CSIRO PUBLISHING

Functional Plant Biology, 2013, 40, 940-951
http://dx.doi.org/10.1071/FP12355

Review

Properties of the halophyte microbiome and their

implications for plant salt tolerance

Silke Ruppel™®, Philipp Franken™ and Katja Witzel™

ALeibniz-Institute of Vegetable- and Ornamental Crops Grossbeeren/Erfurt e.V., Theodor-Echtermeyer-Weg 1,

14979 Grossbeeren, Germany.
BCorresponding author. Email: ruppel@igzev.de

This paper originates from a presentation at the COST WG2 Meeting ‘ Putting halophytes to work — genetics, biochemistry

and physiology’ Hannover, Germany, 28-31 August 2012.

Abstract.

Saline habitats cover a wide area of our planet and halophytes (plants growing naturally in saline soils) are

increasingly used for human benefits. Beside their genetic and physiological adaptations to salt, complex ecological
processes affect the salinity tolerance of halophytes. Hence, prokaryotes and fungi inhabiting roots and leaves can contribute
significantly to plant performance. Members of the two prokaryotic domains Bacteria and Archaea, as well as of the fungal
kingdom are known to be able to adapt to a range of changes in external osmolarity. Shifts in the microbial community
composition with increasing soil salinity have been suggested and research in functional interactions between plants and
micro-organisms contributing to salt stress tolerance is gaining interest. Among others, microbial biosynthesis of polymers,
exopolysaccharides, phytohormones and phytohormones-degrading enzymes could be involved.
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Introduction

Saline habitats cover a wide area of our planet and halophytes,
which are often able to grow in areas with salt concentration
higher than ~400mM (Flowers 2004; English and Colmer
2011), are increasingly used for human benefits. Salinity
tolerance of these plants is genetically and physiologically
very complex. It is based on genes whose effects are to limit
the rate of salt uptake from the soil and the transport of salt
through the plant, that adjust the ionic and osmotic balance of
cells in roots and shoots, and that regulate leaf development
and the onset of senescence (Munns 2005). Most studies on
halophytes have concentrated solely on physiological and genetic
regulation of salinity resistance. However, plant tolerance is
also connected with complex ecological processes within their
rhizosphere and phyllosphere. Thus, micro-organisms inhabiting
roots and leaves of halophytes may contribute significantly to
their well-being and salinity tolerance. Since microbial—plant
interactions in saline habitats are sparsely reported, this review
focuses on the contribution of micro-organisms to the plant
salinity adaptation process. First, we give an overview of how
micro-organisms adapt to high surrounding salinity since these
mechanisms enable microbes to establish in the same habitats as
halophytic plants. Next, we present a summary of studies aimed
at characterising the halophyte microbiome. We highlight the
modes of interaction between the micro-organisms and the
plant’s rhizosphere and phyllosphere and conclude with a
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discussion on how these findings can be translated into
agriculture.

Microbial salt tolerance and their
adaptation mechanisms

Micro-organisms including fungi and prokaryotes, members of
the two domains Bacteria and Archaea, are able to adapt to a
range of changes in external osmolarity. Until recently it was
assumed that under extreme salt concentrations at or near NaCl
saturation, Archaea of the family Halobacteriaceae were the only
active aerobic heterotrophs (Oren 2002). It is now suggested that
bacteria also contribute to the aerobic heterotrophic prokaryotic
community at the highest salt concentrations. Salt-tolerant
bacteria and cyanobacteria have been isolated from a wide
range of biotopes at all latitudes. A salt-tolerant bacterium,
Staphylococcus xylosus, was isolated from a plant pickled in
~7.2% salt (Abou-Elela et al. 2010). Salt-tolerant bacterial strains
isolated from an extreme alkali-saline soil in north-east China
belong to the genera Bacillus, Nesterenkonia, Zhihengliuella,
Halomonas, Stenotrophomonas, Alkalimonas and Litoribacter
(Shi et al. 2012) and isolates from the desert of north-western
China were identified as Mesorhizobium alhagi (Zhou et al.
2012). A new genus and species, Salinibacter ruber, an
extremely halophilic bacterium, has been recently described
and isolated from solar saltern crystalliser ponds in Alicante
(Anton et al. 2002). Even a yeast-like fungus Hortaea
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werneckii is highly halophilic and survives in nearly salt-
saturated solutions (Gunde-Cimerman et al. 2000).

The mechanisms that allow micro-organisms to grow and
survive in saline habitats are mostly similar among different taxa.
The main strategies include avoiding high salt concentrations via
specific membrane or cell wall constructions, pumping ions out of
the cell by ‘salting out’ processes or adjusting their intracellular
environment by accumulating non-toxic organic osmolytes and
the adaptation of proteins and enzymes to high concentrations
of solute ions (Fig. 1).

Cell wall constructions

The first strategy in surviving high salinity is to avoid high salt
concentrations in the cytoplasm and to prevent water loss and
plasmolysis through a specific cell wall construction and
composition, as known for Archaea and for Cyanobacteria.
The cytoplasmic membrane of a halophilic Archaea contains
unique ether lipids that cannot easily be degraded, are
temperature- and mechanically resistant and highly salt
tolerant. Thermophilic and extreme acidophilic Archaea
possess membrane-spanning tetracther lipids that form a rigid
monolayer membrane that is nearly impermeable to ions and
protons. These properties make the archaeal lipid membranes
more suitable for life and survival in extreme environments
than the ester-type bilayer lipids of Bacteria or Eukaryota (van
de Vossenberg et al. 1998). The non-coccoid representatives of
the Halobacteriales possess a cell wall of an S-layer, whose main
constituent is a high molecular weight glycoprotein regularly
arranged on atwo dimensional lattice, with 4- or 6-fold symmetry.
Glycoprotein makes up to 40-50% of the wall protein (Oren
2006) and requires high NaCl concentrations for stability. Similar
to most other proteins of halophilic Archaea, the wall protein
denatures when suspended in distilled water.

