QQ molecules. Acyl-homoserine lactonase (EC
3.1.1.81) enzyme that hydrolyzes the lactone bond of AHLs was first isolated from
Bacillus sp. and was shown to quench QS-dependent bacterial infection (Dong et al.
2001). Besides this AHL lactonase, another enzyme, AHL acylases (EC 3.5.2.5)
was found to hydrolyze the amide linkage between the acyl chain and the homoser-
ine moiety of AHL molecules (Leadbetter and Greenberg 2000). Other examples
include mammalian lactonases, named paraoxonases (PONs), isolated from human
airway epithelia (Billecke et al. 2000) and enzymes that do not hydrolyze AHLs but
modify them chemically such as the AHL oxidoreductases (Uroz et al. 2005).
Several QQ molecules have been isolated from halophiles (Teasdale et al. 2011).
Whereas the tumonoic acids isolated from the marine cyanobacterium Blennothrix
cantharidosmum were found to inhibit the bioluminescence of V. harveyi BB120
without affecting bacterial growth (Clark et al. 2008), another marine cyanobacte-
rium Lyngbya majuscula was found to produce compounds that inhibited the QS of
P. aeruginosa (Dobretsov et al. 2010). In another study, inhibition of both biolumi-
nescence in V. harveyi BB120 and lipopolysaccharide-stimulated nitric oxide pro-
duction in the murine macrophage cell line RAW264.7 suggested a dual-inhibitory
effect for the honaucins A—C isolated from the marine cyanobacterium Leptolyngbya
crossbyana (Choi et al. 2012). QQ molecules from the halophilic bacteria
Halobacillus salinus (Teasdale et al. 2009), Bacillus cereus and Marinobacter sp.
SK-3 (Abed et al. 2013; Teasdale et al. 2011) were also reported. Besides the fura-
nones of red alga D. pulchra, a mixture of floridoside, betonicine and isethionic acid
produced by the marine red alga Ahnfeltiopsis flabelliformes (Liu et al. 2008) as
well as several other marine microalgae (Natrah et al. 2011) were attributed with
potential QQ activity. The more representative findings are summarized in Table 7.2.

7.3 Halophilic Archaea

The halophilic Archaea are microorganisms able to grow from around 8 % (1.5 M)
to about 36 % (5 M) sodium chloride. They are Gram-negative, cocci or rods and
they have at least one plasmid. Their optimal temperature of growth is around 37 °C,
even if they are able to grow in a range of 15 °C to approximatively 45-50 °C, and
many of their enzymes conserve a good activity in this range (Grant et al. 2001).
Some of halophilic Archaea use complex amino acids as their carbon and nitrogen
sources, while other members, like the genera Haloquadratum and Halosimplex,
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use pyruvate and NH," as carbon and nitrogen sources, respectively (Burns et al.
2007). Because haloarchaea live in high salt environment, they produce proteins
constituted more in acidic amino acids than basic amino acids. These proteins
require high salt concentrations for the optimum in activity (Mevarech et al. 2000)
and they have gained the attention of several researchers for their biotechnological
application in diverse fields (agriculture, wastewater treatment, medical field and
bioplastic). The interest has been directed mainly towards specific enzymes (glyco-
syl hydrolases, proteases, lipases and esterases) and products (biopolymers and sur-
factants) produced by haloarchaea with a possible application in industrial processes
(Margesin and Schinner 2001). Sodium chloride concentration ranging from 1.5 to
4-5 M is necessary for growth of haloarchaea. This high concentration of salt has
represented a problem for the industrial fermentation and biotransformation system.
For this reason, the development of novel bioreactor and fermentation systems have
been necessary to recover bioproducts from haloarchaea (Hezayen et al. 2000).
Many of the above mentioned enzymes are extracellular, then it is easier their isola-
tion and purification. Moreover, because many haloarchaea are able to grow at low
salinity, it is possible to decrease the sodium chloride concentration manipulating
the growth medium, obtaining a good production of enzymes (Purdy et al. 2004; Di
Donato et al. 2011). Because the enzymes produced by haloarchaea are able to func-
tion in high-reduced water conditions, they can function in different hydrophobic
solvents (Ventosa and Oren 1996; Usami et al. 2005), then this aspect represent an
advantage for the applications of haloarchaea in industry processes.

7.3.1 Quorum Sensing in Halophilic Archaea

Despite the large number of studies on QS, very few papers have addressed QS
communication in Archaea. The first study about this field date at 2003. Paggi et al.
(2003) reported the detection of autoinducer molecules, most likely belonging to the
AHL class in the haloalkaliphilic archaeon Natronococcus occultus. They also dem-
onstrated correlation between these molecules and the production/activation of an
extracellular protease produced by cells of N. occultus (Paggi et al. 2003). Then,
AHLs-based quorum sensing system was detected in a methanogenic archaeon;
which in turn suggested the existence of a possible universal mechanism of com-
munication among prokaryotes (Zhang et al. 2012). An archaeal strain was isolated
from an hypersaline cyanobacterial mat, desert wadi in south eastern Oman. 16S
rRNA-based phylogenetic reconstruction showed a 99.6 % sequence similarity with
the archeon Haloterrigena saccharevitans. Quorum Quenching bioassays were per-
formed with the aim to select strains with potential antifouling ability; inhibition of
QS can in fact disrupt biofilm formation in marine environment. Results demon-
strated that the analysed Haloterrigena sp. was able to synthesize bioactive com-
pounds with Quorum Quenching activity. In particular, supernatant and water
extract of cell pellet exhibited some QS-inhibitory proprieties against C. violeaceum
CVO017 (inhibition of violacein production) (Abed et al. 2013). The only report
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about the detection of diketopiperazines (DKPs) from a halophilic archaecon was
published by Tommonaro et al. (2013). They investigated QS mechanism in
Haloterrigena hispanica, isolated from Fuente de Piedra salt lake, Spain. Its opti-
mal growth parameters were 3.4 M NaCl concentration, 0.2 M Mg?* concentration,
pH 7.0 and 50 °C, thus it was classified as an extremely halophilic archaeon. H.
hispanica supernatant activated QS in AHL bioreporter pSB401 (activated by mid
chain AHLs) and NTL4 (pCF218; pCF372). Five DKPs were isolate by means
chromatographic techniques and chemically characterized according to NMR/
EIMS data (correspondent to data present in literature): cyclo-(D-Pro-L-Tyr), cyclo-
(L-Pro-L-Tyr), cyclo-(L-Pro-L-Val), cyclo-(L-Pro-L-Phe) and cyclo-(L-Pro-L-
isoLeu). Among these five DKPs, only cyclo-(L-Pro-L-Val) showed QS-inducing
properties in TLC-overlay test, activating NTL4 (pCF218; pCF372) QS system.
This compound also induced green fluorescent protein (Gfp) production in Vibrio
anguillarum DM27 strain. Despite the role of DKPs in the metabolic pathway of H.
hispanica is not clear, the authors speculate that they may be involved in the mecha-
nisms evolved by Archaea to thrive in such harsh conditions (hypersaline habitat)
(Tommonaro et al. 2012). The more representative findings are summarized in
Tables 7.1 and 7.2.

7.4 Biotechnological Applications Quorum Sensing

QS is known to regulate important microbial pathways that include antibiotic syn-
thesis, pollutant biodegradation, and bioenergy production, which are highly rele-
vant to human health. Biotechnological applications of QS cover various fields
including medicine, agriculture, marine biology and biotechnology.

7.4.1 Medical Applications

Inappropriate and excessive use of antibiotics as well as the selective pressures
imposed on the pathogens resulted in the constant emergence of antibiotic resistant
strains. This in turn led to the emergence of new antimicrobial strategies that target
the virulence factors rather than the vital mechanisms of pathogens (Clatworthy
et al. 2007). In pathogens like Burkholderia species, P. aeruginosa, Erwinia caroto-
vora and Vibrio species, biofilm formation is regulated by QS and since QS is not a
vital mechanism for the growth of these pathogens, inhibiting QS would only pre-
vent virulence factors rather than killing the bacteria (Tang and Zhang 2014). This
makes QS an ideal target for antivirulence therapy due to the delayed emergence of
resistance that would result from imposing less selective pressure to the pathogens.
QS-based synthetic multicellular systems are also interesting applications where
novel functions non-existent in nature can be created by integrating basic functions
into complex functional circuits via genetic engineering (Endy 2005; Basu et al.
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2005). In one study, a cell population control mechanism is constructed by coupling
QS with protein production. The cell density is followed by means of QS signals
and after a certain population threshold density, the expression of a recombinant
protein is induced. Such a population-based gene expression system can be used for
the self-regulated production and subsequent harvesting of exogenous cytotoxic
proteins (You et al. 2004). In a similar system, E. coli cells were engineered to
attack cancer cells in a density-dependent fashion and only when tumor — indicative
conditions are present (Anderson et al. 2006). This methodology could be applied
to develop bacteria that can sense the microenvironment of a tumor and attack the
cancerous cells by excreting a cytotoxic agent or drug. In another system, bacteria
are engineered to sense the pathogenic QS signals and then to secrete a toxin and
hence kill the pathogen (Saeidi et al. 2011).

7.4.2  Control of Biofouling

Biofouling is the attachment and subsequent growth of a biological community on
surfaces. In marine biotechnology, biofouling is the undesirable accumulation of
microorganisms, plants, and animals on artificial surfaces immersed in sea water.
This biological settlement in ships results in the deterioration of the coating, unnatu-
ral transport of species and economic burdens associated with the additional fuel
required for the high frictional resistance (Yebra et al. 2004). Attachment of marine
invertebrates and plants is believed to be primarily caused by the bacterial biofilm
that is formed immediately on the submerged surfaces (Rice et al. 1999). To control
biofouling, a conventional strategy is the use of anti-fouling paints that contain bio-
cides such as tributyl tin (TBT), copper, zinc pyrithione, Irgarol 1051, diuron, Sea-
Nine 211, chlorothalonil or dichlofluanid however these chemicals are known to
have ecotoxic effects and therefore there is a constant search for more ecofriendly
additives (Garg et al. 2014). A viable alternative is the QS-directed control of bio-
film formation. In literature, there are numerous QQ producer organisms isolated
from marine environments and marine organisms are known to respond to bacterial
QS signals (Skindersoe et al. 2008). Use of QQ molecules for the interruption of QS
by inhibiting the signal generation, degrading the generated signals or by suppres-
sion of QS receptors, could make the submerged surfaces incompatible for biofilm
formation and hence prevent the attachment and colonization of invertebrate larvae
and algal spores and associated biofouling (Garg et al. 2014). Membrane bioreac-
tors (MBR) are bioreactors with membrane filtration units for biomass retention.
They have become an effective solution to transform wastewaters into high quality
effluents suitable for discharge. During the operation, attachment of bacteria and
microbial products to the membrane surface lead to biofilm formation which in turn
leads to the clogging of the membrane surface and loss in permeability. This phe-
nomenon is called as ‘membrane fouling” and it is one of the major limitations of
the MBR process (Lin et al. 2014). Some strategies for prevention include cleaning
or exchange of membranes and incorporation of antimicrobial agents to the
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membrane. However, recently, use of QQ molecules or bacteria excreting QQ
molecules gain increasing popularity (Lade et al. 2014). These QQ systems can be
used to prevent the biofilm formation without affecting bacterial growth and
therefore have a high potential towards solving the biofouling problem. In
another study, AHL acylase enzymes were immobilized onto magnetic nanoparti-
cles and then crosslinked to get a network of acylase activity in magnetically sepa-
rable mesoporous silica which showed highly effective antifouling activity against
biofilm maturation of P. aeruginosa PAO1 on the membrane surface (Lee et al.
2014).

7.4.3 Agricultural Applications

One application area of QS involves their use in hindering the bacterial infection
development in plants. From the two approaches applied, in the first approach,
genes encoding AHL synthase (Toth et al. 2004) or AHL-degrading (Dong et al.
2001) enzymes are expressed in plant tissues whereas in the second approach, AHL-
degrading bacteria are employed for plant protection (Jafra et al. 2006). Expression
of the AHL-synthase genes resulted in contradictory observations (Czajkowski and
Jafra 2009), however, expressing AiiA lactonase from Bacillus thuringiensis in
potato and tobacco plants improved their resistance against infection by
Pectobacterium carotovorum subsp. carotovorum (Dong et al. 2001). Nevertheless,
since both strategies relied on transgenic plants, such an application can only have
a limited use when the restrictions are considered. Another example is the combined
use of AHL-degrading enzymes and QS inhibitors to disrupt the intercellular com-
munication and hence to control the associated pathogenesis (Park et al. 2005).

7.5 Conclusion

The halophilic microorganisms represent a rich source of novel products (enzymes,
surfactants, biopolymers) for biotechnological applications. The production of
these products, however, is still challenging, because the yield and the difficulty of
their purification and characterization on industrial scale. Moreover, new culturing
methods (novel bioreactors, new cultural media) are necessary to avoid the corro-
sion due to high salt concentration at which halophilic bacteria grow. The Quorum
Sensing mechanism play a great role in controlling a several microbial cell activi-
ties, such as enzymes production, biofilm formation and virulence. Many studies are
directed towards to understanding QS and the development of strategies to manipu-
late this mechanism with the aim to direct some microbial activities. At now, there
are still few reports about the study of QS in halophilic microorganisms, and more
needs to be investigated in this topic to improve the understanding of link between
chemical communication and bioproducts production by halophiles. The challenge
is still to be met.
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Chapter 8
Site Specific Bioinoculants for Sustainable
Agriculture in Coastal Saline Soil

Sudipta Tripathi, Shilajit Barua, and Kalyan Chakrabarti

Abstract Salinity is a natural stressor, extensively limiting land use for agriculture
in coastal regions throughout the world. Beside plant growth, salinity also has an
impact on microbial activity and diversity. Saline habitats have a unique microbial
population, adapted to such environment. Recent developments in soil microbiol-
ogy have improved the potential of saline land use. This involves use of salt tolerant
or halophilic bioinoculants to improve nutrient mobilization in saline soil thereby
favoring plant growth. Microbial community structure in terrestrial saline habitats
varied from halophilic archaea, Gram-negative, Gram-positive bacteria to photo-
synthetic cyanobacteria. Many of them have been artificially augmented and applied
directly to saline soils to improve nutrient status of such soil. One of the most inter-
esting findings in this field of research is spatial and temporal variation in microbial
community structure, which was related to variation in salinity of the microenviron-
ment. Modern methods of studying environmental microbiology involves culture
independent molecular techniques, biomarker based and in situ activity analyses,
which assisted to have a better and detailed look on microbiological process in
coastal saline environments. This review aims to recollect findings related to micro-
biology of coastal saline soils, with special emphasis to studies related to develop-
ment of bioinoculants compatible for agriculture in coastal saline environments.
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8.1 Introduction

In order to support the ever increasing population in the world, a remarkable rise in
the productivity of Agric systems had been observed in latter part of the twentieth
century.

Today, the global production of food is 145 % greater than that of 1960 (Pretty
2008). Though the present level of Agric output suffices feeding of global popula-
tion, political, economic and social challenges prevent feeding of population living
in crippling poverty (Hazell and Wood 2008). Technological advances enabled agri-
culture to intensify its production practices, which relied on the application of huge
amounts of inorganic fertilizer that effectively meets the demand of crops through-
out the growing season and removes the requirement for a fertility enhancing cycle
in crop rotations (Cummings and Orr 2011). Significant benefits with respect to
Agric food productivity and global food security have been achieved by chemical
fertilization. However, such practices had compromised the sustainability of this
technology to ensure that food production keeps pace with the increasing popula-
tion. It has been proved that extensive chemical fertilization leads to the degradation
of Agric soils resulting in loss of organic matter, compaction, increase in salinity,
leaching of inorganic nitrate, along with associated costs such as fuel requirements
and the loss of water resources (Kibblewhite et al. 2008). Chemical fertilization not
only had a detrimental effect on soil health but also on the beneficial soil microbial
communities and the plants cultivated on these soils.

In order to overcome this ecologically hazardous situation, Agric management
systems embracing the principles of sustainability are now being practiced.
However, prompt and urgent implementation of such technologies is essential. This
would be an ecologically healthy alternative to current conventional Agric manage-
ment systems, that relies on application of fertilizers and pesticides with expansion
of Agric land and indefinite usage of machine (Kitzes et al. 2008). A high demand
for organic produce by the present-day health conscious society and sporadic
attempts, being made by farmers all over the world to detoxify the land by switching
over to organic farming dispensing chemical fertilizers, pesticides, fungicides and
herbicides (Chavada 2010a) are significant steps towards sustainable agriculture.

Improvement of the beneficial associations between microorganisms and plants,
particularly in the rhizosphere, is an area of research of global interest (Kloepper
1994). Microbes present in soil are the principal mediators of elemental geochemi-
cal cycling, thereby affecting plant nutrient status of soil. Alterations in the biologi-
cal or chemical environment of the rhizosphere are expected to influence plant
health as many rhizosphere microorganisms mobilize nutrients, produce phytohor-
mones and suppress pathogens (Tripathi et al. 2002). They affect plant growth in
different ways. For example, Azotobacter can affect plant growth directly, either by
fixing nitrogen or by producing plant growth promoting hormones or indirectly by
change in the microflora of the rhizosphere (Sinegani and Sharifi 2004).

Bio-fertilizer are bio-organic substance that have the capability to improve soil
fertility significantly by fixing atmospheric nitrogen both in isolation with or with-
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out plant root. These can solubilize insoluble phosphate and produce plant growth
hormone (auxin, indolacitic acid) (Chavada 2010b).

The term ‘Biofertilizer’ in India specifies fertilizers to meet the nutritional
requirements of a crop through microbiological means, while other countries use
the term “microbial inoculants”. These are usually carrier based microbial prepara-
tions containing beneficial microorganisms in a viable state intended for seed or soil
application. They enhance plant growth through nutrient uptake and/or growth hor-
mone production. Important and popular microbial inoculants in our country are
those that supplement nitrogen, phosphorus and plant growth promoting rhizobac-
teria (PGPR) (Brahmaprakash and Sahu 2012).

A major drawback of biofertilizer application is the unpredictability of its poten-
tiality in improving crop productivity (Yadav et al. 1998). The biological nature of
biofertilizers and their susceptibility to abiotic factors is responsible for their highly
inconsistent performance. Many microorganisms have a short shelf-life, and there is
a lack of suitable carrier material for restoration and longevity in actual field condi-
tions. In general, the response of crops to biofertilizer inoculation is highly variable,
location-specific and management dependent. Hence, in order to harness potential
benefit of bio fertilizer in commercial agriculture, the consistency of their perfor-
mance needs to be improved (Acharya and Sharma 2007). A bacterial strain found
to be ideal at one location, might be ineffective at another due to competition from
native soil microbes, poor aeration, high temperature, soil moisture, acidity, salinity,
alkalinity and presence of other toxic elements, etc. (Johnston and Syers 1998).
Therefore in order to develop efficient biofertilizer, it is essential to perform
location-specific research to identify and isolate new biofertilizers, study their char-
acteristics and developmental needs such as growth requirements and multiplication
techniques, and study the influence of other factors on their large-scale use under
field conditions (Banta and Mendoza 1984).

