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The lost 30 years has seen a huge increase in the detailed understanding of the
microbial environment surrounding plant root systems and or the processes
mvolved in the establishment of the mycorrhiza symbiosis (Martinez-Garcia
et al.. 2013). Knowledge of the mteractions between microbes. particularly

how they communicate with each other and with higher plants, has also
expanded dramatically (Gobbato, 2015). This development bas also allowed a
more holistic approach to the investigation of mycorrhiza and the possibility

for optimizing the beneficial aspects of the symbiosis.

Arbuscular mycorrllizal fungi (AMF) are an important and ancient component of
soil microbial biomass. They inevilably interact with a broad range of soil
microbes, not least because there is a concentration of biota in the rbizosphere.
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51 INTERACTIONS BETWEEN AMF AND OTHER
SOIL MICROBES

ity of bacteria and fungi, including arbuscular mycorrhizal fungi (AMF). Over
the 460-million-years of its existence (Sclosse et al., 2015). the symbiosis
between two-thirds of the plants on earth and AMF s believed to have devel*
oped from the simple exchange of carbon for P and diversified co the extent that

the host plant may receive a number of mineral nutrients, mostly but not exclus
sively lhose considered poorly mobile in soil. proteclion from toxic metals or

metalloids, defense against pathogens, resistance against drought. and enhances
ment of the structure or the sol in which it grows. In providing these services,

AMF inevitably internet with the millions of microbes also occupying the vols

ume of soil they and their host plants share. For example, the number or bacteria
in soil is typically reported as [09g+ (Table 5.J). However, the distribution
of microbes in the soil s not uniform but is several times greater m the
rhizasphere - the soil volume immediately around the root systemor a plant -

than in the bulk soil. The ratio can range from 28 to 53 for bacteria, 1.3 to 12

and bacteria, as these can also be the subject of attack by herbivores and predas

tors among the protozoa nnd nematodes (Table 5.1). which also show an
increased presence of"' JO-fold in rhizosphere soil (Bowen and Rovira, 1999).
Although the main concentration or microbes s in the topsoil, the upper

(Blume el al, 2002) and between 35% and in excess of 58% of the total micro®
bial biomass can be present below 25 cm (Fierer et al. 2003: Schutz el al.

2010). A significant  factor in the rhizosphere effect on Ule distnbution of
microbes in the soil s the release from growing roots of a broad spectrum or care
bon compounds that can support their energy requirements. In addition. there are
specific compounds released that are important in signaling between microbes
and the plants via the rootsystem. But these compounds are also involved in tbe
communication between different groups of microbes. There is increasing
evidence that in the rhizosphere andim the soll volume, which is associated with
mycorrhiza and the AMF extraradical mycelum (ERM) - the nivcorrhizos

fungal component (de Boer et al, 2005. 2015; Bonfante and Anca. 2009). All or

these aspects are important in understanding the ellects on mycorrhizal host

plants of the interactions between AMF and other soil microbes.

TABLE 5.1 The concentration of main groups of microflora and fauna in soil
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A key AMF imemction is with a special group of bscteds (rhizobia) that are

capable of taking nitrogen from the atmosphere and converting ii lo ammonia.
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5.14 The Tripartit Inferaction Between AMF, Rhizobia,
and Legumes

The interaction between microbes. including AMF. is not confined to the
bulk soil and the rhizosphere but potentially can also take place within plant

roots. As well as forming mycorrhizal symbioses with AMF. a number of
plants also establish a symbiosis with nitrogen fixing bacteria. The symbiosis

of major significance i productive ecosystems 1s that of members of
the legume family, the Fabaceae and trees of the genus Parasponia with rhie

zobia (Vessey et al., 2004). "Rhizobia" is the common collective name for

several symbiotic bacteria genera. including Azorhizobium, Bradyrhizobium,

Mesorhizobium, Rhizobium, and Sinorhizobium. The symbionts combine to
form novel structures, nitrogen-fixing nodules. in plant roots that are capable
of fixing nitrogen gas from the atmosphere. The symbiosis is estimated to
contribute annually some 40 million tonnes of nitrogen from the atmosphere
to agricultural production systems (Herridge et al.. 2008). In comparison to
the symbiosis with AMF. it developed relatively recently, only being present
for 60 million years in the fossil record.