Cyanobacteria are surrounded by two membrane systems.
The cell wall is enclosed by an outer membrane that surrounds
the periplasmic space, whereas the cytoplasmic membrane
surrounds the cytoplasm. Inside the cytoplasm, cyanobacteria
contain a third membrane system, thylakoid membranes,
which originate from the cytoplasmic membrane and contain
the photosynthetic complex. The respiratory electron transport
chain is also mostly situated at the thylakoid membranes

(Hagemann 2011). In contrast with the heterotrophic
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Fig. 1. Schematic overview of the mechanisms developed by micro-

organisms to live and survive in highly salinine conditions.
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prokaryotes, the mainly photoautotrophic cyanobacteria
provide the enhanced energy demand for the extrusion of
sodium by an increased photosynthetic activity (Joset et al.
1996). Halococcus species possess a thick sulfated
heteropolysaccharide cell wall that does not require high salt
concentrations to maintain its rigidity (Steber and Schleifer
1975). The coccoid Natronococcus occultus also has a thick
cell wall that retains its shape in the absence of salt, but its
structure differs greatly from that of the cell wall polymer of
Halococcus, consisting of repeating units of a poly(L-glutamine)
glycoconjugate (Niemetz et al. 1997). Several rhizobacterial
species excrete massive amounts of exopolysacchrides which
help to mitigate salinity stress by unknown processes (Upadhyay
et al. 2011). The importance of extracellular polysaccharides
(capsular and released polysaccharides) in reducing salt
stress was demonstrated by Yoshimura ef al. (2012) in the
cyanobacterium Nostoc sp., where the composition ratio of
sugars in the extracellular polysaccharide hardly changed
under NaCl stress in comparison to normal culture conditions.

Fungal cell walls can become melanised and this has been
commonly observed under abiotic stress, when it has been
suggested to reduce the loss of compatible solutes (Plemenitas
et al. 2008). Comparing different fungi revealed the composition
of cell membranes as another adaptation to hypersalinity. In
contrast to halosensitive Saccharomyces cerevisiae and some
halotolerant filamentous fungi, Hortaea werneckii is able to
maintain its sterol-to-phospholipid ratio at a constant level
(Turk et al. 2004). This is probably due to the expression of
particular fatty acid-modifying enzymes upon salt stress
(Gostincar et al. 2009).

Pumping ions out of the cell

Several bioenergetics processes and ion pumps are involved in
the regulation of intracellular ionic concentrations and osmotic
adjustment. A proton electrochemical gradient is the driving
force for the extrusion of Na' from the cell, keeping
intracellular Na" concentrations relatively low, using Na"/H"
antiporter (Oren 2006). Membranes from halophilic Archaea
possess a very high activity of an electrogenic Na'/H"
antiporter. A key role of Na" exclusion by different types of
Na"/H™ antiporters were also described for the cyanobacterium
Synechococcus sp. PCC7942 (Waditee et al. 2002), the
cyanobacterium Aphanothec halophytica (Wutipraditkul et al.
2005) and the bacterium Alkalimonas amylolytica (Zhong et al.
2012). In A. amylolytica the Na*/H" antiporter encoding gene
AaNhaD was able to increase salt tolerance in transgenic
tobacco BY-2 cells indicating that AaNhaD even in plant cells
functions as a pH-dependent tonoplast Na*/H" antiporter, thus,
presenting a new avenue for the genetic improvement of
salinity/alkalinity tolerance (Zhong et al. 2012).

A crucial function of ion transporters is to maintain and
retain favourable cytosolic K'/Na" ratios in the face of low
K'/Na" ratios in the environment. K' is an important
monovalent cation inside the cell, where it is not only crucial
for salt or turgor acclimation but is also involved in membrane
energetics and the regulation of pH, enzyme activities and
gene expression (Hagemann 2011). K™ and Na* show similar
physiological structures, as the smaller ion Na" together with its
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rather large hydration shell mimics the size of K. Therefore,
uptake systems for K have difficulties discriminating between
these ions, and high Na'" concentrations in the solution may
result in K* deficiency (Hagemann 2011). However, the much
higher concentration of intracellular K than extracellular
K" points to an active uptake of this important cation from
the solution. Possible regulatory systems are reviewed by
Hagemann (2011). Several of the Dead Sea organisms possess
unusual properties. A Halobacterium sp, has extremely high
intercellular K™ concentration (up to 4.8 M) and extraordinary
specificity for K over Na'. They adapt to the environment by
adjusting their internal inorganic ionic strength, instead if ionic
composition, to that of the medium (Nissenbaum 1975).

In contrast with the monovalent cations K™ and Na*, much
less is known about the transport of C1 ™. SimilartoNa", C1” enters
cyanobacterial cells in almost equimolar amounts after sudden
salt shocks of >300 mM NacCl. Its export, however, is slower
than that of Na' (Reed et al. 1985). In E. coli, the majority of
CI' transport is done by H'/CI™ exchange transporter and not
via channels (Accardi and Miller 2004).

As described for the prokaryotic organisms, fungi use two
general strategies to deal with high salt concentrations in the
environment. Exclusion of ions have been postulated for fungi,
if they are exposed to high salt concentrations and this strategy
seems to be more effective for the halophilic H. werneckii
compared with the only halotolerant Aureobasidium pullulans
(Kogej et al. 2005). Corresponding proteins or genes have not
been yet identified, but in Saccharomyces cerevisiae gene
duplication was detected mostly for genes encoding stress-
responsive and transport proteins (Kondrashov et al. 2002).