Substantial Agric lands in the tropics and subtropics are affected by salinity. It is
estimated that 20 % of the irrigated land in the world is presently affected by salinity
(Yeo 1998). Salinity represents a very serious problem since salinization suppresses
plant growth, particularly in arid and semiarid areas (Parida and Das 2005). The loss
of farmable land due to salinization is directly in conflict with the needs of the world
population, which is projected to increase by 1.5 billion over the next 20 years and
the challenge of maintaining the world food supplies (Joseph and Jini 2010).

Microorganisms play a significant role in nutrient transformation in soil. They
are the source and sink of plant nutrients in soil and instrumental in organic matter
dynamics. Although salinity regulates soil microbial parameters (El-Shinnawi and
Frankenberger 1988; Tripathi et al. 2006) a large population of microorganisms,
mostly bacteria, survives in saline soils. Bacterial populations of saline soils are
halophilic/salt tolerant representatives of bacteria inhabiting arable non-problem
soils. Their ability to adapt to fluctuating osmolality in the environment is of funda-
mental importance for their survival (Rodriguez-Valera 1988).

Saline habitats are nitrogen poor (Sprent and Sprent 1990). N-input in the form
of chemical N fertilizers though preferable, caused considerable land degradation
and detrimentally affected microbial process in such environment. Therefore,
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organic N-input is very important in this environment. An increasing supply of N
through biological nitrogen fixation may increase crop production in such environ-
ments (Zahran 1997). Hence, most of the biofertilizers (bioinoculants) developed
for saline soil agriculture are nitrogen fixing biofertilizers (Chavada et al. 2010a, b).
Butale et al. (2010) reported experimental usage of haloalkaliphilic non-symbiotic
diazotrophs isolated from Lonar lake, India in improving crop productivity in saline
soils. Azolla as a biofertilizer offer improved soil quality and enhance rice produc-
tivity in these saline soils (Szuster et al. 2010).

Numerous literatures exist concerning the ecology of free-living diazotrophs and
nitrogenase activity in normal arable soils. However, reports in this respect from
saline soils, in general (El-Sinnawi and Frankenberger 1988; Wollenweber and
Zechmeister-Boltenstern 1989; Saleena et al. 2002): and coastal saline soils of West
Bengal (Sengupta and Chaudhuri 1991; Sarkar et al. 1995) in particular, are scarce.
Understanding factors affecting diazotrophic populations and nitrogen fixation in
soil is important for beneficial utilization of such microbes for efficient crop
production.

Plant growth-promoting rhizobacteria (PGPR) are now-a-days used for reducing
chemical inputs in agriculture. Application of PGPR for improving crop productiv-
ity under salinity stress has also been reported. They includes diazotrophic bacteria,
Pseudomonas sp, Bacillus sp and arbuscullar mycorrhizal fungi (Singh et al. 2011).

Enumeration of dinitrogen fixing populations represent a fraction of total micro-
bial population in soil (Sekiguchi 2006) and fails to throw light on diversity of
diazotrophic population in soil. For better resolution of diazotrophic community
structure in soil, Widmer et al. (1999) adopted polymerase chain reaction- restric-
tion fragment length polymorphism (PCR-RFLP) of nifH gene. Poly et al. (2001)
studied similarities and differences in the structures of the nifH gene pools of six
different soils and five soil fractions by PCR-RFLP technique. Molecular approach
to study the diversity of diazotrophs is primarily based on PCR amplification of
nifH gene. Currently the nifH database constitutes one of the largest gene database
(Zehr et al. 2003): with little information from saline soils (Chelius and Lepo 1999).

Saline soils might have their own microbial communities adapted to saline envi-
ronments (Zahran 1997). For efficient use of the bacterial diazotrophic communities
in coastal agriculture, it seems prudent to use site-specific N-fixing microbial inocu-
lants which are naturally adapted to a particular ecosystem. Such efficient strains
can be utilized to improve the capability of soil to mobilize and supply nutrients to
crops naturally.

8.2 World Salinization with Emphasis on India

Land degradation is a matter of grave concern as far as increasing demand of global
food production is concerned. It is estimated that about 15 % of the total land area
of the world has been degraded by soil erosion, physical and chemical degradation,
including soil salinization (Wild 2003).
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Salinization of soil occurs due to accumulation of water-soluble salts in the soil
column (the upper part of a soil profile, including the A and B horizons) or regolith
(the layer or mantle of fragmental and unconsolidated rock material, whether resid-
ual or transported) to a level that affects Agric productivity (Rengasamy 2006).

As per Richards (1954), a soil is considered saline if the electrical conductivity
of its saturation extract (EC,) is above 4 dSm™" at 25 °C. However, the deleterious
effects of soil salinity depend on several factors including plant type, soil-water
regime and climatic condition (Maas 1984).

Plant productivity in saline soils is considerably reduced due to improper nutri-
tion of plants in addition to the osmotic and drought stresses (Munn 1993). As per
Munns 2002, osmotic effect which reduces the ability of the plant to take up water
and ion, majorly affects plant growth. Induction of programmed cell death (PCD) in
plant cells due to salinity stress has also been reported (Palavan-Unsal et al. 2005).

According to FAO, the total global area of salt-affected soils including saline and
sodic soils was 831 million hectares (Martinez-Beltran and Manzur 2005): extend-
ing over all the continents including Africa, Asia, Australasia, and the Americas.
The most recent report on global distribution of salinity affected soil is represented
in Table 8.1 (Squires and Glenn 2009).

In India, out of an estimated area of 187.7 million hectares of total degraded
land, 8.1 million hectares are salt affected and out of which 3.1 million hectares of
land are in the coastal regions (Tripathi et al. 2007). Among all the states of India,
West Bengal has the largest area (0.82 million hectares) of salt affected soils, cover-
ing the coastal districts of North and South 24-Parganas, Haora and East Midnapore
in the delta region of the river Ganges (Bandyopadhyay et al. 2001). Coastal West
Bengal could be visualized into two parts: one is the mangrove forest area, which is
popularly known as the Sunderbans, and the other is the forest cleared Agric land
and dwelling places.

The Sunderbans delta consists of conglomeration of islands, about 56 in number,
separated by interconnected tidal rivers, creeks and canals linked to innumerable
rivers that ultimately flow into the Bay of Bengal. The islands have mudflats and

Table 8.1 World distribution of salt-affected areas

Continent Saline (Mha) Sodic (Mha) Total (Mha)
Africa 122.9 86.7 209.6
South Asia 82.2 1.8 84.0
North and Central Asia 91.4 120.1 2114
Southeast Asia 20.0 - 20.0
South America 69.4 59.8 129.2
North America 6.2 9.6 15.8
Mexico/Central America 2.0 - 2.0
Australasia 17.6 340.0 357.6
Global total 411.7 617.9 1029.5

Mha million hectares of land
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uplands. Only the mudflats are subjected to periodic inundation by tidal seawater,
while the uplands remain clear of inundations.

The Sunderbans falls a little south to the Tropic of Cancer, between the latitudes
and longitude 21°31'N-22 °30'N and 88°10’E-89°51 E. Since the region is situated
almost near Tropic of Cancer, it undergoes defined seasonal changes. The seasons
are distinctly categorized as summer (April-May) with higher temperature occa-
sionally accompanied by rains and thunder storms; monsoon (July—October) with
an average rainfall of 1,650 mm, and winter (November—February):characterized by
cold weather and negligible rainfall. The average humidity is about 82 % and is
more or less uniform throughout the year.

The dominant vegetations in the Sunderbans forest area are mangroves of vari-
ous kinds, and they grow densely on the uplands.

8.3 Physico-chemical Properties of Coastal Saline Soils

All soil types with diverse morphological, physical, chemical and biological proper-
ties may be affected by salinity (Rengasamy 2006). Earlier, in a FAO soil bulletin,
Abrol et al. (1988) tabulated selected physicochemical properties of coastal and
acidic saline soils (Table 8.2)

Soil characteristics of coastal region vary widely from place to place depending
on their physiographic locations, climatic conditions, soil forming materials, the
characteristics of the ground water at shallow depth etc. Almost all the coastal soils
have saline ground water table at shallow depth. Those were mostly heavy textured
(Bandyopadhyay et al. 1998).

From pedologic point of view, coastal soils are usually younger soils and are
mostly classified as Entisols and Inceptisols (Bandyopadhyay et al. 1998). The soils
are grey to greyish black in colour, generally silty clay in texture (10 % sand, 51.2
% silt and 38.8 % clay) and have organic carbon content of 0.98 % (Yadav et al.
1981). Sandy and alkaline soils are found on the islands near the Bay and many
other degraded places on the surface. Sand occurs only along the sea face where the
strength of the tides and the roughness of the water is more, which prevents fine
particles from settling.

The soils are generally saline in nature. Salinity of the soils in this region is vari-
able during different seasons. It reaches maximum in summer, decreases during
monsoon (Yadav et al. 1981) and regains to rise during winter.

ECe (electrical conductivity of saturation water extract of soil) of coastal soils
mostly vary from 0.5 dSm~" in monsoon to 50 dSm™! or more in summer. In coastal
saline soils of West Bengal the soluble salts are mainly comprised of chlorides and
sulphates of Na, Mg, Ca and K in the decreasing order of preponderance. Bicarbonate
is present in traces in a few soils while carbonate is mostly absent in all the soils
(Bandyopadhyay et al. 1988, 2003). Most of the soils are slightly acidic to neutral
or slightly alkaline in reaction (Yadav et al. 1983).
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Highly acidic soils with acid sulphate characteristics at surface/subsurface soil
horizons were reported in places of Kerala, West Bengal, Orissa and Andaman and
Nicobar group of islands (Bandyopadhyay and Bandyopadhyay 1984;
Bandyopadhyay and Maji 1995).

Physical and chemical properties of soils of the successional stages of mangrove
plant community of the Ganges river estuary, India was reported by Sengupta and
Chaudhuri (1991). The pH, EC,, organic carbon and total nitrogen were in the
ranges of 7.2-8.4, 3.0-16.0 (m.mhos cm™):0.46-1.42 (%) and 0.09-1.17 (%)
respectively.

Sarkar et al. (1995) studied the physico-chemical characteristics and chemical
properties of mangrove soils from five different locations of Sunderbans viz.
Pathankhali Undisturbed, Datter Bhidya Junction, Jhinge Khali, Masjid Bari and
Puinjali. The authors reported that the pH of the soils varied from 5.1 in Datter
Bhiya Junction to 7.8 in the other soils studied. The EC (dSm™) varied from 2.1 in
Pathankhali to 26.0 in Jhinge Khali. Organic carbon of soil (%) varied from 0.27 in
Pathankhali to 1.90 in Datter Bhidya Junction.

Maji et al. (1998) carried out a reconnaissance soil survey in the Sagar Island of
the Sunderbans delta region of West Bengal. The surface horizons of the studied
soils had pH 6.1-6.5, ECe 7.0-8.2 dSm™! and CEC 18.5-21 cmol (p*) kg~!. Organic
carbon content of soils varied from 6.9 to 7.8 g kg™'.

In a voluminous monograph, Naskar and Mandal (1999) recorded physico-
chemical parameters of soil samples from different major mangrove flora in West
Bengal. Soils under members of the Rhizophoraceae family recorded: pH 8.22—
8.36; EC 1.35-3.50 (mmhos cm™); organic carbon 0.31-0.74 (%); sand 45-74 (%);
silt 10-37 (%); clay 14-26 (%). Same values under members of Sonneratiaceae and
Avicenniaceae family were: pH 8.03-8.43 and 8.36-8.50; EC 0.60-4.35 and 1.50—
2.50 (mmhos cm™); organic carbon 0.56-0.79 and 00.41-0.49 (%); sand 30-48 and
65-72 (%); silt 25-42 and 4-14 (%); clay 1045 and 21-24 (%) respectively.

Tripathi et al. (2007) studied the seasonal variation of selected physico-chem-
ical properties of coastal arable soils of Canning Town, West Bengal, India. The
authors reported statistically insignificant variation in average soil pH values
between the seasons. Soils collected from different sites exhibited a wide range of
pH between 4.8 and 7.8. The average ECe of the soils varied widely between the
seasons, with the lowest average value recorded in the monsoon season (2.7
dSm!) followed by an abrupt increase in the winter season (8.3 dSm™!) which
peaked (13.8 dSm™') in the summer season. Soil samples from different sites
showed a wide range (2.2-16.3 dSm™!) of variation in average ECe. The average
organic carbon (OC) content of soils in winter (10.1 g kg™') was significantly
higher than that of summer (9.2 g kg™!) and monsoon (9.1 g kg™') seasons. The
soils collected from different sites showed large difference in average OC content
within the same season, varying from the lowest value 5.2 g kg! to the highest
value of 14.1 g kg™'. The average TN content of the soils ranged from 0.68 to 1.4
g kg™! during different seasons.
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Ramanathan et al. (2008) reported that the pH of Jharkhali and Pakhiralay of
Sunderbans region were 7.4 and 7.3 respectively while the EC values of the same
soils were 16,250 and 16,000 mS cm™' respectively.

Recently, significant seasonal variation in physico-chemical properties in saline
tracts of coastal West Bengal (Barua et al. 2011) and Barhanpur, Maharashtra (Mali
et al. 2012) were being reported. Both these reports concluded that soil salinity
reaches maximum in summer (as evident by high ECe and dominance of Na* and
CI" resulted in high SAR value) and least during monsoon.

8.4 Microbiology of Saline Soils

Saline soils may have their own microbial communities, which have adapted to such
environments. Among them, the bacteria is the most important and dominant inhab-
itant. Bacteria in saline habitats falls in two categories: Archaebacteria and
Eubacteria. The former are extremely halophilic microorganisms which grow
optionally at salt saturation (up to 30 % NaCl): while the later included non-saline
halotolerant bacteria which have become adapted to these extreme environments
(Zahran 1997).

A significantly higher number of bacteria, recovered in medium with high salin-
ity, were found to colonize the hypersaline soils of Spain (Quesada et al. 1982; Del
Moral et al. 1987) and Egypt (Zahran 1992).

The strict halophiles only develop in media with higher concentrations of Na*,
whereas the facultative halophiles usually develop in media containing low concen-
trations of Na* (Giambiagi and Lodeiro 1989). The total count of bacteria is usually
negatively correlated with the total soluble salts of saline soils (Ragab 1993) but
positively correlated with organic carbon contents (Ragab 1993).

The Gram-negative bacteria appear to be much more frequent in saline environ-
ments (Quesada et al. 1982; Del Moral et al. 1987). Members of the Gram-negative
genera Vibrio, Pseudomonas, Acinetobacter and Alteromonas were isolated from
saline habitats (Del Moral et al. 1988). The root-nodule bacteria are another group
of Gram-negative bacteria which were reported to colonize the saline soils of Greece
(Douka et al. 1978).

Bacteria in the saline soils are not confined to definite group of phylogenetically
related microbes but represent a group which has evolved in many different groups
of organisms. The wide spectrum includes the following representatives: Halomonas,
Pseudomonas, Vibrio and Actinopolyspora and a whole range of Gram-positive
rods and cocci, e.g. Bacillus, Micrococcus and Salinicoccus (Trﬁper et al. 1991).
The gram-positive bacteria are also found in saline habitats, and members of the
genera Bacillus and Micrococcus are dominant among other Gram-positive bacteria
in saline soils. Microbial aspects of salt affected soils in India have received very
little attention. Bajpai and Gupta (1979) reported sulphur metabolism of chemoli-
thotrophic bacteria and other bacteria from saline and alkaline soils in Uttar Pradesh.
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8.5 Free Living Diazotrophs and Dinitrogen Fixation
in Coastal Saline Soil

Nitrogen fixation is considered as one of the significant biological processes in soil.
It is influenced drastically by environmental factors such as temperature, pH, oxy-
gen, and mineral nutrients (Buresh et al. 1980).

Factors, such as salinity of soil may affect soil fertility by inhibiting the activity
of microorganisms mediating the nitrogen turnover. In saline ecosystems, the condi-
tions created by the density of the soil and the water regime are limiting for nitrogen
fixation (Rice and Paul 1971).

Iswaran and Sen (1958) made an effort to observe the salt tolerance of Azotobacter
isolated from soils of different parts of India. Sodium chloride was found to affect
nitrogen fixation adversely. The concentration of sodium chloride, which inhibited
fixation of nitrogen completely, varied for different strains. The rate of decrease in
nitrogen fixation with increase in the concentration of sodium chloride was less for
Azotobacter isolated from soils of higher salinity than for the organisms from less
saline ones. Concentration of sodium chloride, which inhibited fixation of nitrogen,
was higher for Azotobacter isolated from soils containing more soluble salts than
for the organisms isolated from the soils with less soluble salts.

There is immense volume of literature with respect to the ecology of free-living
nitrogen fixers. Not many reports are available on impact of salinity on soil micro-
organisms, in general, and dinitrogen fixation and asymbiotic diazotrophs, in par-
ticular (Mishustin and Shillnikova 1971).

The low oxygen tension in saline soils may favor the process of nitrogen fixation,
but the diffusion of gases may be impaired at higher density and water regime in
saline soil, an effect that might reduce nitrogen fixation (Rice and Paul 1971).

Earlier studies, as reviewed by Mishustin and Shillnikova (1971) revealed that
the population of Azotobacter decreased sharply with the increase in salinity and the
inhibition was related to the composition of the salts. Subsequent studies (Ibrahim
1974; Cervantes and Olivares 1976; Mahmoud et al. 1978) also supported earlier
contentions.

Tilak and Krishnamurti (1981) found that Azospirillum survived in saline and
alkali soils and seed inoculation with this organism in these soils increased yields of
a salt tolerant crop like barley in India.

The occurrence and characterization of N,-fixing Azospirilla in some Egyptian
soils has been investigated. According to the physiological properties studied, all
isolates were classified as members of Azospirillum brasilense (Nadia et al. 1984).

Zafaretal. (1987) indicated the presence of Klebsiella pneumonae and Beijerinkia
sp. in the rhizosphere of salt tolerant grass Leptochha fusca, and these could tolerate
3 % NaCl in the medium.

Jena et al. (1988) noted that nitrogen fixation in Azospirillum sp. from saline
soils decreased with an increase in salinity level at Cuttack, India. El-Shinnawi and
Frankenberger (1988) studied the nitrogenase activity and population dynamics of
isolated-free living aerobic bacterial diazotrophs enriched from soils upon salt
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(KCl, Na(Cl, CaCl, and MgCl,) addition after 3—24 days of incubation. In all the
cases, the applied salts inhibited the population of diazotrophs. However, survival
was evident even at higher salt levels. The intensity of inhibition was higher in the
salinized culture medium than in soils. Nitrogenase activity, as determined by acety-
lene reduction method, followed a similar pattern as that of the cell densities of
diazotrophs in the salinized soils. The extent of inhibition with regard to cell popu-
lation density and nitrogenase activities was as follows: (1) among the CI- salts
CaCl,>KCI>NaCI>MgCl,; (2) co-ion treatments, CO5;>>Cl->S0,* with the degree
of inhibition varying with accompanying cations, Mg** being the least inhibitory;
and (3) combination of salt mixtures (homocationic) CI- plus CO5= > SO4= and
(heteroionic) Na,COj; plus CaSO, being the most inhibitory, and MgCO; plus K,SO,
being the least.