Intracellular adaptations

The presence of high concentrations of solute ions is
generally devastating to proteins and other macromolecules,
causing aggregation to structural collapse. This is due to
the enhancement of hydrophobic interactions, interference
with essential electrostatic interactions within or between
macromolecules because of charge shielding, and reducing the
availability of free water below that required to sustain essential
biological processes (Oren 2006). Therefore, the organisms
activate various processes: (i) uptake and endogenous
biosynthesis of compatible solutes, the nature and amount of
which are strain- and salt concentration-dependent; (ii) increased
energetic capacity; and (iii) protein and enzyme adaptations.
Compatible solutes are low-molecular mass organic compounds,
which usually do not have net charge and can be accumulated
in high (molar) amounts without negatively interfering with
cellular metabolism. The action of compatible solutes is
currently best explained by the water exclusion hypothesis
(Hagemann 2011). Freshwater cyanobacterial strains with low
halotolerance accumulate sucrose or trehalose as their major
compatible solutes. Moderately halotolerant (marine) strains
are characterised by glycosylglycerol (GG) as their main
compatible solute and sometimes glycosylglycerate (GGA) as
a secondary compatible solute, whereas halophilic strains that
are able to grow in saturated salt concentrations usually synthesise
glycine betaine (GB) or glutamate betaine (Hagemann 2011).
Only the mostly photoautotrophic cyanobacteria are described
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as improving their salt tolerance by an increased photosynthetic
activity, which serves as energy source to meet the enhanced
energy demand for the extrusion of Na" (Joset ef al. 1996).

Halophilic organisms have to maintain their protein
structure and enzymatic activity at high salt concentrations.
When comparing amino acid composition of proteins of the
Halobacteriaceae to proteins from non-halophilic micro-
organisms, they contain: (i) a large excess of the acidic amino
acids glutamate and aspartate, (ii) a low content of the basic
amino acids lysine and arginine, and (iii) a low content of
hydrophobic amino acid residues, which is often offset by an
increased content of the borderline hydrophobic amino acids
serine and threonine (Lanyi 1974). A good reason for increasing
the content of acidic amino acids may be the fact that glutamate
has the greatest water binding ability of any amino acid residue.
This may have important implications when considering the
need of any functional protein to maintain a proper hydration
shell (Oren 2006). Recently, Bardavid and Oren (2012)
performed a comparative analysis of the genome sequences
of anaerobic halophilic fermentative bacteria belonging to the
order Halanaerobiales, the alkaliphilic Halanaerobium
hydrogeniformans, and the thermophilic Halothermothrix
orenii to assess the amino acid composition of their proteins.
Earlier studies demonstrated that members of the Halanaerobiales
accumulate KCI rather than organic compatible solutes for
osmotic balance and, therefore, the presence of a dominantly
acidic proteome was predicted. Past reports indeed showed a
large excess of acidic over basic amino acids in whole-cell
hydrolysates of selected members of the order. However, the
genomic analysis rarely showed unusually high contents of
acidic amino acids or low contents of basic amino acids. The
apparent excess of acidic amino acids in these anaerobic
halophiles reported earlier is due to the high content in their
proteins of glutamine and asparagine, which yield glutamate
and aspartate upon acid hydrolysis. It is thus suggested that
the proteins of the Halanaerobiales, which are active in the
presence of high intracellular KCI concentrations, do not
possess the typical acidic signature of the ‘halophilic’ proteins
of the Archaea of the order Halobacteriales or of the extremely
halophilic bacterium.

Recent analyses of salt-induced changes in proteome
maps revealed a more complex insight into the osmolyte
accumulation processes of micro-organisms. For example,
Halomonas sp. AAD12 showed significant variations in the
expression of proteins involved in osmoregulation, stress
response, energy generation and transport under salt stress
(Ceylan et al. 2012).

Ceylan and colleagues (2012) measured an increase in proline
and hydroxyectoine but a decrease in ectoine accumulation at
elevated salinity. Fungi also accumulate compatible solutes for
dealing with internal high salt concentrations. This has been
analysed in the salt sensitive yeast S. cerevisiae and in some
halotolerant filamentous fungi; it was shown that mostly glycerol
is accumulated upon increasing salt concentrations (Blomberg
and Adler 1992). Glycerol is also the compatible solute found in
highest concentrations in the halophilic black yeast H. werneckii
(Kogej et al. 2007). Other modifications upon exposure to high
salt concentrations concern the microsomal HMG-CoA reductase
(Vaupotic and Plemenitas 2007) and the glycerol-3-phosphate
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dehydrogenase (Lenassi ef al. 2011). Non-targeted approaches
have been also applied for elucidating mechanisms underlying
the response of fungi to hypersalinity (e.g. Li et al. 2003). By
using subtractive hybridisation, numerous H. werneckii genes
thatrespond to moderately and extremely high salt concentrations
were identified (Vaupotic and Plemenitas 2007). Among those,
13 did not show any similarity to sequences in databases
suggesting very specific adaptations of the black yeast to
hypersalinity. Further work could aim to discover the
functions of the corresponding proteins. The mechanisms of
how high salinity is sensed by fungal organisms has been
investigated mainly in S. cerevisiae. The pathway involved is
called ‘high osmolarity glycerol’ (HOG) and involves a well-
studied mitogen-activated protein kinase cascade (Parmar et al.
2011). Such a sensing system has been also identified in
H. werneckii (Plemenitas et al. 2008). However, exactly how
this contributes to the tolerance to extremely high salt
concentrations is unclear.