Xanthobacter lavas and Alcaligem paradoxus from strongly saline Takyar soil in
USSR showed nitrogenase activity when they were grown in media containing 0.5—
2.0 % NaCl. The predominant growth of these bacteria in the complex of diazo-
trophs from strongly saline Takyar soils and utilization of various substrates has
been noted (Kravchenko and Kaliminskaya 1988).

A.brasilense and A. lipoferum were isolated from the roots of wheat grown in
sandy saline soils in Iraq (Al Maadhidi 1989). Higher rates of nitrogen fixation in
saline soils, compared to non-saline soils and Agric soils, were reported
(Wollenweber and Zechmeister-Boltenstern 1989). Saline habitats are nitrogen poor
(Sprent and Sprent 1990). Various groups of diazotrophic bacteria grow and fix
atmospheric nitrogen, but their population and nitrogen fixing ability are affected by
numerous environmental factors of which salt stress is important (Rai 1991).

In a study, Sengupta and Chaudhuri (1991) collected soils from representative
locations of four distinct successional stages (formative mangrove swamp, devel-
oped mangrove swamp, declining ridge mangrove and protected Agric land) from
10 km? of the riverine delta. The authors observed that there were 100-300 times as
many N,-fixing aerobic and microaerophilic bacteria in root association compared
to plant free sediments. Fourteen isolates, presumed to be N,-fixing bacteria belong-
ing to different O, response groups, apparently different in their morphology, were
obtained from 20 different plant species of the mangrove ecosystem. Nine distinct
strains of N,-fixing bacterial species were present in root association of mangrove
and associate plants of the ecosystem. There were three different isolates of
Azotobacter, one of Klebsiella, two of Clostridium and one of Azospirillum and
other two isolates could not be identified.

Sarkar et al. (1995) reported the population and some characters of the free-
living aerobic heterotrophic N,-fixing microorganisms in soils of five different
islands of the Sunderbans. The islands were Pathankahli (undisturbed) Datterbhidya
junction, Jhinge Khali, Masjidbari and Puinjali. Out of the five locations, N, fixing
population was found only in three. The populations ranged between 2% 10° and
2% 10* microorganisms g~! soil. Results further showed that the isolates were mostly
rods. All the isolated microorganisms were gram negative and motile. Some of them
showed the presence of capsule. Turbidimetric studies of the isolates in the N free
media showed that maximum growth occurred after 48 h of incubation. Hassouna
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et al. (1995) observed negative correlation between the diazotrophic bacteria and
salinity.

Several strains of Bacillus, Halomonas and Azospirillum. Herbaspirillum have
been reported. The persistence of these bacteria in saline soil emphasizes that the
search for new heterotrophic nitrogen-fixing (Gram-negative) halotolerant bacteria
colonizing saline soils is worth further investigation (Zahran et al. 1995). Ravikumar
and Vittal (1996) reported that N,-fixing Azotobacter is abundant in the mangrove
soils.

The diazotrophic and salt tolerant Azotobacter was isolated from non-saline hab-
itats, which showed either decreasing nitrogen fixation rates with increasing salinity
(>10 % NaCl) or optimum fixation at low salinity (5-10 % NaCl) (Zahran 1997).

Biological nitrogen fixation systems are one of the most effective ways of
increasing the N status and sustaining crop production. However, salinity and alka-
linity adversely affect not only the physico-chemical properties of soil but also the
soil microbial activities. Nitrifying bacteria and Azotobacter are very sensitive to
salinity. Soil improvement on leaching after subsurface drainage installation in an
alluvial saline soil resulted in increased number of Azotobacter (Rao 1994; Rao and
Barrueco 1998).

In Egypt 156 representative soil samples, particularly from Nile valley, showed
the presence of Azotobacter croococcum and Azotobacter vinelandii. Development
of these species in saline soil was improved by amending the soil with 1 % maize
straw (Gangawane 2007).

Ramanathan et al. (2008) studied microbial loads of the mangrove soils of the
Sunderbans including the N,-fixing bacterial population. The study included two
forest areas-viz. Jharkhali and Pakhiraly and forest cleared soil at Canning. Free
living N,-fixers in Jharkhali and Pakhiralay were 1.6 x 10*~1.44x 10* colony form-
ing units respectively. The populations were lower compared to that of Canning
(13.67 x 106 cfu).

Recent scientific works in this regard reports variation in the count of free living
diazotrophs and dinitrogen fixation in saline soils of Sunderbans mangroves, West
Bengal, India. Response to variation in salinity was studied and the diazotrophic
members were concluded to be halotolerant rather than halophillic. Pure culture of
diaztrophs were prepared and characterized. Molecular characterization revealed
them to be members of diverse group of non-conventional diazotrophic bacteria like
Agrobacterium, Pseudomonas, Bacillus, Vibrio, etc. (Barua et al. 2008). Barua et al.
(2011) reported seasonal variation in the count of free living diazotrophs and dini-
trogen fixation in saline Agric soils of coastal West Bengal, India. Detrimental
effect of increased salinity in Summer on diazotrophic population and their activity
were reported. Pure cultures of diazotrophs obtained were efficiently exhibited
nitrogenase (ARA) activity under 1 % salinity stress. Molecular characterization
revelaved all of them to be members of genus Bacillus (Fig. 8.1).

In a related work, Azotobacter sp. with variation in pH of saline soils in
Bangladesh were reported. Pure cultures of Azotobacter sp. from different salt
affected regions of Khulna and Satkhira in Bangladesh were prepared and charac-
terized. The salinity tolerance and N, fixation of these isolates were reported and
selected isolates were concluded to be prospective members to be used as biofertil-
izers for agriculture in saline soils (Akhter et al. 2012).
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Fig. 8.1 Light microscopic appearance of the isolates by negative staining (Barua et al. 2011)

A strain of Azospirillum brasilense (N-30) was isolated from saline soil and its
growth pattern, stress tolerance were studied and mass production was optimized.
Efficacy of the isolate as potential biofertilizer was established in pot experimenta-
tion (Bapurao 2012).

8.6 Acetylene Reduction Activity of Free Living Diazotrophs
Under Salinity Stress

Acetylene reduction assay (ARA) is a simple, rapid, sensitive and cost effective
method of measuring biological nitrogen fixation. This technique commonly
involves the incubation of soil, bacterial culture, whole plants or plant parts in a
closed vessel containing about 10 % acetylene for a time period of approximately
0.5-2 h. The reduction of N, by the nitrogenase enzyme is inhibited and instead the
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enzyme reduces acetylene to ethylene. These gases are measured by gas chromatog-
raphy (Ladha et al. 1992).

Acetylene reduction activity (ARA) of several non-symbiotic diazotrophic
strains isolated from saline soils of Egypt ranged from 15 to 85 nmoles of C,H,
2 ml7'12 h™' in non-saline media and 10-60 nmoles of C,H, 2 mI"'12 h™' at 5 %
NaCl in media (Zahran et al. 1995).

Out of 20 diazotrophic strains isolated from the roots of L. sindicus, an endemic
grass, which grows naturally in sandy soils of the Thar Desert in Barmer and
Jaisalmer Districts of Western Rajasthan, India, C3 and C3r1 strains showed consid-
erable acetylene reduction, 18 and 11.2 nmol C,H, min~! mg protein! respectively
(Chowdhury et al. 2007).

Effect of salinity on ARA activity of diazotrophs isolated from saline tracts was
much less than on isolates obtained from non-saline soils. Diverse group of diazo-
trophic bacteria as reported by Barua et al. (2008, 2011) reported salt tolerant diazo-
trophs exhibited considerable acetylene reduction both under salinity stress
(100.6-1.72 nmole of C,H,) and stress free conditions (174.47-4.51 nmole of
C,H,). In both the reports, a stain of Azotobacter vinelandii isolated from non-saline
environments were used as control which exhibited 96 % decrease in ARA under 1
% salinity stress.

Islam et al. (2010) studied the effect of four different selective N,-free media on
ARA of diazotrophic microorganisms isolated from Korean paddy soil. The ARA
varied from as low as 1.8 to as high as 2,845 nmol C,H, min™' mg protein~! in dif-
ferent media. Based on the data, authors showed significant interactions between
the isolates and the media with respect to ARA.

In a recent study, effect of salinity on ARA activity of microbial mats from inter-
tidal regions were studied. Analysis were carried out at three different stations at
different time points during the incubation period of 72 h and for 5 salinities ranging
from 0 to 165 PSU. At all stations, highest activity were observed at half the natural
salinity (16.5 PSU) or natural salinity (33 PSU) and decreased at two- and fivefold
the natural salinity (66 PSU and 165 PSU, respectively) (Severin et al. 2012).

8.7 Plant Growth Promoting Rhizobacteria
and Salinity Stress

Bacteria that exert beneficial effects on plant development known as plant growth
promoting rhizobacteria (PGPR) have been reported widely. One of the basic require-
ments for the effectiveness of PGPR is their ability to colonize hosts rhizosphere,
rhizoplane, or the root interior (Glick et al. 2007). The PGPR were applied to various
crops to enhance growth, seed emergence and crop yield, and a few such applications
were commercialized (Dey et al. 2004; Herman et al. 2008; Minorsky 2008). Benefits
derivable from plant — PGPR interactions to includes improvements in seed germina-
tion rate, root development, shoot and root weights, yield, leaf area, chlorophyll
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content, hydraulic activity, protein content, and nutrient uptake — including
phosphorus and nitrogen (Adesemoye and Kloepper 2009).

Diazotrophic bacteria are also PGPR, because of their competitive advantage in
C-rich and N-poor environments (Kennedy et al. 2004). In addition to fixing nitro-
gen, diazotrophic bacteria were reported to secrete growth promoting hormones and
solubilize insoluble phosphate (Verma et al. 2001; Loganathan and Nair 2004)
thereby promoting plant growth. By virtue of such attributes, pre-treatment of seeds
with a suspension of Azotobacter isolated from mangrove soils, was shown to
improve seed germination and plant growth under laboratory conditions (Ravikumar
et al. 2004).

Diverse soil microorganisms including algae (Finnie and Van Staden 1985) fungi
(Stein et al. 1990) and bacteria (Muller et al. 1989) are capable of producing physi-
ologically active quantities of auxins, which may exert pronounced effects on plant
growth and establishment. Indole acetic acid (IAA) is one of the most physiologi-
cally active auxins. It is a common product of L-tryptophan metabolism by several
microorganisms including PGPR (Frankenberger and Brunner 1983; Lynch 1985).

Microorganisms inhabiting rhizospheres of various plants are likely to synthe-
size and release auxin as secondary metabolites because of the rich supplies of
substrates exuded from the roots compared with non rhizospheric soils (Strzelczyk
and Pokojska-Burdziej 1984).

The quantity of IAA produced by the bacterial isolates varied from strain to
strain. Production of TAA by 18 strains of Acetobacter diazotrophicus, analyzed
quantitatively by the colorimetric Salkowsky assay, was as high as 19-65 pg ml™"

Many bacteria isolated from the rhizosphere have the capacity to synthesize IAA
in vitro in the presence or absence of physiological precursors, mainly tryptophan
(Caron et al. 1995; Davies 1995).

Microbial isolates from the rhizosphere of different crops appear to have a greater
potential to synthesize and release IAA as secondary metabolites because of the
relatively rich supply of substrates (Muller et al. 1989; Caron et al. 1995).

Production of IAA by microbial isolates varies greatly among different species
and strains and depends on the availability of substrate(s). Two new N,-fixing spe-
cies of Gluconacetobacter, Gluconacetobacter johannae and Gulconacetobacter
azotocaptans, isolated from the rhizosphere of coffee plants in Mexico, were found
to produce TAA in the range of 5.30-24.51 uM (Fuentes-Ramirez et al. 2001). The
range of IAA production in several phosphate solubilizing bacterial isolates with
tryptophan was 57-288 pg ml™! culture media (Shahab et al. 2009). However, the
above reports in this section are mostly concerning with isolates from normal soils.

Phosphorus exists in soil in various organic and insoluble inorganic forms.
Goldstein (1986) reported that many soil microorganisms are able to solubilize
insoluble phosphates through the production of organic acids. Notable phosphate
solubilizing bacterial genera are Pseudomonas, Bacillus, Rhizobium, Burkholderia,
Achromobacter, Agrobacterium, Microccocus, Aereobacter, Flavobacterium and
Erwinia (Rodriguez and Fraga 1999).

The discovery of mutual relationship between plants and phosphate solubilizing
bacteria (PSB):in which bacteria provide soluble phosphate and plants supply root



224 S. Tripathi et al.

borne carbon compounds (mainly sugars):encouraged the development of new tech-
nologies, such as the use of PSB for biofertilization to improve crop yield (Goldstein
1995; Pérez et al. 2007).

Diazotrophic microorganisms showing phosphate solubilizing activity are rarely
reported. Verma et al. (2001) identified two endophytic diazotrophic phosphate
solubilizers that of Pantoea agglomerans (BOX PCR types I and III) by their ability
to show clear zones in Pikovskaya medium amended with tricalcium phosphate.

Loganthan and Nair (2004) reported two diazotrophic strains Swaminathania
salitolerans PAS51 and PA12, isolated from mangrove-associated wild rice
(Porteresia coarctata Tateoka) of three different sites along coastal Tamil Nadu,
India. These two strains also exhibited tricalcium phosphate solubilizing activity in
Pikovskaya medium.

Soil contains a wide range of phosphate containing organic substrates, which can
be a source of P for plant growth. To make this form of P available for plant nutri-
tion, it must be hydrolyzed to inorganic P.

Mineralization of most organic phosphorous compounds is carried out by means
of phosphatase enzymes (Rodriguez and Fraga 1999). Burns (1983) studied the
activity of various phosphatases in the rhizosphere of maize, barley, and wheat.
Phosphatase activity was considerable in the inner rhizosphere at acidic and neutral
soil pH.

Significant acid phosphatase activity was observed in the rhizosphere of slash
pine in two forested Spodo soils (Fox and Comerford 1992). The major source of
phosphatase activity in soil is considered to be of microbial origin (Garcia et al.
1992; Xu and Johnson 1995). Soil bacteria expressing a significant level of acid
phosphatases include strains from the genus Pseudomonas (Gugi et al. 1991)
Rhizobium (Abd-Alla 1994) Enterobacter, Serratia, Citrobacter, Proteus and
Klebsiella (Thaller et al. 1995) as well as Bacillus (Skrary and Cameron 1998).
Several reports on halotolerant phosphate solubilizing bacteria are available.
Halotolerant bacteria, capable of growing in media containing 10 % NaCl and
reported to exhibit P solubilization on Pikovskaya media were isolated from Yellow
Sea near the city of Incheon in the Republic of Korea (Siddikee et al. 2010). A salt
tolerant Bacillus cereus isolated from the rhizosphere of a facultative halophyte,
exhibited phosphate solubilization in addition to several other PGP activities
(Chakraborty et al. 2011).

PGPR assisted improvement of plant productivity in salinity affected soils has
also been reported. Beneficial microbes can also enhance plants tolerance to salinity
stress (Egamberdieva 2008). It has been demonstrated that inoculations with AM
fungi improves plant growth under salt stress (Cho et al. 2006). The three PGPR
isolates Pseudomonas alcaligenes PsAl15, Bacillus polymyxa BcP26 and
Mycobacterium phlei MbP18 were able to tolerate high temperatures and salt con-
centrations and thus confer on them potential competitive advantage to survive in
arid and saline soils such as calcisol (Egamberdiyeva 2007).

Barua et al. (2012) screened four potent diazotrophic strains from several isolates
obtained from saline tracts of coastal West Bengal. Those isolates exhibited PGP
activities like IAA production and phosphate solubilization under salinity stress.
The isolates were found capable of solubilizing both organic and inorganic phos-
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Fig. 8.2 (a) Phylogenetic affirmation of the isolates based on 16S rDNA sequence analysis; (b)
Phylogenetic affirmation of the isolates based on nifH sequence (Barua et al. 2012)

phates under salinity stress. Molecular characterization of the strains (SUND_
BDU1, SUND_LM2, Can4 and Can6) revealed that they belonged to Agrobacterium
sp. and 3 Bacillus sp. respectively. Phylogenetic affirmation based on 16S rDNA
and nifH sequencing were also reported (Fig. 8.2a, b).

A salt tolerant strain of Planococcus rifietoensis (SAL-15):isolated from alkali-
saline soils of Faisalabad, Pakistan, is able to survive high salt concentrations (65 g/1
NaCl) and pH (>9). It has been reported to exhibit a mixture of PGP activity, thereby
improving plant growth under high salinity stress (Rajput et al. 2013).

Strains of Pseudomonas sp. and Serratia sp., having multiple PGP activities were
examined for their effect on rice germination and seedlings under salt stress. Growth
curve and TAA production of the strain was unaffected by salinity stress of 4-16
dS/m. However, probably for excessive IAA production, salt-tolerant Pseudomonas
sp. ZnCd2003 showed a reduction in germination, root length, shoot length, fresh
weight, and dry weight of Oryza sativa L. cv. RD6 (Nakbanpote et al. 2014).

8.8 Biofertilizers for Crop Improvement Under Salinity
Stress

Several reports exist on the role of bio-inoculants in the improvement of crop pro-
duction in normal arable soils. Improvement in productivity of field crops like sug-
arcane (Mirza et al. 2001) onion (Kashyap et al. 2005) Chinese cabbage (Yim et al.
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2009) rice (Govindarajan et al. 2008; Jha et al. 2009) and wheat (Zorita and Canigia
2009) due to inoculation by free living diazotrophic bacteria was documented in
normal soils. Progress with respect to development of bio-inoculants for problem-
atic soils, in general and saline soils in particular, is not very encouraging. The
impact of such bio-inoculants on crop productivity has not been adequately studied.
Limited works carried out in this respect.

Azotobacter vinelandii inoculation increased the root growth in Rhizophora
mucronata by enhancing average root biomass by 98.27 % and root length by 98.57
%. The leaf area was higher by 277.86 % in R. mucronata treated with A. beijer-
inckii and by 72.18 % in R. apiculata treated with A. chroococcum with respect to
that of control. The shoot biomass was higher by 29.06 % in R. mucronata treated
with A vinelandii and by 29.9 % in R. apiculata inoculated with A. chroococcum
(Ravikumar et al. 2004).

Three species of Azotobacter, viz. A. chroococcum, A.berijerinkii and A. vine-
landii was isolated from mangrove rhizosphere sediments. All the three species
could tolerate high saline concentrations (up to 35 gl=' and 30 gl™!). These species
of Azotobacter enhanced the germination and growth of rice and black gram seed-
lings even at high saline conditions by fixing atmospheric nitrogen and producing
phytohormones. Among them, A. chroococcum was highly recommended in com-
parison to other bacterial species. Compared with the existing bio-inoculants, their
morphological and biochemical characteristics were similar, except the saline
induced effects on growth and physiology (Ravikumar 2008).

Chavada et al. (2010) had carried out plant growth promotion study of three diaz-
otrophic haloalkalotolerant strain with respect to the germination of wheat seeds.
Wheat seeds treated with bio-inoculant resulted in rapid germination, compared to
un-inoculated control.