Interaction of micro-organisms with host plants

The microbiome of glycophytes under normal growth conditions
or under salinity stress has become a research focus over the last
10 years (Rosenblueth and Martinez-Romero 2006). However,
the prokaryotic community composition of halophytes has only
rarely been investigated and the phyllosphere even more
sparsely than the rhizosphere (Fig. 2). Therefore, here we can
only refer to a limited number of investigations that tried to
classify (taxonomically) and count microbial species and
numbers (Table 1). The halophyte Halocnemum strobilaceum,
naturally inhabiting hypersaline coastal areas of the Arabian Gulf,
harbour up to 8.1 x 10 g™" and 3 x 10% g™ extremely halophilic
oil-utilising micro-organisms in the rhizosphere and phyllosphere
respectively (Al-Mailem et al. 2010). Frequent genera in the
rhizosphere were affiliated to the Archaea Halobacterium sp.
and Halococcus sp., the firmicute Brevibacillus borstenlensis,
and the proteobacteria Pseudoalteromonas ruthenica and
Halomonas sinaensis. The phyllospheric microflora consisted
of the dimorphic yeast Candida utilis and the two proteobacteria
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Fig. 2. Publication activity in the area of the plant microbiomes in the last

10 years. Shown are the number of articles published per year in Web of
Science for the terms ‘endophyte and growth-promotion’, ‘endophyte and
salinity’ and ‘endophyte and halophyte’ (2002—12).
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Ochrobactrum sp. and Desulfovibrio sp. All the strains, except
C. utilis, which could not tolerate salinities >2 M NaCl, grew
also in media with salinities ranging between 1 and 4 M NaCl,
with optimum growth between 1 and 2M NaCl (Al-Mailem
et al. 2010). That means bacteria inhabiting that halophytic
plant rhizosphere and phyllosphere seem to be adapted to high
salinities.

Similar salt-related adaptations were assumed in the
rhizobium population of Acacia spp. (Thrall et al. 2009).
Studies of Acacia spp. in Australia and Algeria, where the
shrubby legumes dominate many ecosystems where dryland
salinity is a major issue, suggested a high phylogenetic
bacterial diversity (Thrall et al. 2009; Boukhatem et al. 2012).
Based on 16S rRNA gene sequence comparisons, 48 isolates
ranked into 10 phylogenetic groups representing five bacterial
genera, namely, Ensifer, Mesorhizobium, Bradyrhizobium
and Ochrobactrum (Boukhatem et al. 2012). The genetic
identification of novel species suggested that the diversity of
rhizobia associated with Australian Accacia spp. is significantly
greater than previously expected and documented a community
differentiation in relation to salt stress (Thrall ez al. 2009). Rueda-
Puente et al. (2010) detected, for the first time, Rhizobium
spp. and Bacillus spp. species in the rhizosphere of the
halophyte Salicornia bigelovii (Chenopodiaceae; now in the
Amaranthaceae). Recently, the roots and rhizosphere of
halophytes have been found to be inhabited by salt-tolerant
bacteria. Haloferula luteola sp. nov., a gram-negative, non-
spore-forming, endophytic (living within plant tissues)
bacterium (strain YC6886") was isolated from the root of the
halophyte Rosa rugosa, which inhabits coastal areas of
Namhae Island of the southern coast of Korea and grows
optimally with 300-500 mM NacCl (Bibi et al. 2011). Another
salt-tolerant (growth up to 680 mM NaCl) bacterial strain,
Brachybacterium saurashtrense sp. nov., was isolated from
the roots of Salicornia brachiata, an extreme halophyte
(Gontia et al. 2011).

Most fungi detected in halophytes belong to the phylum
Glomeromycota, which live with the roots of land plants in an
obligate biotrophic symbiosis called arbuscular mycorrhiza
(Newman and Reddell 1987). Although spore germination,
hyphal growth and root colonisation of arbuscular mycorrhizal
(AM) fungi is inhibited by high salt concentrations (Juniper
and Abbott 1993; Juniper and Abbott 2006), plants in saline
habitats can be highly colonised. The roots of, for example, sea
aster (Aster tripolium) in marsh lands appeared to be fully
colonised by AM fungal structures (Hildebrandt et al. 2001),
but also plants from other saline ecosystems such as mangroves,
in a river delta or in a desert riparian forest were colonised
(Sengupta and Chaudhuri 2002; Wang et al. 2004; Yang et al.
2008). A survey along a salt gradient showed a negative
correlation between salt concentrations and mycorrhization of
roots of the saltbush Atriplex spp. (Aguilera et al. 1998).
However, cluster analysis in a more detailed investigation
revealed that not soil salinity and ion concentrations, but soil
pH, the percentage of clay and available P correlates with AM
fungal spore numbers (Aliasgharzadeh er al. 2001). Another
factor that has to be taken into account in such habitats is
drought, which can be more important than salt for the
abundance of AM fungi in halophytes (Fiizy et al. 2008).
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Table 1.
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Micro-organisms associated with halophytic plants and their halophilic or halotolerant properties