Effect of inoculation of halotolerant nonsymbiotic nitrogen fixers from Lonar
lake soils, Maharashtra, India, on the growth of Triticum aestivum L. was carried out
under pot trial in saline soils (Butale et al. 2010). Shoot length of plants, inoculated
with bacteria exhibited an increased value of 5.22—12.5 cm with respect to control
4.25 cm, while root length of plants under the same treatment showed an increased
value of 4.14-6.0 cm over control 2.5 cm. Dry mass of the plants also increased
from (0.008 to 0.010 g as against control 0.003 g).

Garcia de Salamone et al. (2010) reported that the inoculation of a mixture of
Azospirillum strains increased N accumulation by the plant, representing 16.8 and
52.6 % of the total N demanded by this crop production. These data suggest that a
hormonal effect exerted by Azospirillum, improved the efficiency of N absorption
leading to superior yields of biomass. Inoculation improved plant growth at the
grain filling stage by 28 and 50 % in relation to the control; however, no significant
increase in grain production could be observed.

With respect to improvement in crop productivity under biotic/abiotic stress, role
of PGPR is of paramount importance. The diazotrophic bacterial isolated character-
ized by Barua et al. (2012) were also examined for their efficacy for improving
productivity of rice and ladys’ finger in salinity affected Agric fields of coastal West
Bengal, India. Though the highest yield attributes were obtained in fields amended
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with recommended dose of NPK fertilizers, inoculation by one of the isolates
(Can6) along with recommended dose of FYM, exhibited considerable increase in
productivity when compared with uninoculated control. Mixed inoculum prepared
from salt tolerant Azotobacter sp. and Azospirilum sp. (nitrogen fixing bacteria)
isolated from coastal mangrove in Pulau seribu, Indonesia, were tested for their
potentiality as Biofertilizer. Gree-house based experimentation revealed that plants
inoculated with the bacterial preparation can survive and show better growth to the
level of salinity 12.43 dSm~!, inferring that the adverse effect of salinity could be
overcome by treatment with the bacterial preparation (Suliasih 2013). In a recent
report, 75 % of recommended dose of NPK plus bio-fertilizer like Azolla and/or
halotolerant bacteria increased barley productivity in saline soil thereby decreasing
25 % of recommended dose of N, P and K and hence environmental pollution
(Sherif and Mohamed 2014).

8.9 Conclusion

Bio-inoculants are low cost organic inputs with socio-ecological benefits for sus-
tainable crop production. Its efficiency largely depends upon its component micro
flora, which are extensively location specific. Hence, development of location spe-
cific bio-inoculants and popularizing its use among the farmers is a major challenge.
Soil salinity is a natural stress that detrimentally affects plant productivity through-
out the world. Saline soils have their own microbial community adapted to such
environment. Identification and manipulation of PGPR strains in general and diazo-
trophs in particular from such environment is one of the eco-friendly biotechnolo-
gies to overcome the stress. However, the lack of awareness regarding improved
protocols of bio-fertilizer applications to the field is one of the few reasons why
many useful PGPRs are still beyond the knowledge of ecologists and agriculturists.
Hence, the challenge to develop and popularize an inoculant formulation for saline
environment with long shelf life and high efficacy is to be addressed.
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Chapter 9
Application of Halotolerant Bacteria
to Restore Plant Growth Under Salt Stress

Elhafid Nabti, Michael Schmid, and Anton Hartmann

Abstract High salinity abolishes several stages of plant life ranging from the seed
germination step to maturity. Many processes are inhibited, such as phytohormone
synthesis and regulation, normal root and shoot development, nutrient uptake, pho-
tosynthesis, and DNA replication. Plant growth promoting bacteria (PGPB) are
naturally colonizing plants and occur in the rhizosphere or non rhizosphere soil and
benefit plant growth by numerous processes. The importance of halotolerant PGPB
resides in their ability to adapt to increased salinity by efficient osmoregulatory
mechanism to be able to continue regular cell functions. Thus, halotolerant PGPB
are able to provide plants with their activities to challenge osmotic stress by sup-
porting them in the restoration of essential activities, e.g., in their hormonal balance.
Halotolerant PGPB stimulate plant growth under high salinity by using similar
mechanisms like halosensitive PGPB, such as synthesis of indole acetic acid (IAA),
gibberellins (GA), cytokinins (CK), abscisic acid (ABA), solubilization of insoluble
phosphate, synthesis and excretion of siderophores, and production of ACC-
deaminase to reduce high growth inhibitory levels of ethylene occurring in plants at
salt stress conditions. Furthermore, some halotolerant PGPB are even able to colo-
nize plants endophytically, produce various antimicrobial metabolites against
pathogenic fungi and bacteria, support plant health by improving systemic resis-
tance and contribute to soil fertility and remediation.
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9.1 Introduction

Soil salinity constitutes a major obstacle for agriculture in arid and semi-arid
regions. Twenty to thirty percent of the world’s cultivated area and almost half of the
world’s irrigated soils are severely affected by the lack of water in prolonged drought
conditions, and by increased salinity (Bartels and Sunkar 2005). Furthermore,
increases in aridity and salinity seem unavoidable in many countries. Hence, the
development and sustainability of profitable agricultural systems are seriously
threatened (Cordovilla et al. 1994; Nabti et al. 2007, 2010). Furthermore, all global
change scenarios predict a substantial raise of the sea level in the next decades due
to global warming. In consequence, salinization of large agricultural land areas at
fertile coastal areas, which are also highly populated, is to be expected.

It is well known, that the performance of agriculture under less favorable condi-
tions, such as semiarid or saline conditions, presents already major challenges in
many countries. In addition to a proper supply of nutrients, dominating constraints
for plant growth are the lack of water and the increasing salinity of soils. Sustainable
and cost-effective plant growth becomes even more important due to the need of
energy efficient plant growth for biomass and bio-energy production, especially in
soils of lower quality, in addition to food production (Nabti et al. 2007).

The natural occurrence of halotolerant bacteria in saline soils opens up a possible
important role of these microorganisms also in the interaction with plants under
these stress conditions. However, the diversity of these bacteria and the ecology of
their interactions with plants are still under investigation and not fully understood.
General strategies existing for growth and survival of prokaryotes in environments
with elevated osmolarity are well documented. The compatibility of high salt con-
centrations within the cell cytoplasm requires extensive structural and enzymatic
modifications, which is restricted mainly to members of the Halobacteraceae. All
other prokaryotes have evolved the accumulation of a specific group of molecules
of low molecular mass, termed compatible solutes, as general mechanism to cope
with environments of elevated osmolarity. High intracellular concentrations of these
osmolytes balance out high external osmolarity and are perfectly compatible or
even protect cellular processes (Sleator and Hill 2001). To overcome the salt prob-
lem, improvement of management practices by using suitable salt-tolerant plant
cultivars is under development (Vinocur and Altman 2005). However, the inocula-
tion with osmotolerant bacteria or rhizobacteria could be a more ready utilizable
and sustainable solution to mitigate the detrimental salt-effects on plants by the
modulation or amelioration the salt stress (Dodd and Pérez-Alfocea 2012). Some
osmotolerant, plant growth promoting bacterial strains (e.g., Pseudomonas,
Rhizobium, Azospirillum, Bacillus and Planococcus) are being developed on these
lines (Creus et al. 1998; Mayak et al. 2004; Bartels and Sunkar 2005; Egamberdiyeva
2005, 2011; Rabie et al. 2005; Sapsirisopa et al. 2009; Rajput et al. 2013).

Recent studies about the utilization of halophilic and halotolerant plant growth
promoting bacteria in mitigation of the deleterious effects of salt stress have been
performed. There are numerous and diverse, process of mitigation of salt stress in
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wheat seedlings by halotolerant bacteria (Nabti et al. 2012; Ramadoss et al. 2013),
application of osmotolerant PGPR to ameliorate sodium chloride stress on tomato
plants (Tank and Saraf 2010; Shen et al. 2012), restoration of growth of salt-affected
maize and soybean plants by application with osmotolerant rhizobacteria (Aly et al.
2003; Naz et al. 2009), the improvement of nutrient elements in sunflower under
high salinity (Shirmardi et al. 2010), and the increase of halotolerant growth of bar-
ley by the inoculation with novel halotolerant rhizobacteria (Cardinale et al. 2014).

9.2 Effect of Salinity

Salinity is considered as a major threat in ecosystem, because this phenomenon
increases progressively and quickly, then disturbs and influences the biotic and abi-
otic soil components.

9.2.1 Saline Stress and Its Effects on Soil Properties

Soil salinity constitutes a natural situation in ecosystems in arid and semi-arid
regions. The term salt-affected soil is reserved for soils that are saline or sodic.
Saline soils have an excess of soluble salts in the solution within the micro- and
macropore space structure. Sodic soils have a surplus of sodium associated with the
negatively charged clay particles (Bianco and Defez 2011).

Accumulation of salt in the soil is due to inadequate leaching and drainage of
irrigation water. Most of salts present in irrigation water are chlorides, sulfates,
carbonates, and bicarbonates of calcium, magnesium, sodium and potassium.
Salinity affects the soil structure and adversely affects plant growth and crop yields
(Frenkel et al. 1978; Ghadiri et al. 2004). Three major types of salinity based on soil
and groundwater processes are known: groundwater associated salinity, transient
salinity and irrigation salinity (Rengasamy 2006). Salinity is regarded as the most
severe environmental stress, which affects both the soil system and living organ-
isms. Soil structure is defined as the arrangement of the solid particles and aggre-
gates and of the micro-and macropore space between them. Pores are the main soil
physical features because most soil processes that have immediate consequences for
soil biological activity or soil conservation occur either within the pore space or on
the surfaces of the particles that form the pores (Kay 1990; Rengasamy and Olsson
1991; Allotey et al. 2008). It is well known that high salinity leads to negative effects
on soil structure: elevated sodium concentrations cause soil dispersion and clay
platelets to swell and aggregate. Thus, the forces involved in the binding of clay
particles are disrupted under the influence of sodium ions. Soil dispersion causes
clay particles to plug soil pores. Therefore, soil permeability for water and air is
reduced and surface crusting does occur (Abu-Sharar et al. 1987). It is documented
that the presence of water in soil leads to the swelling of soil particles with high
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smectite clay content and to the hydratation of some minerals as a result of the
reduction of the cross-sectional area of soil pores. This process is occurring under
high sodium or low salt concentrations and causes dispersion and movement of fine
particles within the pores. The particles will be caught in smaller pores and there-
fore, water and air will be blocked within the soil structure (Roiston et al. 1984).

9.2.2 Effect of Salinity on Plant Growth

Saline soil becomes a problem when salt is highly accumulated in the root zone. As
a result, plant growth is affected negatively, because plant roots are inhibited to
withdraw water from the surrounding soil and thus the water supply is reduced
(Rengasamy 2010a). Plant growth is also directly and efficiently inhibited by high
salinity of the water. This is due to the high osmotic potential of the soil solution and
nutrient uptake deficiencies caused by the abundance of Na* and CI- in the soil solu-
tion (Marschner 1995); Sairam and Tyagi 2004). The presence of these ions in high
concentrations decreases the activity of other essential elements in soil and can lead
to a reduction in the accessibility and uptake of essential mineral nutrients by plants
(Bianco and Defez 2011).

Also, high salinity causes an inhibition and deterioration of several stages of
plant life such as seed germination, biosynthesis of phytohormones and other plant
growth stimulating factors, photosynthesis by increasing photorespiration and alert-
ing the normal homoeostasis of cells which generates an increased generation of
reactive oxygen species. Other affected processes are the maturation of cell struc-
tures and plant morphology, root and stem growth, ion and organic solute transport,
nutrient uptake as well as general enzymatic activities (Xiong and Zhu 2002).
Osmotic stress reduces stem height, root length and dry weight. Under high envi-
ronmental NaCl concentrations, sodium uptake into roots raises as well, while N, P,
K and Mg-uptake decrease and the intracellular ionic equilibrium is disturbed
(Gunes et al. 1996; Abdel-Ghaffar et al. 1998). Plants become less capable to take
up sufficient water for growth in the presence of high level of dissolved salts in the
root zone (Rengasamy 2010b). Under these conditions, plants expend more energy
on osmotic adjustment by accumulating compatible solutes (Robinson and Jones
1986; Kempf and Bremer 1998).

Numerous studies showed the negative effects of high salinity of plant growth
from the seed germination to maturity (Frangois et al. 1986). The effects of salt
stress on wheat and barley were often and profoundly studied by different authors
(Sarin and Narayanan 1968; Qureshi et al. 1980; Rachidai et al. 1994; Sharma et al.
2005; Mahmoodzadeh et al. 2013). Other plants were also investigated under stress
conditions : pepper (Gunes et al. 1996), sorghum (Gill et al. 2002), alfalfa (Fougere
et al. 1991), beans (Cordovilla et al. 1994), maize (Azevedo et al. 2004), lentil
(Golezani and Yengabad 2012), soybean (Ahmed and Sandhu 1988), sunflower
(Naz and Bano 2013), tomato (Tank and Saraf 2010; Kahlaoui et al. 2011; Jan et al.
2014) cucumber etc. (Ibekwe et al. 2010).
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9.3 Strategy of Osmoregulation in Halotolerant Bacteria

When bacterial cells are exposed to high osmolarity or salt stress, the water activity
decreases in their cytoplasm (Epstein 1986) and most of their proteins and other
macromolecules as well as essential functions are impaired (Bakker et al. 1987).
Also, abrupt plasmolysis blocks different physiological processes, such as nutrient
uptake or inhibition of DNA-replication and macromolecule biosynthesis (Kogut
and Russell 1987; Bartels and Sunkar 2005).

Cellular adaptation to osmotic stress is a fundamental biological process protect-
ing organisms against the lethal effects of dehydratation. Osmoregulation is of great
significance in agriculture, since water is the major limiting factor in crop productiv-
ity (Le Rudulier et al. 1984). Two strategies of osmoadaptation are adopted in bacte-
ria: at first, maintenance of osmotic equilibrium by keeping cytoplasmic KCl
concentrations similar to the surrounding environment and in parallel some physio-
logical modifications to protect vital metabolic functions are key mechanisms; sec-
ondly the accumulation of compatible solutes (organic osmolytes) in the cytoplasm
(Galinski and Triiper 1982; Galinski and Triiper 1994; Galinski 1995) so as to balance
the high osmotic potential in the environment in a physiological compatible manner.

The adaptation of rhizospheric bacteria to high salinity was reviewed in detail by
Miller and Wood (1996). Osmoregulation is a general process in soil microorgan-
isms, because the presence of variable salt concentrations in soil would lead to the
disruption of numerous processes. For example, a disturbance in the interaction of
plants with bacteria is caused by alterations of proteins involved in the initial attach-
ment steps (adsorption and anchoring) of bacteria to plant roots in symbiotic inter-
actions as well as by the inhibition of nodulation and nitrogen fixation activities.
Furthermore, a disturbance of the molecular structure of exopolysaccharide (EPS)
and lipopolysaccharide (LPS) of bacterial cells surfaces cuts off the molecular sig-
nal exchange between bacteria and plant host, bacterial chemotaxis and finally root
colonization of surface-associated or endophytic PGPB (Jofré et al. 1998).

Osmoregulation in the nitrogen fixing rhizobacteria of the genus Azospirillum is
well documented (Hartmann 1988; Riou and Le Rudulier 1990; Hartmann et al.
1991, 1992; Riou et al. 1991; Tripathi et al. 1998). Bacteria of the genus Azospirillum
accumulate compatible solutes such as gulatamate, proline, glycine betaine, treha-
lose in order to adapt to the fluctuations in soil salinity. The understanding of the
osmoadaptation mechanisms in Azospirillum spp. can contribute towards the long-
term goal of improving plant-microbe interactions in salinity affected crop produc-
tivity (Tilak et al. 2005). Other substances like poly-p-hydroxybutyrate (PHB) may
also be involved in the resistance of Azospirillum brasilense towards the osmotic
stress and root colonization (Kadouri et al. 2003). PHB is an energy and carbon
storage material accumulated in response to the limitation of an essential nutrient.
The effect of different salt concentrations on growth and PHB accumulation of four
different Sinorhizobium strains was examined by Arora et al. (2006) suggested that
minimum PHB content was accumulated at low or zero salinity, maximum was
observed by the salt-tolerant strains at higher salt concentrations which, define key
role of PHB in cell protection in saline conditions.
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Certain osmotolerant strains of the genus Rhizobium showed a different utilization
of osmoprotective substances such as dimethylsulfoniopropionate, dimethylsulfo-
nioacetate, glycine betaine, proline, ectoine and choline (Le Rudulier et al. 1983;
Bernard et al. 1986; Le Rudulier and Bernard 1986; Talibart et al. 1994; Pichereau
et al. 1998; Boncompagni et al. 1999; Zahran 1999; Bouhmouch et al. 2001).
Mechanisms of osmotolerance with different pathways are present in the genus
Sinorhizobium (Shamseldin et al. 2006; Abolhasani et al. 2010). Sinorhizobium
meliloti takes up osmolytes like trehalose, maltose, cellobiose, gentibiose, turanose
and palatinose as cytosolic osmolytes under salt-stress in an early growth phase.
These compounds are catabolized during later growth phases and thus contribute to
an increase in the cytosolic concentrations of two endogenously-synthesized osmo-
lytes: glutamate and N-acetyl glutaminylglutamine amide (Gouffi and Blanco
2000). Many other osmotolerant PGPB, like Pseudomonas spp., Bacillus spp., and
e. g. Streptomyces spp., were isolated and examined for their capacities to challenge
osmotic stress in detail (Halverson et al. 2000; Upadhyay et al. 2012).

9.4 Plant Growths Under Salinity Stress Conditions

Under saline or sodic stress, both halophytes and halotolerant rhizospheric and
plant-associated bacteria are especially adapted to the particular stress conditions.
The functional interactions between the two partners can reduce the effect of the salt
pressure (Biro et al. 2002). Previous studies reported that plant growth promotion
and amelioration of salinity stress in crop plants by salt-tolerant bacteria could
involve different mechanisms such as antioxidant enzymes, phosphate solubiliza-
tion, siderophores and secretion of various phytohormones (Alizadeh and
Parsaeimehr 2011; Chakraborty et al. 2011). Furthermore, the application of halo-
tolerant PGPB reduced the negative effects of saline stress by increasing the leaf’s
relative water content and enhancing photosynthetic pigment production in both
stress and normal conditions (Saghafi et al. 2013). Additionally, the majority of
halophilic or halotolerant PGPB are characterized by their capability to induce anti-
oxidant enzymes involved in the tolerance of plants towards severe salt stress (Del
Rio et al. 2003; Kohler et al. 2009).

Rabie and Almadini (2005) showed the positive effect of the dual inoculation of
the arbuscular mycorrhizal fungus Glomus clarum and the diazotroph Azospirillum
brasilense on salt-tolerance in cowpea plants. They revealed that different vegeta-
tive plant growth parameters, protein content, nitrogenase, and phosphatase activi-
ties as well as nutrient elements (N, P, K, Ca, Mg) are significantly improved in the
presence of A. brasilense. Ghorai et al (2013) showed the potential effect of some
high salt tolerant PGPB on groundnut seedling under saline conditions. The experi-
ment revealed significant improvement of shoot height, root length and biomass of
groundnut seedling after 7 days under salinity stress. The application of halotolerant
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PGPB is not only restricted to legumes and cereals, but is also performed on trees
such as banana and mangrove forest growing under hard environmental conditions
caused by salinity (Maziah et al. 2009; Das et al. 2011). Furthermore, Shukla et al.
(2012) demonstrated an increase of NaCl-stress inhibited growth of peanut (Arachis
hypogaea) after inoculation with the diazotrophic rhizosphere bacterium
Brachybacterium saurastrense (Gontia et al. 2011) and other halotolerant isolates
from the halophyte Salicornia (Jha et al. 2012).

The use of Rhizosphere bacteria possessing the traits of PGP under saline stress
is becoming prevalent worldwide to achieve sustainable agriculture along with soil
reclamation through phytoremediation as well as bioremediation (Tank and Saraf
2010). Additionally, many studies were carried out to highlight the possibility to
restore cereal growth under saline conditions by using osmotolerant bacteria. A
restoration of salt effected growth of (Triticum durum) was sown after inoculation
of seeds with the osmotolerant PGPR Azospirillum brasilense NH isolated from
salt-affected soil was reported by Nabti et al. (2010). The addition of extracts of
marine algae Ulva increased the protecting effect on salt-stressed plants due to the
content of osmolytes in the algae. Chickpea plants irrigated with saline water were
inoculated with Azospirillum brasilense strain Cd, and a noticeable growth-
restoration of nodulation, root and shoot and crop yield occurred under saline condi-
tions (Hamaoui et al. 2001). Similarly, Rojas-Tapias et al (2012) reported significant
effects of inoculation with two strains of Azofobacter sp. on the amelioration of
growth of (Zea mays) under high NaCl concentration. The experiment revealed a
significant restoration of plant biomass (length and weight), exclusion of Na* and
K*, improvement of polyphenol and chlorophyll contents and maintenance of nitro-
gen fixation and phosphate solubilization activities under saline stress conditions.
Concurrent with accumulation of proline, which is regarded as potent osmolyte and
indicator of osmotic stress, was greatly diminished.

Other studies revealed the necessity of application of osmotolerant strains of
Rhizobium to improve common bean production in the Mediterranean area
(Bouhmouch et al. 2001). In fact certain Rhizobium sp. are able to respond to the
challenge to soil salinity by a natural selection imposed by certain legumes, which
play an important role in the remediation of this kind of soils (Yadav and Agarwal
1961). Some salt tolerant pseudomonas (P. fluorescens, P. aeruginosa and P.
stutzeri) (<6 % NaCl) of PGPB were selected which showed a significant effect on
tomato plant growth under sodium chloride stress due to phosphate solubilization,
siderophores production; ethylene reduction and IAA production.

Most recently, research was conducted on the utilization of marine bacteria as
salt tolerant PGPB to mitigate the effect of stress on inoculated plants (Kim et al.
2014). Schnell and colleagues isolated a diversity of novel halotolerant bacteria that
mitigate the adverse plant growth under salt-stress conditions (Suarez et al. 2014a,
b; Cardinale et al. 2014). Upon inoculation of these bacteria to Hordeum vulgare cv.
Propino was, a remarkable restoration of salt-affected growth was achieved (Schnell,
personal communication).
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9.4.1 ACC-Deaminase and Halotolerant PGPB

Ethylene is a volatile phytohormone and is known to play an important role in plant
growth regulation at very low concentrations such as development of different veg-
etative plant parts, nodulation, or rooting of cuttings (Davis 2004). It is also involved
in the transduction of a signal for the recognition of salt stress (Selvakumar et al.
2012). Plants growing in contaminated soils are often subjected to the combined
stress of nutritional deficiency and chemical toxicity resulting. This results in the
production of stress ethylene, which leads to growth inhibition of plants and
decreases in plant biomass (Maheshwari 2011).

One of the strategies for increasing the efficacy of phytoremediation is based on
the use of contaminant—tolerant plant species in combination with PGPB (Gerhardt
et al. 2006). These soil microorganisms producing l-aminocyclopropane-1-
carboxylate deaminase (ACC) are capable to promote plant growth by cleaving
plant-produced ACC, a precursor in the biosynthesis of ethylene, which decreases
the level of ethylene in plants and thereby relieves the blockage in plant growth
(Honma and Shimomura 1978; Glick 2005; Aamir et al. 2013). Ethylene production
is regulated by different parameters such as light, temperature and IAA. When plant
growth is subjected to an environmental stress, ethylene is produced at high concen-
trations as response to harsh conditions (Glick 2005). In addition, the production of
ethylene is indispensable to ensure normal plant growth and development. However,
high concentrations of ethylene induced by stressful conditions proved harmful,
because it provokes defoliation and inhibits seed germination and other cellular pro-
cesses involved in normal growth and development. The involvement of ACC-
deaminase positive PGPB degrades ACC in the ethylene biosynthesis pathway in the
root system. However, the ACC-deaminase level should be at least 100-1,000-fold
greater than the ACC-oxidase level. This is likely to be the case, provided that the
expression of ACC- oxidase is not induced (Glick et al. 1998). This ACC-deaminase
enzymatic activity is regarded as a very important mechanism (Glick and Holgan
2003; Mayak et al. 2004), since decreasing elevated ethylene levels in roots during
salinity stress leads to improved plant development (Fig. 9.1) as observed by Blaha
et al. (2006). Bacteria containing ACC deaminase have been used successfully in
many cases, both in laboratory experiments and in the field, to ameliorate some of
the stress experienced by plants used in phytoremediation (Gerhardt et al. 2006).

Many rhizobacteria are described as ACC-deaminase-positive such as
(Azospirillum, Pseudomonas, Rhizobium and Bradyrhizobium) . They hydrolyze the
ethylene precursor ACC as nutrient source for C and N by converting it to ammonia
and o-ketoglutarate (Honma and Shimomura 1978; Glick et al. 1998; Saleem et al.
2007). Various halotolerant bacteria isolated from the rhizosphere of halophytic
plants in the vicinity of the Yellow Sea harbour ACC-deaminase activity in saline
medium (0,85 M NaCl) (Siddikee et al. 2010).

Kausar and Shahzad (2006) determined the positive effect of ACC deaminase in
P. putida and P. fluorescens which reused to restore growth of maize under saline
conditions. Bacteria containing ACC-deaminase with a potential effect on growth of
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Fig. 9.1 Diagram of ACC-deaminase in bacteria following the model of Glick et al. (1998). The
ACC-deaminase in bacteria reduce the ethylene level (inhibition of root elongation) in plants by
conversion of ACC to ammonia and a-ketobutyrate

maize under saline conditions were also isolated and characterized by Hussain et al.
(2013). Montero-Calasanz et al (2013) confirmed, that the inoculation of Pantoea
sp. AG9, Chryseobacterium sp. AG13, Chryseobacterium sp. CT348, Pseudomonas
sp. CT364 and Azospirillum brasilense Cd containing ACC-deaminase significantly
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induced the rooting in semi-hardwood cuttings of Arbequina, Hojiblanca and Picual
cultivars of olive (Olea europea L.). Similar results were reported by Husen et al
(2011), who were able to restore and enhance soybean growth under acidic and low
fertility conditions in field soil by using ACC-deaminase producing Pseudomonas
sp. strains. Nadeem and coworkers reported, that several halotolerant rhizosphere
strains containing ACC-deaminase increased plant height, root length, total biomass
and grain, N-, P-, and K-contents, chlorophyll- and carotenoid-concentrations and
yields in maize under salt stress (Nadeem et al. 2006a, b, 2007). The authors showed
the potential effect of some rhizospheric bacteria on ground-nut seedlings using
ACC-deaminase containing P. fluorescens strain TDK1. Under high salt conditions,
salt-affected plant growth was restored using the wild type P. fluorescens, while
seedlings inoculated with a ACC-deaminase negative mutant or non-inoculated
seedlings were not rescued (Saravanakumar and Samiyappan 2007).

PGPB containing ACC-deaminase in combination with rhizobia improve the
growth and nodulation in plants by suppressing the endogenous level of ethylene
(Zafar-ul-Hey et al. 2013). Ameliorative effects of some bacteria containing ACC-
deaminase were clearly shown after inoculation of squash plants under salt stress
(Yildirim et al. 2006). However, some osmotolerant bacteria increasing plant growth
under salt stress were shown to lack the ACC deaminase gene, for e.g. in the slightly
halophilic rhizospheric bacterium Azospirillum brasilense NH which, nevertheless,
is able to restore salt-affected growth of wheat plants (Nabti et al. 2010).

9.4.2 Phytohormone Production of PGPB

Plant hormones or phytohormones are a group of naturally occurring, organic sub-
stances which influence physiological processes of plants at low concentrations. These
hormones affect differentiation and development of plant growth through the regula-
tion of diverse processes. These hormones are also involved in signaling systems of
stress (Davis 2004). Plant hormones are divided into different groups such as: indole
acetic acid (IAA), gibberelins (GA), cytokinins (CK), abscisic acid (ABA), ethylene
and the cofactor pyrroquinoline quinone (PQQ) (Davis 2004; Jha et al. 2013).

It is well documented that the application of salt tolerant PGPB supports plant
growth and renders them more tolerant to salt stress by improving their antioxidant
status and physiological response by the intervention with several growth promot-
ing substances like IAA, GA; and ABA mediated by PGPB (Perrig et al. 2007).
More recently, spermidine was described as new protector molecule against stress
(Alavi et al. 2013). In their study regarding salt effects on soybean seedlings, Asim
et al. (2013) showed a remarkable decrease in IAA content in leaves of stressed
plants. They found major changes in endogenous level of phytohormones to occur
between 48 and 96 h after inoculation with PGPB. IAA causes morphological
changes of roots and the root system leading to improved shoot growth and yields
when present at optimal concentrations. Naz and co-workers (2009) isolated and
characterized halotolerant bacteria by a high production of proline and the plant
hormones TAA, GA3, trans-zeatin riboside and ABA. Inoculation of soybean plants
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by these halotolerant strains showed a significant improvement in shoot and root
length and dry weight under salt stress (20 dS/m NaCl). Thus, these bacteria appear
promising as potential bio-fertilizers to that of saline soils.

Nabti et al. (2007, 2010) revealed the restoration of salt-affected growth of
durum wheat by the osmotolerant PGPB A. brasilense NH, isolated from salt-
affected Algerian soil close to the Mediterranean coast. This strain was able to pro-
duce high amount of IAA in saline medium (200 mM NacCl), while IAA-production
in the salt-sensitive reference strain A. brasilense Sp7 was almost completely inhib-
ited at this NaCl-concentration. It is well demonstrated that IAA play a considerable
role in plant resistance to salt stress (Ali and Abbas 2003; Kaya et al. 2010, 2013;
Khalid et al. 2013; Kang et al. 2014). Many strains of halophilic bacteria belonging
to the genus Halomonas sp. isolated from the rhizosphere of Salicornia plants were
characterized and tested for PGP-features under high salt concentration, where a
noticeable quantity of IAA was observed (Mapelli et al. 2013). Ul-Hassan and Bano
(2014) reported in their study that the level of IAA and ABA increased in leaves of
wheat growing in saline soil after a dual inoculation with isolates of Pseudomonas
sp. and Bacillus cereus. Furthermore, Jha and Subramanian (2013) showed clearly
the direct and potential effect of some osmotolerant bacteria on germination of
paddy seeds under saline conditions. This is probably due to the intervention and
supplementation of IAA by the inoculated bacteria which plays an important role in
the germination of seeds. Additionally, Raza and Faisal (2013) studying the growth
promotion of maize by desiccation tolerant Micrococcus luteus chp 37 showed an
involvement of IAA and HCN in the restoration and protection of growth of maize
under harsh conditions. Inoculation with halotolerant PGPB improved plant growth
under saline conditions by the augmentation of auxin (IAA) which caused a reduc-
tion of the uptake of toxic ions by plants (Zhang et al. 2008; Chakraborty et al.
2011). Recently, the impact of plant hormones like IAA, ABA and GA; on amelio-
ration of salinity stress in crop plant growth as well as the direct implication of
phytohormones was investigated (Jha et al. 2013) in restoration and growth enhance-
ment of common bean (Phaseolus vulgaris) under high salinity conditions after
inoculation with two halotolerant strains of P. extremorientalis and P. chlororaphis
(Egamberdieva 2011). In their study on the utilization of osmotolerant PGPB so as
to mitigate deleterious effects of salinity and osmotic stress in Cucumis sativus,
Kang et al (2014) revealed that stressed plants showed an upregulation of stress-
responsive abscisic acid which is not occurring when PGPB were inoculated,
whereas salicylic acid and GA were highly produced in PGPB-inoculated plants.

9.4.3 Minerals Uptake, Nitrogen Fixation, Siderophores
Production, Phosphate Solubilization and Root
Colonization by Halotolerant PGPB

Mineral disturbances under salinity stress reduce plant growth by affecting the
availability, transport, and partitioning of nutrients. Salinity can differentially affect
the mineral nutrition of plants and cause nutrient deficiencies or imbalances, due to
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the competition of Na* and CI~ with nutrients such as K*, Ca?* and NOs~ (Jouyban
2012). Nevertheless, halotolerant bacteria can help to overcome the turbulence of
nutrient uptake by restoration of phosphorus availability, and enrichment of rhizo-
sphere with NO;™ N (Ul-Hassan and Bano 2014). These bacteria also influence the
uptake of nutrient elements (N, P, and K, Ca, Mg, Na Cl, Fe, Zn, Cu Mn) (Shirmardi
et al. 2010; Yildirim et al. 2011; Jha and Subramanian 2013). The effects of co-
inoculation with P. fluorescens and R. meliloti strains on nodulation and mineral
uptake in alfalfa (Medicago sativa) clearly showed restoration of growth and only
moderated negative effects of salt and significantly increased plant growth by eleva-
tion of P and N and diminution of Na* in planta (Younesi et al. 2013a). Similar
effects were reported by Han and Lee (2005) during their study on the effect of soil
salinity on the antioxidant status, photosynthesis, mineral uptake and growth of let-
tuce. In this experiment, the P, K and N concentrations were increased in lettuce
plants; in contrast, Na* was decreased. Some observations revealed that the capacity
of bacteria to mitigate salt stress is due to the production of polysaccharides binding
Na* in the root zone (Ashraf et al. 2006; Awad et al. 2012). Sarathambal and
Tlamurugu (2013) showed the detailed PGP-features of some salt-tolerant diazotro-
phic PGPR, which were used to restore growth of paddy under saline conditions.
Nutrient uptake (N, P and K) were increased, and in parallel, Na* level in plant tis-
sues were reduced. In addition to these characters, these rhizobacteria showed the
potential to fix nitrogen and solubilize phosphate under high salinity conditions
(Sarathambal and Ilamurugu 2013). Osmotolerant rhizobacteria are known to
enhance nutrient uptake in plants, nitrogen fixation, phosphate solubilization and
siderophore biosynthesis in saline soils (Bashan et al. 2000; Ibekwe et al. 2010;
Chakraborty et al. 2011; Shookietwattana and Maneewan 2012; Aamir et al. 2013;
Jha and Subramanian 2013; Younesi et al. 2013b). In addition, the inoculation with
osmotolerant PGPB to alleviate the deleterious effects of salt stress conditions on
growth and yield of strawberry plants under salinity conditions was examined by
Karlidag et al. (2013). Improvement of vegetative growth of plants, chlorophyll
content, nutrient element, and yield of strawberry plants under saline stress was
highly pronounced. Electrolyte leakage of plants was found reduced and the con-
tents of nutrient elements in leaves and roots were considerably increased — except
of sodium (Na*) and chlorine (CI"). Nitrogen fixation, potassium, phosphorus, cal-
cium, magnesium, sulfur, manganese, copper, and iron concentrations were
increased besides of N, P, K, Ca, Mg, S, Mn, Cu, and Fe in leaves and roots. The
neutralizing effect on salinity and drought stress in plants was explained by amelio-
rative effects of PGPB on increased water potential and decreased electrolytic leak-
age in plants. In parallel, Na* concentration was decreased, while potassium and
phosphate achieved a high level in comparison to the non-inoculated plants (Kang
et al. 2014). Some species of halotolerant Rhizobium are capable to nodulate under
high NaCl concentration. This phenomenon is mainly due to the induction of the
nod genes in the absence of flavonoid inducers (Guasch-Vidal et al. 2013). A co-
inoculation of alfalfa with Rhizobium sp. and P. fluorescens under saline conditions
resulted in a synergetic effect, which was more significant than upon inoculation
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with each strain separately. This is due to the combination between the nodulating
rhizobacteria (Rhizobium) and the phosphate-solubilizing bacteria (Pseudomonas
fluorescens) (Younesi et al. 2013a). Similar results were obtained in the co-
inoculation of bean plants with both of the bacterial strains of Rhizobium and
Pseudomonas (Ahmed et al. 2013). Pandey and Maheshwari (2007a, b) studied
combination of rhizobacteria for growth promotional activity in Cajanus cajan
using two species consortia and multispecies consortia and observed exceptional
increase in seedling growth in mixed-species, co-inoculated consortium.

Efficient root colonization of plants by PGPB is a central parameter for the
enhancement of plant growth in presence or absence of salinity. Bacterial root colo-
nization is fundamentally influenced by the presence of specific bacterial traits
required for attachment and subsequent establishment. However, additional abiotic
and biotic factors play an important role in root colonization too. When a microbe
colonizes a root, the process must be in accordance with an array of external param-
eters including water content, temperature, pH, soil types (texture, organic matter,
micro-aggregate stability, presence of nutrients such as N, P, K, and Fe), composi-
tion of root exudates, and the presence of other microorganisms (Ahmad et al. 2011;
Maheshwari 2012).

Some endophytic bacterial members of the plant microbiome have multiple
functions as they have potentials for biological control, nitrogen fixation and plant
growth promotion. This extraordinary feature was found for example in the Gram-
negative nitrogen—fixing bacteria of the genus Azospirillum living in close associa-
tion with plant roots (Broek et al. 1998). Within the species A. brasilense, an
endophytic colonization is known for the strain Sp245, which colonize the root
cortex area of wheat plant roots (Rothballer et al. 2003; Schloter and Hartmann
1998). Endophytic colonization of plants by microorganisms is only possible, when
the plant is not recognizing the bacterial cells as enemy and does not mobilize
defense reactions against it. On the other hand, the bacterium has abilities to defend
itself, enter and thrive within a plant successfully, exerting its beneficial effects with
less competition with the abundant rhizosphere microbiota (Nabti et al. 2010).
Puentea et al. (1999) showed a potential root colonization of mangrove seedlings by
strains of A. brasilense and A. halopraeferens, irrigated with seawater. A difference
of the colonization pattern was observed between the two strains, where A. brasi-
lense cells were anchored to the root surfaces and to themselves by a network of
fibrillar material. However, A. halopraeferens yielded mainly single cells embedded
in a thick sheath. The author suggested the feasibility of using terrestrial PGPB for
the inoculation of marine plants. An analogous experiment was performed with
slightly halophilic A. brasilense NH showing an efficient root colonization of durum
wheat at 200 mM NaCl (Fig. 9.2). However, the same strain did not show this capac-
ity in the absence of NaCl (Nabti et al. 2010).