Micro-organisms

Halotolerant or halophilic

Associated with halophytes

Reference

Halocnemum strobilaceum

Archaea
Halococcus Halophilic
rhizosphere
Bacteria
Aeromonas Not studied

Sesuvium portulacastrum

Bacillus sp. Not studied Salicornia bigelovii
Sesuvium portulacastrum
Brachybacterium Halotolerant Salicornia brachiate rthizosphere
B. saurashtrense Growth at 0.68 M NaCl Salicornia brachiata
Bradyrhizobium Not studied Acacia spp.
Brevibacillus borstenlensis Halophilic Halocnemum strobilaceum rhizosphere
Brevibacterium casei Halotolerant Salicornia brachiate rthizosphere
Corynebacterium Not studied Sesuvium portulacastrum
Cronobacter sakazakii Halotolerant Salicornia brachiate rthizosphere
Desulfovibrio sp. Tolerate 1-4 M NaCl Halocnemum strobilaceum phyllosphere
Ensifer Not studied Acacia spp.
Escherichia Not studied Sesuvium portulacastrum
Haloferula luteola sp. nov Halotolerant Rosa rugosa
Halomonas sinaensis Tolerate 1-4 M NaCl Halocnemum strobilaceum rhizosphere
Halophilic Salicornia brachiate rthizosphere
Haererehalobacter Halotolerant Salicornia brachiate rhizosphere
Mesorhizobium Halotolerant Salicornia brachiate rthizosphere
Acacia spp.
Ochrobactrum Not studied Acacia spp.
Ochrobactrum sp. Tolerate 1-4 M NaCl Halocnemum strobilaceum phyllosphere
Pseudomonas Not studied Sesuvium portulacastrum
P. maricaloris Not studied Avicennia marina
Pseudoalteromonas ruthenica ~ Halophilic Halocnemum strobilaceum rhizosphere,
Salicornia brachiate rhizosphere
Rhizobium sp. Not studied Acacia spp.
Salicornia bigelovii
R. radiobacter Halotolerant Salicornia brachiate rthizosphere
Salinibacter ruber Halophilic Solar saltern crystalliser pond
Vibrio Halotolerant Salicornia brachiate rhizosphere
Zhihengliuella Halotolerant Salicornia brachiate rhizosphere
Fungi

Candida utilis
dark septate endophytes

Glomeromycota

Glomus geosporum

Tolerate <2 M NaCl
Not studied

Halocnemum strobilaceum phyllosphere
Fourwing salt bush rhizosphere

Aster tripolium rhizosphere
Mangroves rhizosphere

Atriplex spp. rhizosphere

Niemetz et al. (1997),
Al-Mailem et al. (2010)

Anburaj et al. (2012)
Rueda-Puente ef al. (2010)
Bian ef al. (2011); Anburaj et al. (2012)
Jha et al. (2012)

Gontia et al. (2011)
Boukhatem ez al. (2012)
Al-Mailem et al. (2010)
Jha et al. (2012)

Anburaj et al. (2012)

Jha et al. (2012)
Al-Mailem et al. (2010)
Boukhatem et al. (2012)
Anburaj et al. (2012)

Bibi et al. (2011)
Al-Mailem et al. (2010)
Jha et al. (2012)

Jha et al. (2012)

Jha et al. (2012)
Boukhatem et al. (2012)
Boukhatem et al. (2012)
Al-Mailem et al. (2010)
Anburaj et al. (2012)
El-Tarabily and Youssef (2011)
Al-Mailem et al. (2010)
Jha et al. (2012)

Thrall et al. (2009)
Rueda-Puente ef al. (2010)
Jha et al. (2012)

Anton et al. (2002)

Jha et al. (2012)

Jha et al. (2012)

Al-Mailem et al. (2010)
Jumpponen and Trappe (1998);
Barrow and Aaltonen (2001);
Sonjak et al. (2009);
Barrow et al. (2004)
Hildebrandt ez al. (2001);
Juniper and Abbott (1993);
Juniper and Abbott (2006);
Sengupta and Chaudhuri (2002);
Wang et al. (2004); Yang et al. (2008);
Aguilera et al. (1998);

Glomus caledonium

Landwehr ef al. (2002); Sonjak et al. (2009)

Attempts to identify the AM fungal species associated with
plants in saline habitats revealed that at least in Europe, most
isolates belong to the Glomus geosporum/Glomus caledonium
cluster (Hildebrandt et al. 2001; Landwehr et al. 2002; Sonjak
et al. 2009).

In addition to arbuscular mycorrhiza, some papers report the
occurrence of so-called dark septate endophytes (DSEs). These
root colonisers can be found in diverse habitats (Jumpponen and

Trappe 1998) and have been detected in saline environments
(Barrow and Aaltonen 2001; Sonjak er al. 2009). These
associations can be obligate: it is, for example, impossible to
remove DSEs from the fourwing salt bush even if the plants
have been grown from calli (Barrow et al. 2004). Fungi of the
order Sebacinales (Basidiomycota) are also present in roots of
all ecosystems (Weil} ef al. 2011) and further work is needed to
screen plants growing in saline habitats for species of this order.
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One representative is the model endophyte Piriformospora
indica, which has been isolated from the Thar desert in India
(Verma et al. 1998). Therefore, it might also tolerate higher
salt concentrations as it has been shown that it can confer salt
tolerance to plants (Waller et al. 2005).

One study conducted in a Mediterranean salt marsh
from semiarid south-eastern Spain to determine the influence
of eight halophytes (Asteriscus maritimus, Arthrocnenium
macrostachyum, Frankenia corymbosa, Halimione
portulacoides, Limonium cossonianum, Limonium caesium,
Lygeum spartum and Suaeda vera Forsskal) on the soil
microbiological and biochemical properties of the rhizosphere
(labile C fractions, biomass C, oxidoreductases, hydrolases)
and aggregate stabilisation. Results showed that soil microbial
activity and microbial-related soil properties, such as aggregate
stability, were determined by the species of the halophyte
(Caravaca et al. 2005). However, microbial community
composition and microbial counts were not recorded. From the
halophyte Prosopis strombulifera, grown under extreme
salinity, 29 different bacterial strains were detected, which are
grouped into seven clusters according to similarity (Sgroy et al.
2009).