In recent years, many studies are concerned with isolation of salt tolerant endo-
phytic bacteria and their application in saline stress alleviation (Chookietwattana
and Maneewan 2012; Damodaran et al. 2013; Kannan et al. 2014; Cardinale et al.
2014).



248 E. Nabti et al.

Fig. 9.2 Confocal laser scanning microscopic images of wheat roots inoculated with A. brasilense
NH in axenic conditions after 4 weeks of growth under saline (200 mM NaCl) and non saline
conditions: The roots were fixed in 4 % PFA, FISH-analysis was performed using the probes EUB-
338-L, 11, I1I, labelled with FLUOS and the specific probe Abras-1420, labelled with Cy3. A. brasi-
lense NH cells are stained in yellow (combination of both fluorescent signals [Cy3=red,
FLUOS=green]). Orthogonal optical sections of a three dimensional confocal image created from
a z-stack of xy-scans. (a) Shows the root surface colonization by A. brasilense NH at 200 mM
NaCl. (b) No surface root colonization by A. brasilense NH in absence of NaCl

9.4.4 Biocontrol and Soil Remediation

In addition to deleterious effects of salinity stress on plant growth, phytopathogenic
microbes often successfully attack salt-stressed plants probably due to a weakened
defense system or lesions in their surface structures. Environmental conditions have
major influences on the pathogenicity, because the epiphytic phase of pathogens is
strongly influenced by water availability, temperature and surface wetness (Agrios
1997). Thus, to cope with this problem, farmers frequently use chemical pesticides
and fungicides. Unfortunately, continuous and increasing application of chemical
substances generated pathogen resistance to antimicrobial agents as well as envi-
ronment pollution (Compant et al. 2005). In addition, more and more chemical pes-
ticides are no longer allowed to be in use and therefore alternatives are badly needed
(Maheshwari 2013).

As an alternative, specific salt-tolerant or salt-sensitive PGPB, so-called bio-
logical control agents, are getting in use to protect plants from pathogen attack. In
these cases, plant growth stimulation occurs through suppression of phytopatho-
gens by the production of siderophores, antibiotics or other substances. Other
mechanisms are also involved in the antifungal activity such as allelochemicals,
biocidal volatiles, hydrolytic and detoxification enzymes (Sturz and Christie 2003;
Chakraborty et al. 2011).



9 Application of Halotolerant Bacteria to Restore Plant Growth Under Salt Stress 249

Furthermore, plants are capable to acquire an induced systemic resistance (ISR)
towards phytopathogens after inoculation with PGPB. When these bacteria are
associated with plant roots, they stimulate a protection of the plant host and confer
a resistance against a large spectrum of different pathogenic agents (Van Hulten
et al. 2006). The importance of bacteria in growth promotion and their ability to
elicit the induced systemic tolerance also against abiotic stress conditions, such as
e.g. UV-radiation and desiccation stress, has been documented in detail (Damodaran
et al. 2013). Many salt-tolerant PGPB were studied for their capability to eliminate
phyto-pathogenic fungi in number of rhizosphere (Wolf et al. 2002; Belimov et al.
2005). Bhakthavatchalu et al. (2013) demonstrated the potential effects of volatile
and diffusible metabolites produced by the salt tolerant P. aeruginosa FP6 in the
biocontrol. Among biocontrol rhizobacteria, bacteria belonging to the genera
Pseudomonas and Bacillus are the most important ones (Van Peer et al. 1990; Cook
1993; Paul et al. 2006; Bhakthavatchalu et al. 2013; Saravanan et al. 2013).

It is well known that continuous spreading of heavy metal into the environments
occurs, e.g. as contaminants of household compost into soils or via air pollution.
This constitutes a significant environmental pollution and its negative impact on
human health and agriculture. Rhizosphere, as an important interface of soil and
plant, plays a significant role in the phytoremediation of soils contaminated with
heavy metals and organic xenobiotics. Microbial populations are known to affect
heavy metal mobility and availability to the plant through chelating mechanism,
acidification, phosphate solubilization and redox changes. Therefore, they can
enhance phytoremediation processes (Jing et al. 2007).

The most common heavy metal contaminants are Cd, Cr, Cu, Hg, Pb and Ni. The
level of these toxic elements increases daily in soils and cause a considerable and
accelerated pollution. This is the backside consequence of industrialization with its
huge production of gas, fuel, fertilizer, sewage and pesticide (Kabata-Pendias
2011). However, phytoremediation is an alternative biological approach of treating
the polluted areas and reducing the phytotoxicity in polluted soils (Weyens et al.
2010; Nanda and Abraham 2013). Phytoremediation is defined as the utilization of
plants in the elimination of toxic metal and organics. To improve these activities,
PGPR that facilitate the proliferation of various plants especially under environ-
mentally stressful conditions may be used to lower the level of growth inhibiting
stress ethylene within the plant and also to provide the plant with iron from the soil
(Glick 2003).

Few studies showing the utilization of PGPR to reduce the negative effects of
Lead (Pb), Chromium (Cr) and other toxic heavy metals on plant growth were
reported (Janhmohammadi et al. 2013; Khan et al. 2013; Nakbanpote et al. 2014).
Field and laboratory experiments have also been performed to show the positive
effect of bacteria of the genus Pseudomonas in the bioremediation system for
decontamination of petroleum and salt-affected soils (Greenberg et al. 2007). It is
important to mention the relationship between the mechanisms involved in mitiga-
tion of salt stress and bioremediation, such as the reduction of ethylene, which is
increased by several stress conditions — high salinity/osmolarity and contamination
by heavy metals.
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9.5 Conclusion

In summary, the successful restoration of plant growth under salinity conditions
after inoculation with halotolerant or halophilic PGPB provides the basis for a suit-
able alternative of a successful formulation to improve crop growth and yield in
saline soils. Additionally, halotolerant PGPB are able to enhance plant growth under
saline conditions by various mechanisms. These mechanisms are similar to those of
salt-sensitive PGPB plant interactions. The major difference resides in the osmo-
regulatory adaptation of halotolerant PGPB and some specific traits to relief defi-
ciencies in salt-stressed plants.
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Chapter 10
Beneficial Usages of Halophilic
Microorganisms

Safiye Elif Korcan, Muhsin Konuk, and Sevim Feyza Erdogmus

Abstract Petroleum hydrocarbons are the most important contaminants in many
saline environments. These environments could have remarkably economic,
ecological and scientific value. Halophiles are organisms that require more than
0.2 M NaCl for their growth and can resist the effects of osmotic stress. Halophilic
microorganisms propose potential applications in various fields of biotechnology.
These microorganisms could be used as a source of metabolites, compatible solutes
and other compounds of industrial value. In the last two decades, there have been
many reports on the biodegradation of hydrocarbons in salinity environments. This
chapter focuses on our growing understanding of Archaea responsible for the deg-
radation of hydrocarbons under aerobic conditions in salinity environs.

Keywords Saline environments ¢ Halophilic microorganisms ¢ Biotechnological
usage

10.1 Introduction

Halophilic microorganisms are of a group that they can be procaryotic or eukaryotic
organisms. They need a high amount of salt for their growth and have developed
different adaptations survived in salty environments. Halophiles can be classified
either regarding to their resistance to the effects of osmotic stress or according to the
degree of their salt requirement: weak halophiles grow optimally at 0.2-0.85M
(1-5 %) sodium chloride (NaCl); moderate halophiles grow optimally at 0.85-3.4M
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(5-20 %) NaCl; and extreme halophiles grow optimally at 3.4-5.1M (20-30 %) of
NaCl solution. Halophiles prevent the loss of cellular water in their saline environ-
ments either by accumulating osmotically balanced levels of internal salts or by
producing compatible solutes or osmolytes that can be used to maintain the stability
of biomolecules. These osmolytes are usually amino acids or sugars and polyols
(Oren 2002; Dassarma et al. 2010). In recent years, the number of biotechnological
usages of halophilic microorganisms has been increasing, and additional applica-
tions are under development.

10.2 Some Biotechnological Uses of Halophilic
Microorganisms

10.2.1 Production of Bacteriorhodopsin

Halophilic microorganisms have a number of potential applications in various fields
of biotechnology. Halophilic biomolecules used for multiform specialized applica-
tions (Shivanand and Mugeraya 2011). Approximately 80 US patents belong to
bacteriorhodopsin from Halobacterium and it is one of the most recognized prod-
ucts derived from halophiles. Bacteriorhodopsin from Halobacterium sp. is being
considered for use as an erasable photochromic film. Bacteriorhodopsin films also
have the potential to be utilized as biochips which can pass electrical signals, thereby
replacing the integrated circuits in modern computers. Since bacteriorhodopsin can
convert light into electrical impulses, it can also be used as a light sensor. It has even
been suggested that bacteriorhodopsin could be used to give sight to industrial
robots (Dassarma et al. 2010).

10.2.2 Production of Extremozymes

Extremozymes make a group of proteins of great biotechnological interest due to
their stability in extreme conditions, opening new possibilities for different indus-
trial processes that run in severe conditions of temperature, pH and pressure or in
presence of organic solvents (Perez et al. 2011). Halophilic enzymes are of particu-
lar interest due to their activity in environments with low water action. Many
archaeal enzymes (Amylases, pullulanases and a-glucosidases) involve in carbohy-
drate metabolism, particularly those from the glycosyl hydrolase family, are of spe-
cial interest to the industrial biotechnology sector like starch processing. In all
starch processing units high temperatures are required (Schiraldi et al. 2002).
Amylases have been characterized from many halophilic strains (Halomonas
meridiana, Haloarcula hispanica, and Natronococcus amylolyticus). Similarly, a
kind of a-amylase is produced extracellularly by the haloalkaliphilic archaeon,
Natronococcus sp. (Kobayashi et al. 1996). Type II archaeal pullulanase was
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recently detected in crude cell extracts of Desulfurococcus mucosus and was suc-
cessfully cloned in Bacillus subtilis (Duffner et al. 2000). The discovery of this
thermostable enzyme could deliver an enormous benefit to the starch bioconversion
process in the saccharification step.

Ectoine, a cyclic tetrahydropyrimidine (1,4,5,6-tetrahydro-2-methyl-4-
pyrimidinecarboxylic acid), can be considered a marker for halophilic bacteria:
this solute was first detected in the phototrophic Halorhodospora halochloris.
Recently it has also been observed in the halophilic bacteria Halomonas bolivien-
sis, Methylarcula marina, M. terricola, and Methylophaga sp. (Roberts 2005).
Ectoine and its derivatives have been patented as moisturizers in cosmetics
(Montitsche et al. 2000), although the most promising application may be as stabi-
lizers in the polymerase chain reaction, (Sauer and Galinski 1998; Dassarma et al.
2010).

Betaines decrease side effects of anti-inflammatory preparations. They are com-
patible solutes present in halophilic phototrophic bacteria, chemotrophic bacteria
and archea. Mannosylglycerate is another novel compatible solute widely found in
the halotolerant Methanothermus fervidus, Pyrococcus furiosus and Rhodothermus
marinus. This compound plays a major role in thermal adaptation for the producing
organisms. Diglycerol phosphate accumulates under salt stress in the hyperthermo-
phile Archaeoglobus fulgidus. This is a potently useful protein stabilizer (Shivanand
and Mugeraya 2011).

Halophilic proteases are used in the detergent, food, baking, dairy, leather indus-
try, manufacturing of soy products and in aspartame production. Proteolytic activity
with potential industrial application has been characterized in Halobacterium spp.,
Haloferax mediteranei, Natrialba asiatica, N. magadii, Natronococcus occultus,
and Natronomonas pharaonis (Dassarma et al. 2010).

Esterases and lipases are widely used as biocatalysts because of their ability to
produce optically pure compounds. These types of enzymes have been use in the
detergent industry. An esterase, from Haloarcula marismortui, exhibits a preference
for short chain fatty acids and monoesters (Miiller-Santos et al. 2009).

Endonuclease enzymes have also been isolated from Halococcus acetoinfaciens
(Hacl) Halobacterium cutirubrum (Hcul), H. halobium (Hhil), and Halobacterium
salinarium (Hsal) and they are very important enzymes in DNA investigations
(Dassarma et al. 2010).

10.2.3 Fermented Foods

Halobacteria, Halococci, and Natronococci have been isolated from various food
sources including fermented foods and sauces including kimchi. Proteases have also
been isolated from halophiles from different sources like Thai fish sauce (Hiraga
et al. 2005; Namwong et al. 2006). -Carotene is used in the food industry as a natu-
ral food colorant. An extremely halophilic bacterium exhibited optimum growth and
carotenoid production in presence of 25 % (w/v) NaCl.
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10.2.4 Archaeal Lipids

Archaeal lipids are an excellent source for obtaining the liposomes. These lipids
have been suggested as monomers for bioelectronics. They may offer a superior
alternative for several biotechnological applications, including delivery systems for
drugs, genes or cancer imaging agents (Patel and Sprott 1999). Ether lipids were
obtained from the extreme halophile Halobacterium cutirubrum (Gambacorta et al.
1995; Schiraldi et al. 2002) and patented. Archaeal polar lipids, from H. salinarum,
have been used as an adjuvant. Halobacterium sp. Halocin can protect tissues
including the myocardium from damage caused when blood returns after ischemic
conditions. Currently, halocin-H6 is the only known biological molecule that exerts
a specific inhibitory effect on the Na+/H+ exchanger (NHE) in the mammalian cells
(Lequerica et al. 2006).

10.2.5 The Use of Halophiles for Medical Applications

Halophilic archaea (H. marismortui and H. mediterranei) are capable of producing
large quantities of Polyhydroxyalkanoates. These compounds have been utilized for
their application as biodegradable plastics (Lafferty et al. 1988). Halophiles are also
a kind of phytochemicals that mitigate the damage from reactive oxygen species and
DNA repairing enzymes. Thus, they protect the cells against damaging of radiation.
These chemicals may be translated for medical applications (Dassarma et al. 2010).

10.2.6 The Use of Halophiles for Bioremediation
and Biodegradation

Biodegradation is the metabolic ability of microorganisms to transform or mineral-
ize organic contaminants in to less harmful and nonhazardous substances, which are
then integrated into natural biogeochemical cycles. The use of halophiles for biore-
mediation and biodegradation of various materials from industrial effluents to soil
contaminants are being widely examined. Bioremediation and biodegradation in
salty environments require the application of extremozymes from those which are
able to grow under harsh conditions as explained above. These enzymes are good
candidates for the bioremediation of hypersaline environments and treatment of
saline effluents (Perez et al. 2011; Shivanand and Mugeraya 2011).

In many cases, the textile discharges contain high salinity, thereby causing prob-
lems for conventional biological treatments (Mellado and Ventosa 2003).
Halotolerant and halophilic bacteria usually tolerate obvious amounts of toxic met-
als in their environment. Thus they are used in bioremediation of oil (Margesin and
Schinner 1999) and oxyanion pollution (Nriagu and Payna 1988) but their
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effectiveness in decolorization of textile effluent has been reported inadequate.
Some studies carried out by halophilic and halotolerant bacteria showed that
Halomonas sp. isolated from discharges of textile industries have aexeptional abil-
ity in decolorizing the azo dyes. Demirci et al. (2011) showed that Halobacillus sp.
C-22 was also able to decolorize azo dyes.

Haloferax mediterranei from salt ponds in Spain has been described as a denitri-
fier and was shown to grow using NO=3, NO~2 or NH* as inorganic nitrogen sources.
Therefore this could be used for bioremediation of nitrate and nitrite concentrations
in the presence of high salt concentration (Bonete et al. 2008).

Many hypersaline environments including natural saline lakes, called thalasso-
haline environments, originated by evaporation of seawater. Salt flats, saline indus-
trial discharges, oil fields, and salt marshes are often contaminated with high levels
of petroleum hydrocarbons, toxic metals and textile effluents. These systems have
considerable economic, ecological and scientific values. Bioremediation technol-
ogy uses microorganisms to degrade toxic pollutants to harmless products (Philip
et al. 2000).

10.2.7 Aromatic Hydrocarbons Degradation

Polycyclic aromatic hydrocarbons (PAHs) belong to the group of persistent organic
pollutants (POPs). These are organic contaminants which have resistance to degra-
dation, can remain in the environment for long periods, and have the potential to
cause adverse environmental effects. PAHs have been listed as priority pollutants by
both the US Environmental Protection Agency and the European Union due to their
toxicity, carcinogenicity and mutagenicity (Schoeny et al. 1993; Liu et al. 2013).
During the last century, industrial development caused a significant increase of PAH
concentrations in the natural environment (Maliszewska-Kordybach 1999). One of
the most effective and economical ways to remove these aromatic pollutants is
microbial degradation (Alexander 1981; Parales et al. 2002; Parales and Haddock
2004). In recent years, the biodegradation of PAHs has received great attention and
a variety of microorganisms have been reported to play important roles in remedia-
tion process (Saxena and Thakur 2005; Tapilatu et al. 2010; Arulazhagan and
Vasudevan 2011; Lease et al. 2011). PAH degradation appears to be associated with
certain phylogenetic groups of bacteria, particularly Sphingomonas, Burkholderia,
and Pseudomonas amongst Gram-negative species and Mycobacterium and
Rhodococcus amongst Gram-positive species. Because high and floating salinity
promotes the loss of cell wall integrity, protein denaturalization, and changes in
osmotic pressure. The biological treatment of industrial hypersaline wastewaters
and the bioremediation of polluted hypersaline environments are not possible with
conventional microorganism (Oren et al. 1992; Pieper and Reineke 2000; Pernetti
and Di Palma 2005). Studies demonstrated that hydrocarbon biodegradation by
halophilic prokaryotes seems to be possible (Buchan et al. 2000; Nicholson and
Fathepure 2004; Garcia et al. 2005; Arulazhagan and Vasudevan 2009). Particularly,
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halophilic archaea capable of degrading hydrocarbon have been the subject of grow-
ing attention in recent years due to problems encountered by the oil industry in
hypersaline waste water removal and oil polluted salt marshes (Tapilatu et al. 2010).

Bertrand et al. (1990) were among the first to report the isolation of a halophilic
Archaea, strain EH4, which was recently classified as Haloarcula vallismortis.
Subsequently, Kulichevskaya et al. (1991) isolated a Halobacterium strain from
hypersaline oil-contaminated waste water. This strain degrades n-C10 to n-C30
alkanes. Another extremely halophilic archaea was identified as Haloferax mediter-
ranei strain M-11 which having to use oil as its sole source of carbon (Zvyagintseva
et al. 2001). Ashok et al. (1995) have isolated some bacterial strains belonging to
the genus Micrococcus, Pseudomonas, and Alcaligenes from soil samples that
degraded naphthalene and anthracene as the sole sources of carbon at 7.5 % salinity.
Reports also exist on the ability of archaea that degrade aliphatic hydrocarbons at
high salinity. Fu and Oriel (1999) reported that an isolate, Haloferax sp. D1227,
from highly saline soil contaminated by petrol, could grow by using aromatic
hydrocarbons such as benzoic acid, cinammic acid, and 3-phenylpropionic acid as
C source. Zhao et al. (2009) have shown the degradation of phenanthrene in the
presence of 5-15 % NaCl by a halophilic Halomonas, Chromohalobacter;
Alcanivorax, Marinobacter, Idiomarina, and Thalassospira. Garcia et al. (2005)
described a novel moderate halophile, Halomonas organivorans, able to degrade
different aromatic compounds. The capacity of certain halophilic and halotolerant
bacteria to degrade benzene and toluene has also been demonstrated by (Nicholson
and Fathepure 2005). Al-Mueini et al. (2007) showed the degradation of pentadec-
ane and eicosane by an actinomycete strain belonging to the genus Actinopolyspora,
isolated from a wastewater pool on oil production site in Oman. Cuadros-Orellana
et al. (2006), showed that 44 novel halophilic Archea from five different extremely
salinated environment could use p-hydroxybenzoic acid as sole C source. Among
them, the species belonged to Halobacteriaceae family were be able to degrade
p-hydroxybenzoic acid higher than the others.

Tao et al. (2007) studied with Sphingomonas sp. GY2B strain, isolated from
PAH contaminated soil, and they reported that this strain could employ fenantren as
C source effectively.

Tapilatu et al. (2010) work clearly showed that Archaea belonging to both
Haloarcula and Haloferax genera could degrade the hydrocarbons (n-alkanes).
They reported that their degradation ability in 225 g/L. NaCl at 40 °C was optimum.
Al-Mailem et al. (2010) showed that strains of Haloferax, Halobacterium and
Halococcus could grow using both PAHs and alkanes (from C8 to C34) as their sole
carbon sources in both pristine and hydrocarbon-contaminated hypersaline environ-
ments. Under aerobic conditions, some halophilic archaeal isolates, mainly from the
Halobacteria group have been described as hydrocarbon degraders. Bonfa et al.
(2011) showed that halophilic Haloferax sp. strains are able to degrade PAHs
including naphthalene, anthracene, phenanthrene, pyrene and benzo[a]anthracene
at high salinity (20 % NaCl).

Al-Mailem et al. (2010) reported the ability of Marinobacter sedimentalis and
Marinobacter falvimaris isolated from hypersaline Sabkh as to degrade biphenyl,
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phenanthrene, anthracene, and naphthalene as the sole carbon source at 6 % NaCl.
Recently, Gao et al. (2006) have isolated a phenanthrene-degrading organism,
Marinobacter nanhaiticus D15-8W, from South Chinese Sea. This strain degrades
naphthalene, phenanthrene or anthracene as the sole source of carbon in the pres-
ence of 0.5-15 %. The presence of archaea has been demonstrated in natural marine
ecosystems that were previously contaminated with petroleum hydrocarbons
(Redmond and Valentine 2012). Additionally, some studies suggested that archaea
are the primary component of the microbial community in hypersaline environ-
ments (Andrei et al. 2012). In the RNA based analyses suggested the presence of
certain sequences related from Euryarchaeota phylum to Crenarchaeota phylum
(Jurelevicius et al. 2014a, b). Erdogmus et al. (2013) showed the degradation of
aromatic hydrocarbons as sole carbon sources in the presence of 20 % NaCl by a
number of archaeal strains isolated from brine samples of Camalt1 Saltern in Turkey.
Although biodegradation of aromatic compounds has been one of the most inten-
sively studied aspects of microbial catabolism in microorganisms, we know very
little about the aromatic compound’s metabolism in the domain of Archaea
(Redmond and Valentine 2012). Further studies to enlighten both pathways and
genes involved in hydrocarbon degradation in halophilic Archaea living in different
hypersaline environments are clearly needed (Tapilatu et al. 2010).

10.3 Metabolism of Aromatic Compounds
by Domain Archaea

Microorganisms break down PAHs aerobically by use of enzymes called dioxygen-
ases (Fig. 10.1). Dioxygenases add an oxygen to the PAH’s aromatic ring and is
followed by use of an electron transport chain to final catalysis of the PAH (Chadha
et al. 2006).
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Fig. 10.1 Degradation of aromatic rings by extradiol and intradiol dioxygenases (Bugg 2003)
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Degradation pathways of a variety of aromatic hydrocarbons converge at either
protocatechuate or catechol. In the meta cleavage pathway, the ring fission occurs
adjacent to one of the hydroxyls (extradiol cleavage), and the main enzymes
involved in this fission are the catechol 2,3- CTD and protocatechuate
4,5-dioxygenases (Van der Meer et al. 1992). Ring-cleavage dioxygenases consti-
tute central enzymes in the bacterial recycling of aromatic compounds. In the
B-ketoadipate pathway, catechol and protocatechuate are cleaved between their two
hydroxyl groupsby 1,2-CTD or protocatechuate 3,4-PCD. Catechol 2,3-dioxygenases
constitute a group of enzymes that are considered crucial for degradation of a wide
range of aromatic compounds in contaminated habitats (Moharikar et al. 2003).
These pathways (Fig. 10.2) have been identified in the main aromatic compound
degrader bacteria, including species of the genera Acinetobacter, Alcaligenes,
Bacillus, and Pseudomonas (Van der Meer et al. 1992; Harwood and Parales 1996).
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Aerobic halophilic bacteria degrade phenols mainly by the meta and ortho cleav-
age pathways. Some bacteria degrade phenols using one of these two pathways,
while others may degrade phenols using both pathways (Jiang et al. 2006; Borgne
et al. 2008). The accumulation of catechol and cis, cis-muconic acid has been
observed during the growth of several Halomonas strains on phenol, indicating that
these bacteria used the ortho pathway (Maskow and Kleinsteuber 2004; Borgne
et al. 2008).

Garcia et al. (2005) indicated that catechol 1,2 and protocatechuate
3,4-dioxygenase activities were detected in H. organivorans. Dalvi et al. (2012)
have analyzed the draft genome sequence of the extremely halophilic benzene and
toluene degrading Arhodomonas sp. strain Seminole. The analysis predicted 13
putative genes that encode upper and lower pathway enzymes for aromatic com-
pound degradation. These proteins share 44—77 % sequence identity with proteins
previously described in non-halophilicorganisms. Bonfa et al. (2011), showed the
presence of 1,2-CTD and 3,4-PCD genes in phenol degrading bacteria, Halomonas
organivorans, Arhodomona saquaeolei, and Modicisalibacter tunisie. According to
the measured enzymatic activities, H. organivorans preferentially used the catechol
ortho pathway for degrading the benzoic, cinnamic, salicylic, phenylpropionic, and
p-aminosalicylic acids and the protocatechuate pathway for degrading the
p-hydroxybenzoic, p-coumaric, and ferulic acids (Garcia et al. 2005). A recent
study carried out in our laboratory reported the isolation of nine archaeal isolates
belonging to various genera that degraded p-hydroxybenzoate, naphthalene, phen-
anthrene, and pyrene as the sole carbon and energy sources in the presence of 20 %
NaCl. This study also showed that the isolates possessed genes that encode 1,2-CAT
and 3,4-PCA and the expression of these genes was measured spectrophotometri-
cally (Erdogmusg et al. 2013).

10.3.1 Environmental Factors Influence
the Rate of PAH Degradation

The effect of temperature is considered as one of the main factors influencing deg-
radation of PAHs. As temperature increases, the solubility of PAH molecule
increases.

PAH compounds have low bioavailability because of their hydrophobicity. Also,
the water solubility of hydrophobic compounds dramatically decreases with increas-
ing salinity and temperature. These factors limit their bioavailability in hypersaline
environments (Dewulf et al. 1995). The first concern to use of hydrocarbons dis-
solved in an aqueous phase which may be the case for compounds with a relatively
elevated aqueous solubility (Goswami et al. 1983). Other two mechanisms contact
directly between cells and the particulate or liquid droplet hydrocarbon, and the
interaction between pseudosolubilized hydrocarbons in the form of surfactant gen-
erated emulsion (Ward 2010). Many hydrocarbonoclastic bacteria synthesize extra-
cellular biosurfactants which help to solubilize hydrocarbons through micellarization
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and thus enhance their uptake. In the case of a direct contact between bacteria and
the hydrocarbon, the pseudosolubilization mechanism may occur at the cell surface.
There are still few studies on the mechanisms of hydrocarbon uptake by archaea.
Recently, two archaea belonging to the genera Halovivax and Haloarcula
(Halobacteriaceae) were shown to produce peptidoglycolipid biosurfactants
(Kebbouche-Gana et al. 2009). They both exhibited a high capacity of emulsion
stabilization even at high salt concentration (up to 35 % NaCl), and both strains
were able to reduce the growth medium surface tension below 29 mN/m. Several
species of Halobacteriales also produce exopolysaccharides (EPS) (Nicolaus et al.
1999, 2004) which can be good emulsifiers. For instance, Haloferax mediterranei
and Haloarcula japonica produce sulfated EPS containing hydrophilic anionic sul-
fate and uronic acid groups combined to the hydrophobic heteropolysaccharide
(Anton et al. 1988; Nicolaus et al. 2004). There are also little data available in the
literature that describes the cell surface properties of archaea in relation to the solu-
bility of the growth substrates.

Microorganisms, capable of degrading PAHs, normally exhibit high cell surface
hydrophobicity (CSH) (Haritash and Kaushik 2009), which enables their adherence
to the surface of solid PAHs (Hwang et al. 2008), resulting in a higher biodegrada-
tion efficiency (Das and Mukherjee 2007; Abbasnezhad et al. 2011). The biosurfac-
tant production not only leads to the hydrocarbon emulsification, but also plays a
role in the change of the cell surface hydrophobicity (CSH). This latter may in turn
improve the affinity of microbial cells for a specific substrate by increasing its
availability (Zhang and Miller 1995; Kumar et al. 2008). Al-Tahhan et al. (2000)
demonstrated that, even at very low concentrations (less than the critical micelle
concentration of 0.1 mM), rhamnolipid biosurfactants induced the cell surface of
Pseudomonas spp. to become hydrophobic through the release of lipopolysaccha-
rides, resulting in increased degradation rates of hexadecane (C16). Interestingly,
these authors showed further that the relative CSH was modified similarly by differ-
ent P. aeruginosa strains in the presence of rhamnolipids but with different temporal
dynamics. The change of CSH appears to be a function of the bacterial strain, its
growth stage, and the type of growth substrate.

Evidences for biosurfactant production by the strain Haloferax sp. MNSC14
grown on different hydrocarbons were demonstrated by the simultaneous increase
in emulsification activity and decrease in surface tension. The surface hydrophobic-
ity of the cells was also shown to increase in the presence of hydrocarbons (Djeridi
et al. 2013).

Several halophiles are emulsifier-producers which could make possible our
understanding to access the hydrocarbons instead of the effects of the salts on the
hydrocarbons’ solubility. In this sense, applications of emulsifiers or halophilic
emulsifier-producers could be part of bioremediation strategy in future.

The negative impact of increasing salinity on hydrocarbons biodegradation is
also observed in environments where halotolerant microorganisms tend to be domi-
nant, Abed et al. (2006). They reported that almost 100 % of initial phenanthrene
and dibenzothiophene were degraded at 35 gL.-!, while the best degradation results
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for pristane (approximately 75 %) and noctadecane (around 85 %) occurred between
salinities of 35 and 80 g.L~!. Diaz et al. (2002) confirmed that alkanes’ biodegrada-
tion was the highest, 65 %, at 40 g.L~!. Even in typical hypersaline environments a
negative impact on hydrocarbon biodegradation induced by increasing salinity has
been reported. Ward and Brock (1978) observed that the negative effect of salinity
increase hexadecane biodegradation more than on glutamate biodegradation.
Nevertheless, Bertrand et al. (1990) isolated a novel halophilic archaeon strain from
interface water sediment with salinity of 310 g.L! (31 %), recently and it was clas-
sified as Haloarcula vallismortis by Tapilatu et al. (2010).

Al-Mailem et al. (2010) isolated from a sabkha on the coast of Arabian Gulf four
strains of Haloarchaea (Haloferax, Halobacterium and Halococcus) able to degrade
several aliphatic and aromatic hydrocarbons, with biodegradation rates increasing
as salinities increased through 58-175 g.L.-! NaCl. Zvyagintseva and Tarasov (1988)
evaluated hydrocarbonoclastic activity by Dietzia maris, an actinobacterium, at
salinities of 5-100 g.L-! NaCl. Optimal biodegradation occurred at 50-100 gL
NaCl. Among the halophilic fungi, Fusarium lateritium and Drechslera sp. were
shown to metabolize crude oil, with degradation efficiency improved more than
thrice if petroleum was an additional source of carbon and energy instead of being
the exclusive one (Minai-Tehrani et al. 2009).

Halomonas sp. strain PH2-2 was able to degrade up to 1,100 mg L' of phenol
but cell growth was inhibited at higher phenol concentrations. The strain was able
to remove phenol in media containing 18 % NaCl but the removal efficiency
decreased from 95 % to 64 % in comparison to media containing 7 % NaCl. The
results indicated the potential application of the strain PH2-2 for treatment of
hypersaline phenol-containing industrial wastewaters (Haddadi and Shavandi 2013).

Recent excellent reviews by Borgne et al. (2008), Martins and Peixoto (2012),
Timmis et al. (2010), and Patzelt (2007) helped us to understanding of the hydrocar-
bon biodegradation by halophilic and halotolerant microorganisms. Nonetheless,
our knowledge on biochemistry, genetics, and pathways of hydrocarbon degrada-
tion in halophiles and halotolerants is very few. Such information is crucial for
designing novel and more efficient technologies for the remediation of contami-
nated high salinity environments and for understanding the carbon cycle in such
extreme habitats.

10.4 Conclusion

Increasing anthropogenic activities cause pollution in our natural environment.
Particularly extremely saline environments are affected from these activities. Our
knowledge on organic removing/degrading microorganisms is negligible so little.
However halophilic microorganisms are recently being taken consideration by
biotechnologists due to their enzymes which work in highly saline conditions;
strategies to resist extreme conditions; specific proteins help them to adapt to
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various harsh environmental conditions. These features provide them an optimal
accommodation in their living areas. Therefore, these microorganisms have a strong
potential in the area of biotechnology and particularly bioremediation.
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Chapter 11
Halophilic Bacteria: Potentials
and Applications in Biotechnology

Fatemeh Mohammadipanah, Javad Hamedi, and Mona Dehhaghi

Abstract Halophilic bacteria are categorized based on their requirements to salt.
They apply some strategies in adaptation to the high saline environment. Their low
nutritional requirements and resistance to high concentrations of salt, introduce as
potent agents in wide range of biotechnological applications. Halophilic bacteria
are very divergent and more than 150 species introduce in 70 genera of halophilic
bacteria are reported. Use of resistant microorganisms and their metabolites under
harsh industrially conditions is a strikingly important subject. Various halophilic
enzymes in different enzymatically processes, compatible solutes as macromole-
cule stabilizers, biopolymers, biofertilizers and pharmaceutically active molecules
from halophilic bacteria are among the important applications of these group.
Additionally, they have many potential in bioremediation of various organic and
inorganic pollutants from environment. This chapter covers the different aspects of
potential applications of halophilic bacteria in biotechnology.

Keywords Halophilicbacteria®Physiology e Taxonomy ¢ Ecology * Biotechnological
application

11.1 Halophilic Bacteria, Physiology, Ecology and Taxonomy

11.1.1 Introduction

Microbial life exists in hypersaline habitat reflects the adaption of microorganisms to
high concentration of salts. Halophilic and halotolerant organisms are found in all
three domains of life: Archaea, Bacteria, and Eukarya. According to the requirement
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for salt components, halophiles are classified into the groups including slightly halo-
philes (2-5 % NaCl), moderately halophiles (5-20 % NaCl) and extremely halo-
philes (20-30 % NaCl) while strains grow in 0-5 % salinity are considered
halotolerant microorganisms (Ventosa et al. 1998).

The halophilic bacteria can be isolated from salt lakes, sea, saline soil and salted
foods and in high saline environments such as Dead Sea, soda lakes and saltern crys-
tallizer ponds. Most of the physiological groups including anaerobic chemohetero-
trophs, photoautotrophs, photoheterotrophs and chemolithotrophs can be found within
halophilic bacteria. They posses special features in their cell structures for adaptation
to osmotic pressure. For example, cell wall of some halophilic bacteria become more
hydrophilic in high salt concentration than that in the low salinity. This mechanism
facilitates more contact with water molecules at high salinity media (Oren 2002b).
Also, cell membrane is affected under high salt condition. Changes can be found in
both phospholipids and fatty acid profile. It has been recognized that the negatively
charged phospholipids content enhance with increasing the salinity (Russell 1993).
Proteins of halophiles have specific features to remain active in high concentration of
salt. An increase in number of acidic amino acids in protein composition occurs by
thriving in saline condition (Rao and Argos 1981; Benachenhou and Baldacci 1991).
The halophilic bacterial species described since 2006 are presented in Table 11.1.