From these first microbial investigations of halophytes it
seems that, compared with glycophytes, an accumulation of
specialised micro-organisms living in the rhizosphere and
inside halophytic plants exists. Comprehensive studies and
comparison of the halophyte and glycophyte microbiomes are
required to evaluate that assumption. Currently the low number
of investigations does not allow a general conclusion regarding
the microbial impact on the environmental adaptation processes
of halophytes. An improved understanding of the microbial
community composition in halophilic plants, however, may
open new opportunities to broaden plant growth in fragile
environments.

Influence of micro-organisms on salinity tolerance
of halophytes

The rhizosphere and phyllosphere of plants is colonised by a
range of micro-organisms and growing investments in this
research aims at unravelling the mechanisms underlying these
beneficial or pathogenic interactions. Microbes are attracted to
plant roots by a specific blend of root exudates containing
sugars, amino acids and organic acids, which are assimilated
and metabolised. The composition of actively and passively
released primary and secondary metabolites varies with plant
species, developmental stage and environmental conditions. It
has been demonstrated that the plant influences the soil microbial
communities and its colonising microbiota via the exudate
composition (Bais et al. 2006; Faure et al. 2009; Doornbos
et al. 2012). The beneficial effects provoked by endophytes
result from nitrogen fixation, phytohormone production,
supply of nutrients and pathogen suppression (Rosenblueth
and Martinez-Romero 2006; Hardoim et al. 2008) and those
mechanisms also account for the alleviating effects of micro-
organisms when host plants face unfavourable environmental
conditions. Two recent reviews are devoted to the protective
microbial processes conferring abiotic stress tolerance to plants
(Dimkpa et al. 2009; Dodd and Perez-Alfocea 2012). Halophytic
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plants harbour a variety of micro-organisms and in the following
we summarise the contribution of micro-organisms to salt
tolerance in this specific plant group.

Plant nutritional status

The growth-promoting effect of most micro-organisms emanates
from their ability to increase the availability and uptake of
nitrogen, carbon, and minerals. Bacteria residing in halophytic
plants are known to (i) produce exopolysaccharide and form
rhizosheaths, where mucilage binds a layer of sand grains tightly
to the root, providing a special habitat for dinitrogen fixing
bacteria (Bergmann et al. 2009); (ii) fix atmospheric nitrogen
and provide ammonium for plant metabolic processes; and
(iii) enrich C and N (Nabeel er al. 2010). Hence, the presence
of the dinitrogenase reductase (nif) gene family is frequently
used in microbiota screens for identification of beneficial
strains (Juraeva et al. 2006). The nifH gene has been found in
bacterial isolates from roots of Salicornia brachiata belonging to
the genera Brachybacterium, Brevibacterium and Zhihengliuella
(Jha et al. 2012).

Other micro-organisms are also referred to as biofertilisers
because of their ability to solubilise phosphates and mobilise
iron, thereby facilitating plant growth (Vessey 2003). Ca3(POy),,
AIPO,4 and FePOQy, solubilising bacteria have been isolated from
various halophytic plants, from the rhizosphere of four halophytic
weeds grown in the Pakistanian Khewra salt range (Yasmin and
Bano 2011), the mangrove Avicennia marina rhizosphere
(El-Tarabily and Youssef 2010) and the oilseed halophyte
Salicornia bigelovii (Bashan et al. 2000). Among the rarely
identified bacterial strains are Arthrobacter, Bacillus (Banerjee
et al. 2010), Azospirillum, Vibrio, Bacillus, Phyllobacterium
species (Bashan et al. 2000) and Oceanobacillus picturae
(El-Tarabily and Youssef 2010). When the oilseed halophyte
Salicornia bigelovii was inoculated with eight species of
halotolerant bacteria, including Azospirillum, Vibrio, Bacillus
and Phyllobacterium, phosphate content in foliage increased
compared with non-inoculated plants (Bashan ez al. 2000). A
screen of the mangrove Avicennia marina rhizosphere identified
129 bacterial strains with the ability to solubilise rock phosphate,
with Oceanobacillus picturae being able to mobilise 97% of
this mineral (El-Tarabily and Youssef 2010). These activities
provide major components in ameliorating the growth-restraining
effects of salinity.

The central feature of mycorrhizal symbiosis is the exchange
of nutrients between the partners of the symbiosis. This enables
plants to receive mineral nutrients even at high salt concentrations
where usually the uptake is hampered (for review see Evelin
et al. 2009). Mycorrhizal plants harbour higher phosphorus
contents and are able to keep a better K" :Na" ratio than their
non-mycorrhizal counterparts (Giri et al. 2007). For chloride
ions, however, differing results are reported. Mycorrhization of
roots can reduce their uptake of Cl™ (Zuccarini and Okurowska
2008), but enhanced accumulation of Cl™ has been also detected
(Buwalda er al. 1983). Salt stress impacts on chlorophyll
biosynthesis and one reason is the reduced uptake of
magnesium. Giri et al. (2003) showed that this can be at least
partially overcome in mycorrhizal plants. Mineral nutrition in
the interaction between plants and other root-endophytic fungi
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is a matter of debate and the uptake of mineral nutrients by
halophytes has not yet been specifically analysed.

Plant hormone status

The production or metabolism of plant hormones and their
precursors is widely documented for plant-associated micro-
organisms and it is an astonishing demonstration of the close
evolution between plants and micro-organisms. A large body of
physiological data related to the modulation of abscisic acid
(ABA), auxins, cytokinins, ethylene, gibberellins, jasmonic
acid (JA) and salicylic acid (SA) in plants upon infection with
bacteria proves its significance to plant performance (Dodd
et al. 2010).

The presence of 1-aminocyclopropane-1-carboxylic acid
(ACC) deaminase is frequently described for halotolerant
bacteria residing in plants. The enzyme converts the ethylene
precursor ACC into ammonia and o.-ketobutyrate, thus, lowering
the ethylene concentration within plant tissues and its
constraining effect on root elongation and general plant
growth. A screen of 140 halotolerant bacterial isolates from
coastal soil of the South Korea Yellow Sea for plant-growth-
promoting effects led to the identification of 25 strains exhibiting
different levels of ACC deaminase activity and those belonging
to the genera of Arthrobacter, Bacillus, Brevibacterium,
Corynebacterium, Exiguobacterium, Halomonas, Micrococcus,
Oceanimonas, Planococcus and Zhihengliuella (Siddikee et al.
2010). Recent reports on halotolerant ACC-deaminase-
producing bacteria isolated from halophytic plants indicate that
this is an essential mechanism for salt stress alleviation. Six out
of 29 endophytic strains isolated from the halophyte Prosopis
strombulifera tested positive for ACC deaminase activity
(Sgroy et al. 2009). Novel diazotrophic halotolerant bacteria
from roots of Salicornia brachiata featured ACC deaminase
activity and isolates included Brachybacterium saurashtrense,
Brevibacterium casei, Cronobacter sakazakii, Haererehalobacter,
Halomonas, Mesorhizobium,  Pseudomonas, Rhizobium
radiobacter, Vibrio and Zhihengliuella (Jha et al. 2012).
Additionally, reinoculation of axenically cultured S. brachiata
with  Brachybacterium saurashtrense and Pseudomonas
increased growth parameters significantly under salt stress.
The screening of root, stalk and leaf of Suaeda salsa allowed
for the identification of four ACC deaminase-containing
strains: Pantoea agglomerans, Pseudomonas oryzihabitans,
Pseudomonas putida, and Pseudomonas sp. (Teng et al.
2010). Sixty-two different bacterial isolates were extracted
from the rhizosphere of the mangrove Avicennia marina. One
of those, Pseudomonas maricaloris, showed high levels of
ACC deaminase activity, decreased endogenous levels of
ACC in seedlings under salinity stress and improved plant
performance (El-Tarabily and Youssef 2011). A mutant strain
of P. maricaloris without ACC deaminase failed to ameliorate
the effects of salinity in mangrove seedlings, demonstrating the
impact of modulating the plant’s ethylene status to confer salt
tolerance.

Production of auxins, especially indole-3-acetic acid (IAA),
is frequently found in growth-promoting endophytes (Witzel
et al. 2012). Auxins play a cardinal role in elevation of root
growth and development, and act antagonistically to ethylene.
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Thus, managing auxin production in halophytic plants by
endophytic microbes might be an important tool in conferring
salt tolerance. IAA production has been found in (i) salt tolerant
rhizobacteria (4Arthrobacter sp., Bacillus pumilus, Halomonas
sp., Nitrinicola lacisaponensis, and Pseudomonas mendocina)
isolated from highly saline habitats (Tiwari et al. 2011) and
(i1) species of Bacillus, Brevundimonas, Exiguobacterium,
Halobacillus, Oceanobacillus, Serratia, Staphylococcus and
Vibrio originating from four halotolerant plants from a
Chinese coastal sandbank (Bian et al. 2011). Production of
IAA, ABA and gibberellins has also been identified in as yet
unclassified bacterial strains isolated from the rhizosphere of
halophytic weeds from the Pakistani Khewra salt range (Naz
etal. 2009) as well as from the halophyte Prosopis strombulifera
(Piccoli et al. 2011). Tiwari and colleagues (2011) demonstrated
an increase in the fitness of wheat plants grown in salt-affected
soil when they were inoculated with salt tolerant IAA producing
rhizobacteria.

Mycorrhizal fungi exert impact on nearly all phytohormones
and this has been shown for jasmonate and abscisic acid (Hause
et al. 2007; Herrera-Medina et al. 2007). The involvement of
phytohormones in the interaction between plants and the root
endophyte Piriformospora indica is also well investigated
(Qiang et al. 2012). The role of phytohormones for increasing
salttolerance has, however, neither been analysed for mycorrhizal
not for other root endophytic fungi.

Plant antioxidant status

Plants have evolved a range of tools in order to protect their
cells from reactive oxygen species formed on the onset of
osmotic and salt stress. Oxidation of membrane lipids, proteins
or DNA is prevented by scavenging enzymes, including
superoxide dismutase, catalase, and ascorbate peroxidase.
Micro-organisms use similar approaches to cope with
oxidative stress. A recent review focuses on the mediation of
reactive oxygen species in plants by fungal endophytes (Hamilton
et al. 2012). It is likely that micro-organisms use the same
mechanisms to alleviate salt stress effects in halophytes as in
other plants; however, detailed information remains scarce. The
halophytic Sesuvium portulacastrum was grown on sterilised
and non-sterilised soil during salinity treatment. Plants grown on
non-sterilised soil, containing bacteria from the genera Bacillus,
Aeromonas, Pseudomonas, Corynebacterium and Escherichia,
revealed lower levels of antioxidant enzymes indicating a
reduced degree of oxidative stress (Anburaj et al. 2012).
Organisms described to alleviate salinity in halophytes are
likewise known to colonise glycophytes and often they are
described as improving plant growth and plant immunity
against pathogens and abiotic stress (Shin et al. 2007; Bibi
etal 2012).