Table 11.1 Introduced halophilic bacterial species since 2006

Salt concentration

Halophilic bacterial species range for growth References
Alcanivoracaceae

Kangiella Ahn et al. (2011)
Kangiella spongicola 2-15 %

Alteromonadaceae

Marinimicrobium 2-22 % Moller et al. (2010)
Marinimicrobium haloxylanilyticum

Marinobacter 0.5-20 % Kaeppel et al. (2012)
Marinobacter adhaerens 1-15 % Montes et al. (2008)
Marinobacter guineae 1-5 % Gao et al. (2013)
Marinobacter nanhaiticus 5-7.5 % Kharroub et al. (2011)

Marinobacter oulmenensis
Marinobacter pelagius
Marinobacter segnicrescens
Marinobacter vinifirmus
Marinobacterium
Marinobacterium lutimaris
Microbulbifer
Microbulbifer halophilus
Bacillaceae

Alkalibacillus
Alkalibacillus halophilus

0.5-15 % (5 %)
1-15 % (4-8 %)
6 %

1-10 % (2-5 %)

1-20 % (10 %)

1-20 %

Xu et al. (2008)

Guo et al. (2007)
Liebgott et al. (2006)
Kim et al. (2010b)

Tang et al. (2008)

Tian et al. (2007)
(continued)
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Table 11.1 (continued)

Halophilic bacterial species
Alteribacillus
Alteribacillus bidgolensis
Amphibacillus
Amphibacillus cookie
Aquibacillus

Aquibacillus halophilus
Agquisalibacillus
Agquisalibacillus elongatus
Bacillus

Bacillus aidingensis
Bacillus aurantiacus
Bacillus chagannorensis
Bacillus coahuilensis
Bacillus dagingensis
Bacillus salaries

Bacillus halochares
Bacillus hunanensis
Bacillus iranensis
Bacillus neizhouensis
Bacillus oceani

Bacillus oryzaecorticis
Bacillus persicus

Bacillus salsus

Bacillus taeanensis
Gracilibacillus
Gracilibacillus orientalis
Gracilibacillus halophilus
Gracilibacillus saliphilus
Halalkalibacillus
Halalkalibacillus halophilus
Halobacillus
Halobacillus alkaliphilus
Halobacillus kuroshimensis
Halobacillus mangrove
Halobacillus profundi
Halolactibacillus

Halolactibacillus alkaliphilus

Natribacillus

Natribacillus halophilus
Oceanobacillus
Oceanobacillus aidingensis

Salt concentration
range for growth

0.5-12.5 % (5-7.5 %)

6-26 % (5 %)

0.5-20 % (10 %)

3-20 % (10 %)

8-33 % (12 %)
Upto 15 % (3-7 %)
3-20 % (7 %)
0.5-10 % (5 %)
0-16 % (3 %)

3-20 % (10-12 %)
6-23 % (15 %)
0.5-15 % (24 %)
2.5-15 % (5-7.5 %)
0.5-10 % (24 %)
0-10 %

9 %

0.5-10 % (2.5 %)
0.5-7.5 % (3 %)
0-12 % (2-10 %)

1-20 % (10 %)
7-30 % (15 %)
1-22 % (10-15 %)
5-25 % (10-15 %)
0.5-20 % (10 %)
0.5-22 % (6 %)
5-20 % (10 %)
0.5-30 % (10 %)
0.5-30 % (2.5 %)
7-23 % (10-15 %)

0-21 % (6-8 %)

References

Didari et al. (2012)

Pugin et al. (2012)

Amoozegar et al. (2014a)

Marquez et al. (2008)

Xue et al. (2008)
Borsodi et al. (2008)
Carrasco et al. (2007b)
Cerritos et al. (2008)
Wang et al. (2014a)
Lim et al. (2006b)
Pappa et al. (2010)
Chen et al. (2011)
Bagheri et al. (2012)
Chen et al. (2009¢)
Liu et al. (2013)

Hong et al. (2014)
Didari et al. (2013)
Amoozegar et al. (2013b)
Lim et al. (2006a)

Carrasco et al. (2006)
Chen et al. (2008¢)

Tang et al. (2009)

Echigo et al. (2007)
Romano et al. (2008)

Hua et al. (2007)
Soto-Ramirez et al. (2008)
Hua et al. (2007)

Cao et al. (2008)

Echigo et al. (2012)

Liu and Yang (2014)
(continued)
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Table 11.1 (continued)

Halophilic bacterial species
Oceanobacillus limi
Oceanobacillus manasiensis
Oceanobacillus neutriphilus
Ornithinibacillus
Ornithinibacillus halophilus
Piscibacillus

Piscibacillus salipiscarius
Pontibacillus

Pontibacillus halophilus
Salisediminibacterium

Salisediminibacterium halotolerans

Saliterribacillus
Saliterribacillus persicus
Salsuginibacillus
Salsuginibacillus kocurii
Sediminibacillus
Sediminibacillus halophilus
Streptohalobacillus
Streptohalobacillus salinus
Virgibacillus

Virgibacillus albus
Virgibacillus byunsanensis
Virgibacillus chiguensis
Virgibacillus kekensis
Virgibacillus salarius
Virgibacillus sediminis
Carnobacteriaceae
Alkalibacterium
Alkalibacterium gilvum
Alkalibacterium subtropicum
Chitinophagaceae
Fodinibius

Fodinibius salinus
Gracilimonas
Gracilimonas mengyeensis
Thermoflavifilum
Thermoflavifilum aggregans

Desulfobacteraceae
Desulfosalsimonas

Desulfosalsimonas propionicica

Desulfohalobiaceae

Salt concentration
range for growth

2.5-10 % (7.5 %)
5-10 %
0-17 % (3-5 %)

0.5-12.5 % (5-7.5 %)

2-3 % (10-20 %)
2-25 % (5-10 %)
3-30 %

0.5-22.5 % (1.5 %)
3-20 % (10 %)
0-20 % (5-7.5 %)
0-20 % (7 %)
1-17 % (5-10 %)
8 %

5-10 % (0-30 %)
0-25 % (10 %)

0.5-25 % (7-10 %)
1-20 % (5-10 %)

0-17.5 % (2-5 %)
0-17 % (1-3 %)
10-15 %

2-15% (5-9 %)

Upto5 %
(0.1-0.25 %)

Up to 20 % (6 %)

F. Mohammadipanah et al.

References

Amoozegar et al. (2014b)
Wang et al. (2010b)

Yang et al. (2010)
Bagheri et al. (2013)
Tanasupawat et al. (2007)
Chen et al. (2009d)

Jiang et al. (2011)
Amoozegar et al. (2013a)
Carrasco et al. (2007a)
Carrasco et al. (2008)
Wang et al. (2011b)
Zhang et al. (2012)

Yoon et al. (2010)

Wang et al. (2008)

Chen et al. (2008b)

Hua et al. (2008)
Chen et al. (2009a)

Ishikawa et al. (2013)

Ishikawa et al. (2011)

Wang et al. (2012b)

Wang et al. (2013)

Anders et al. (2014)

Kjeldsen et al. (2010)
(continued)
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Table 11.1 (continued)

Halophilic bacterial species
Desulfohalobium
Desulfohalobium utahense
Desulfohalophilus

Desulfohalophilus alkaliarsenatis

Ectothiorhodospiraceae
Aquisalimonas
Aquisalimonas asiatica
Arhodomonas
Arhodomonas recens
Spiribacter

Spiribacter salinus
Flammeovirgaceae
Fabibacter

Fabibacter pacificus
Flavobacteriaceae
Psychroflexus
Psychroflexus lacisalsi
Halanaerobiaceae
Halanaerobium
Halanaerobium sehlinense
Halobacteriaceae
Fuchsiella

Fuchsiella alkaliacetigena
Halanaerobacter
Halanaerobacter jeridensis
Halanaerocella
Halanaerocella petrolearia
Halobellus

Halobellus clavatus
Halobellus limi
Halobellus salinus
Halomicroarcula
Halomicroarcula pellucida
Halorussus

Halorussus rarus
Halomonadaceae
Aidingimonas
Aidingimonas halophila
Cobetia

Cobetia crustatorum
Halomonas

Halomonas aidingensis

Salt concentration
range for growth

0.2-24 % (8-10 %)

12.5-33 %

1-20 % (7-10 %)

2-25 % (10-12 %)

10-25 % (15 %)

0.5-10 % (2 %)

0.5-15 % (5.8-7.0 %)

5-30 % (20 %)

0-14 % (7-8.5 %)
6-30 % (15 %)
6-26 % (15 %)
10-30 % (15 %)
8-30 % (15-23 %)
15-30 % (20 %)

20-30 % (25 %)

8-25 % (12 %)

1-25 % (5-10 %)

6.5 %

0.5-25 %

References

Jakobsen et al. (2006)

Blum et al. (2012)

Mairquez et al. (2007)
Saralov et al. (2012)

Leon et al. (2014)

Huo et al. (2013)

Zhang et al. (2010)

Abdeljabbar et al. (2013)

Zhilina et al. (2012)
Mezghani et al. (2012)
Gales et al. (2011)
Cui et al. (2011)

Cui et al. (2012)

Cui et al. (2012)

Echigo et al. (2013)

Cui et al. (2010)

Wang et al. (2009)
Kim et al. (2010c¢)

Liu et al. (2011)
(continued)
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Table 11.1 (continued)

Halophilic bacterial species
Halomonas alkalitolerans
Halomonas andesensis
Halomonas beimenensis
Halomonas cerina

Halomonas cibimaris
Halomonas dagiaonensis
Halomonas dagingensis
Halomonas denitrificans
Halomonas fontilapidosi

Halomonas gomseomensis
Halomonas huangheensis
Halomonas janggokensis
Halomonas nitroreducens

Halomonas qiaohouensis
Halomonas ramblicola
Halomonas rifensis
Halomonas salaria
Halomonas shengliensis
Halomonas stenophila
Halomonas smyrnensis
Halomonas titanicae
Halomonas zhanjiangensis
Hyphomonadaceae
Henriciella

Henriciella litoralis
Litorimonas

Litorimonas taeanensis
Idiomarinaceae
Aliidiomarina
Aliidiomarina taiwanensis
Methanosarcinaceae
Methanohalophilus
Methanohalophilus levihalophilus
Methylococcaceae
Methylomarinum
Methylomarinum vadi
Natranaerobiaceae
Natranaerobaculum
Natranaerobaculum magadiense

Salt concentration
range for growth

1-23 % (7 %)
0.5-20 % (1-3 %)
0-15 % (5-10 %)

7.5-20 % (7.5-10 %)

3-15 % (5-10 %),
7-8 %

1-15 % (5-10 %)
2-20 % (8-10 %)
3-25 % (5-7.5 %)

1-20 % (8-12 %)
1-20 % (7-10 %)
1-20 % (10-15 %)
3-20 % (5-7.5 %)

0.5-20 % (2-6 %)
1-30 % (5-7.5 %)
0.5-20 % (5-7.5 %)
0-25 % (10-20 %)
0-15 % (5-15 %)
3215 % (5-10 %)
(10 %)

0.5-20 % (810 %)
1-20 %

1-10 %

1-6 % (2-3 %)

1.5-5 %

1-8 % (2-2.3 %)

1-8 %

0-9 % (7-8 %)

F. Mohammadipanah et al.

References

Wang et al. (2011a)
Guzman et al. (2010)
Wang et al. (2012a)

Gonzélez-Domenech et al.
(2008b)

Jeong et al. (2013)
Quetal. (2011)

Wau et al. (2008)

Kim et al. (2007)
Gonzdlez-Domenech et al.
(2009)

Kim et al. (2007)

Miao et al. (2014)

Kim et al. (2007)

Gonzélez-Domenech et al.
(2008a)

Wang et al. (2014b)

Luque et al. (2012)

Amjres et al. (2011)

Kim et al. (2007)

Wang et al. (2007)

Llamas et al. (2011)

Poli et al. (2013)
Sanchez-Porro et al. (2010)
Chen et al. (2009b)

Lee etal. (2011)

Jung et al. (2011)

Huang et al. (2012)

Katayama et al. (2014)

Hirayama et al. (2013)

Zavarzina et al. (2013)
(continued)
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Table 11.1 (continued)

Halophilic bacterial species
Piscirickettsiaceae
Thiomicrospira
Thiomicrospira halophila
Pseudomonadaceae
Pseudomonas
Pseudomonas salegens
Rhodobacteraceae
Hwanghaeicola
Hwanghaeicola aestuarii
Oceanicola

Oceanicola antarcticus
Oceanicola flagellatus
Roseivivax

Roseivivax sediminis
Rhodospirillaceae
Limimonas

Limimonas halophila
Rhodothermaceae
Salinibacter
Salinibacter iranicus

Salinibacter luteus

Salisaeta

Salisaeta longa
Salinisphaeraceae
Salinisphaera
Salinisphaera japonica
Staphylococcaceae
Aliicoccus

Aliicoccus persicus
Salinicoccus

Salinicoccus kunmingensis
Thermotogaceae
Petrotoga

Petrotoga halophila
Unclassified Bacillales
Geomicrobium halophilum

Unclassified Gammaproteobacteria

Thiohalomonas denitrificans

Thiohalomonas nitratireducens

Salt concentration
range for growth

2.9-20 % (9 %)

1-10 % (3 %)

1.5-6 % (2-3 %)

0.5-7.5 % (2 %)

0-21 % (6-8 %)

1-15 % (5-10 %)

15-30 % (20 %)

12-30 % (18 %)

12-30 % (18 %)

5-20 % (10 %)

1-30 % (7.5-10 %)

0.5-12.5 % (7.5 %)

0.5-25 % (8-10 %)

0.5-9 % (4-6 %)

5-25 % (10-15 %)

6-17 % (9-12 %)
6-15 (6 %)

References

Sorokin et al. (2006)

Amoozegar et al. (2014c¢)

Kim et al. (2010a)

Huo et al. (2014)
Liu and Yang (2014)

Xiao et al. (2012)

Amoozegar et al. (2013c)

Makhdoumi-Kakhki et al.
(2012)
Makhdoumi-Kakhki et al.
(2012)

Vaisman and Oren (2009)

Shimane et al. (2013)

Amoozegar et al. (2014a)

Chen et al. (2007)

Miranda-Tello et al. (2007)

Echigo et al. (2010)

Sorokin et al. (2007)
Sorokin et al. (2007)
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11.1.2 Physiology of Halophilicity in Bacteria

The principle parameter in preliminary classification of moderately halophilic
bacteria is their requirement for salt. Most halophilic bacteria are moderately
halophiles rather than extreme halophiles. Temperature and nutrients content are the
critical factors to determine the requirement for salt, as many true halophiles may
behave as halotolerant in complex media (Kushner 1993). In some halophilic
archaea such as Haloferax volcanii optimum salt tolerance increased to higher
values with increasing temperature (Mullakhanbhai and Larsen 1975). Similar
observation was reported for Deleya halophila in which optimum salt concentration
at 32 or 42°C was 7.5 %, while this value decreased to 5 % with decreasing
temperature up to 22°C (Quesada et al. 1987). Halophiles apply two below major
mechanisms to adapt to osmotic stress.

11.1.2.1 Salt-In Mechanism

Accumulation of salts in cytoplasm is a strategy for osmoadaptation. This mecha-
nismis applied by (1) extremely halophilic archaea of genera such as Haloguadratum,
Halorhabdus, Natronobacterium, Natronococcus and Halobacterium (2) and
halophilic anaerobic bacteria (order of Haloanaerobiales) (3) Salinobacter ruber
(Oren 2008). In this way, halophiles accumulate potassium and chloride ions in
cytoplasm that leads to higher concentration of these ions in cells opposed to the
saline environment. The role of anionic regulation in osmoadaptation has been
demonstrated. Chloride ion has an important role in osmoregulation in different
groups of halophiles especially in Haloanaerobiales and Salinobacter ruber
(Kanekar et al. 2012).

11.1.2.2 Compatible Solutes

Production of organic low molecular weight compounds is a major mechanism to cope
with the high saline condition. This mechanism has been demonstrated in prokaryotes
and eukarya (Roberts et al. 1992). Compatible solutes are highly soluble in water that
either have been synthesized de novo by halophiles or accumulated by uptake from
surrounding medium. These compounds harbor different classes of molecules includ-
ing sugars, amino acids, polyoles and their derivatives and comparison with the salt-in
strategy, this mode of osmotic adaptation costs high energy (Oren et al. 2006).

11.1.3 Ecology of Halophillic Bacteria

Abundance of moderately halophilic bacteria in saline ecosystems such as saltern
crystallizer ponds, brines, alkaline saline habitats, saline soils, Dead Sea, salt flats,
evaporated ponds, deep-sea hypersaline basins and alkaline saline habitats, has been
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slightly investigated. Evaporation of seawater creates the thalassohaline
environments with the ionic composition similar to the sea. The main ions in these
environments include Na* and CI- whereas ecosystems in which the ionic
composition of hypersaline environment is different from the seawater is called
athalassohaline environment. They varies in ionic composition and pH. Alkaline
soda lakes have a high concentration of carbonate/bicarbonate ions, while the Mg**
and Ca*? are abundant in the Dead Sea (Sass et al. 2001; Oren 2002a).

11.1.4 Taxonomy of Halophilic Bacteria

Moderately halophilic bacteria constitute a diverse and heterogeneous group of
different genera. These bacteria belong to both Gram-negative or Gram-positive
and aerobic or facultative anaerobic species. Although, Gram-negative halophilic
bacteria have been considered in different genera (Halomonas, Pseudomonas,
Flavobacterium, Halovibrio, Deleya and Chromobacterium), their phylogenetic
studies revealed that most of them belong to two genera of Halomonas and
Chromohalobacter. The Gram-positive moderately halophilic aerobic bacteria are
mainly included in genera Halobacillus, Salinicoccus, Nesterenkonia,
Marinococcus, and Tetragenococcus (except of two Bacillus species) as outlined
by Ventosa et al. (1998).

The family Halomonadaceae contains a large number of halophilic bacteria. The
genus Halomonas contained the species of Deleya and Halovibrio genera, while
further rearrangements based on 16S rRNA similarities and phylogenetic studies in
this genus were carried out and a numbers of species were reclassified within the
genus Chromohalobacter. The family Halomonadaceae has been studied using 23S
rRNA analysis for the first time by Arahal et al. (2002). According to this study, two
phylogenetic groups were characterized in this family. In group 1, Halomonas elon-
gata, Halomonas halmophila, Halomonas halophila, Halomonas eurihalina, and
Halomonas salina were classified and group 2 constituted of Halomonas aquama-
rina, Halomonas magadiensis, Halomonas variabilis, Halomonas meridiana,
Halomonas venusta, Halomonas halodurans, and Halomonas subglaciescola.
Recently, Rafael et al. (2010) studied the phylogenetic relationships in family
Halomonadaceae using 16S and 23S rRNA sequences comparison and concluded
that the family Halomonadaceae was not a monophyletic group (Fig. 11.1).

Further studies have been carried out using protein-encoding genes to reach mul-
tilocus sequence analysis (MLSA) in order to compare the members of the family
Halomonadaceae. In an evaluation of the species relationships in family
Halomonadaceae based on MLSA approach, it was suggested that heterogeneity in
genus Halomonas may lead to dividing the genus Halomonas to two or more gen-
era, however chemotaxonomic and phenotypic features did not confirm this separa-
tion (de la Haba et al. 2011).
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Fig. 11.1 Neighbour-joining phylogenetic tree, based on 16S rRNA gene sequence comparison,
showing the phylogenetic relationship among 60 genera of halophilic bacteria
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11.2 Potential Industrial Exploitation of Halophilic Bacteria

The potential application of halophilic bacteria can be considered in several fields.
As regards, the halophilic bacteria can tolerate high concentrations of salt and have
low nutritional requirement, that confer them a significant potential in harsh indus-
trial processes. This section focuses on different aspects of applications or potential
application of halophilic bacteria in industry.

11.2.1 Production of Enzymes

There are many microbial enzymes that have been used in various industries, but
stability and characterization under the extreme temperatures or salt concentrations
is a significant issue. Some enzymes of halophilic bacteria make as desired candi-
dates for industry because of their stability in high ionic circumstance of process.
Furthermore, most of halobacterial enzymes are also relatively stable at high tem-
peratures. Thus, halobacteria have attracted much attention in recent years due to
beneficial production of halophilic exoenzymes that can be used in diverse fields of
biotechnology. For example, halophilic hydrolytic enzymes are mixed in detergents
or treatment of saline waste waters and food industry, proved as efficient approach.
To prevent precipitation, the halophilic enzymes have acquired lots of negatively
charged amino acids on their surfaces (Madern et al. 2000). The charge of surface
area of halophilic enzymes plays an important role in solvent-enzyme interaction. A
halophilic a-amylase isolated from Alicyclobacillus acidocaldarius contained a
negative charge on surface area that leads to the stability enhancement in salty cir-
cumstance (Matzke et al. 1997). The amino acid composition of enzymes revealed
that in addition to the higher acidic amino acids residues, they have higher hydro-
phobic and lower aliphatic residues compared to their nonhalophilic counterparts
(Madern and Zaccai 1997). The halophilic members in genera Bacillus, Halomonas,
Salinovibrio, Chromohalobacter, and Salinicoccus have identified with potential in
production of a variety of exoenzymes under hypersaline habit