The production of antioxidants and the expression of enzymes
involved in scavenging of reactive oxygen species is probably
the mechanism most analysed in seeking explanations of how
mycorrhizal fungi are able to increase abiotic stress tolerance
of plants (Porcel ef al. 2012). Mycorrhizal plants contain higher
concentrations of ascorbate and glutathione and harbour a
greater activity of superoxide dismutase, catalase and
ascorbate peroxidase than the corresponding non-mycorrhizal
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control plants (Wu et al. 2010; Borde et al. 2011; Latef and
Chaoxing 2011). Since plants show this response to
mycorrhization even before they are treated with high salt
concentrations, one can suggest that colonisation of the roots
by an AM fungus makes the plants more tolerant to high soil
salinity and also to other osmotic stresses. Similar responses
have been observed in plants when colonised by the non-
mycorrhizal endophyte P. indica where it was proposed as
being involved in general abiotic stress tolerance (Baltruschat
et al. 2008).

Production of exopolysaccharides

Both plant and the plant colonising bacteria may produce
exopolysaccharides as a mechanism to shield the root from
excessive salt concentrations. Mangroves and some other
halophytic ~ plants produce a mixture of viscous
exopolysaccharides, so called mucilage, in xylem vessels of
roots and shoots that have high water-binding capacity and
may act as water reserves during exposure to salinity.
Production of mucilage in the halophyte Kosteletzkya virginica
is positively correlated with salt levels and composition of
polysaccharides differs between plant organs and treatments
(Ghanem et al. 2010). Equally, micro-organisms produce
exopolysaccharides, mainly during biofilm formation (Danese
et al. 2000), but also during the establishment of symbiotic
interactions (Jones et al. 2007). Microbial biofilms are found
on roots of every terrestrial plant (Danhorn and Fuqua 2007)
and proper adhesion of microbes to roots through
exopolysaccharides may also aid shielding the root form
excessive salt concentrations. Exopolysaccharide-producing
bacterial strains, including Aeromonas hydrophila/caviae and
Bacillus sp., were isolated from roots of salt-adapted wheat
plants and reinoculation restricted the Na' uptake by roots
(Ashraf et al. 2004). Similarly, exopolysaccharide-producing
rhizobacteria isolated from salt-adapted wheat plants reduced
the plants Na' availability and conferred salt tolerance upon
inoculation in stress experiments (Upadhyay et al. 2011).
Although the application of mucilage-producing bacteria might
be a promising tool in alleviating salt stress effects, many of the
underlying mechanisms still remain unresolved.

Biocontrol

The induction of plant systemic resistance by growth-promoting
micro-organisms through various pathways led to the application
of selected strains for diseases control (van Loon et al. 1998).
Mechanisms of how microbes reduce plant diseases include
production of antibiotics, competition with pathogens for
nutrients, and induction of systemic resistance in the host
(Lugtenberg and Kamilova 2009). A screen of 17 phyllosphere
endophytes isolated from the Karangkadu mangrove ecosystem
in India identified eight strains with a broad spectrum of
antibacterial activity (Sundaram et al. 2011a, 2011b).
Induction of resistance against pathogens has been also
described for the interaction of plant roots with mycorrhizal
fungi (Jung er al. 2012), with dark septate endophytes
(Andrade-Linares et al. 2011) and with the endophyte
Piriformospora indica (Waller et al. 2005). Although a large
body of data was generated for the trilateral relationship
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between pathogens, growth-promoting microbes, and
glycophytes, respective investigations concerning interactions
with halophytes are scarce (Fig. 2). As the use of micro-organisms
to counteract pathogen attack is environmentally friendly and
locally effective, more research activity in this field is expected
within the next years.

Other mechanisms

Another important mechanism of facing osmotic stress is the
accumulation of organic solutes and this has been also found in
halophytes (Flowers and Colmer 2008); consequently the amino
acid proline has been the subject of research into understanding
increases in salt tolerance after colonisation of plants with
endophytes. Results with AM fungi, however, have been
variable and suggest that proline accumulation is, in most
cases, not the cause but the effect of salt tolerance (Ruiz-
Lozano et al. 2012). Osmoregulation can be also achieved
with betaines and with sugars. Both are increased in
mycorrhizal plants and were suggested as being involved in
salt tolerance (Porcel and Ruiz-Lozano 2004; Manchanda and
Garg 2011).

In the case of fungi, the growth of hyphae in the rhizosphere
has a particular impact on soil physical properties (Augé et al.
2001). Soil aggregates are more stable if colonised with hyphae,
this in turn influences water retention (Rillig et al. 2010) and
ultimately has an impact on the tolerance of plants to osmotic
stresses (Augé et al. 2007).

Agronomic and environmental prospects

Comparative population studies indicate that plants in different
habitats contain different microbiomes (Berendsen et al. 2012).
The identification of halophyte-associated bacteria and fungi,
the analysis of their interaction with the host and how this
interaction contributes to the survival of both partners will be
essential to develop strategies for protecting these plants.
Most examples of increased salt tolerance are reported where
glycophytes have been inoculated with plant growth promoting
bacteria or mycorrhizal fungi (Nabti et al. 2010; del Amor and
Cuadra-Crespo 2012; Dodd and Perez-Alfocea 2012). Many
experiments have been conducted with standard inocula
meaning that the micro-organisms being used were not well
adapted to hypersaline conditions. Direct comparisons,
however, showed (for example, for mycorrhizal fungi) that an
isolate from a saline habitat is more able to improve the tolerance
of a plant than a corresponding reference strain (Ruiz-Lozano
and Azcon 2000). Therefore, it seems necessary to exploit the
potential of halophytes and their inhabitants because they could
be a valuable resource for plant production systems where soils or
irrigation water contain high salt concentrations. This will be a
prerequisite for expanding efficient plant production areas into
salt affected soils and to get less dependent on fresh water, which
will be increasingly important in future agriculture in many
regions of the world.
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