Colonization of Roots by Mycorrhizal Fungi

The process of the colonization of a root by an AMF does not start with the
formation of a hyphopodium (See Section 6.2) but with stimulation of the
fungus by components i root cxudntes (Harrison. 2005). The specific coms
pounds are strigolactones (Akiyama et al. 2005). These chemical signals

can stimulate the germination of spores. switch on the genes responsible
for the signaling system of the AMF as well as affect actvity in the

organelles (mitochondria) responsible for generating energy (adenosine tris
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b Assumes that less than 0.1%— 10% of total bacteria are culturable.
“Counts of autotrophic microbes in the soil’s crust (1 em depth samples).

*Assumes there are between 1 and 3 amoA (ammonia

phosphate, ATP) and reducing power (reduced nicotinamide adenine dinue
cleotide, NADH) in the AMF (Besserer et al., 2006). This allows the AMF
to produces diffusible signal compounds. Myc Factors. lipochitooligosace
charides (LCOs), that are released into the soil and which in tum affect
changes in lhe structure and physiology of the host root (Maillet et al.
201l). Recognition of the Myc Factors likely requires two receptor moles

cules located on the plasma membrane of root epidermal cells (Paszkowski

et al. 2006; Roberts et al.. 2013). These compounds can stimulate root

branching. affect root hair formation and growth. as well as iniiate major

changes in the cells of the epidennis close to the AMF source, including
the formation of a prepenctration apparatus (PPA) used to guide the fungal
hypha (rom the hyphopodium on the root surface (the site of fungal
contact - SFC) through the epidermal cell and into the inner cortex of the
root (Box 5. ) In the inner cortex the hypha emerges from the tube-like

PPA of the epidermal cell, where it grows and branches in the intercellular

spaces. These hyphae then induce a PPA-like structure in cells of the inner
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corlex, which they enter, branch and form arbuscules, the essential site for
nutrient exchange between fungus and host

There is a great similarity in the processes of colonization by AMF and rhizobis,
particularly in the communication between microbe and plant.

Colonization of Roots by Rhizobia

For this symbiosis, development starts with release from the roots of the host
plant of signal molecules, mamly llavonoids (Box 5.1) but also included are
simple sugars, amino acids. dicarboxylic acid. and hydroxyaromatc  acid.
These signals not only act to attract rhizobia to the roots of potential hosts
but alo stimulate changes m the bacteria that activate the rhizobial genes
required for initiating the symbiosis and the eventual production of nodules.
A critical consequence of the activation of these genes is the production and
release into the soil of LCOs, the so-called nodulation factors (Nod Factors).
For the legume to participate in the symbiosis, the necessary expression of
host genes - the nodulin (nod) genes - have to be activated and this is the
role of the Nod Factors. Perception of Nod Factors in the roots of a host
initiates numerous changes in the plant, the details of which vary depending
on the host. However. these changes can include the curling of root hairs and
the formation of subcellular structures and meristems that form the nodules
to house the bacteria (Box 5.1). The curding and branching of root hars
entraps rhizobia that may be uuvached 10 the hair surface. Rhizobia penetrate
the root hair cell wall following localized hydrolysis of the wall (Callaham
and Torrey, 198]) and enter an ipfectionthread, which is formed by inviglic
nation of the plasma membrane (plasmalemma) and generation of new wall
material i the form of a wbular lining. The rhizobia therefore remain extras
cellular  as qfecliun thread extends along the root hair and across the
lumen of the cell and then into the root cortex. There, in the mid-cortex, the
rhizobia leave the infection thread and enter cells, which have also been
undergoing  genetically controlled changes induced by Ule Nod Factors to
establish a llodllle prmordium. Within these cells the rhizobia are enveloped
by membranes formed by the host. change their shape lo become bacterolds
and within these organelle-like structure, called symbiosomes, begin fixing
nitrogen. Syrnbiosomes can considered as organelles, similar to mitochons
dria or chloroplasts, being surrounded by a specialized plant membrane that
permits metabolite exchange. ﬁ Nod Factors form an essential part of the
pAnaling system that controls stages of the infection process. including the
growth of the infection thread. initiation of nodule formation. and Ule transfore
mation of the bacteria into bacteroids (Ovchinnikova et al, 20I). Mature
legume nodules may be indeterminate, maintaining the apical merstern and
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growing by cell divislon [lll< cxplllsmll Ol the merisien development may be
transient, so that nodules arc #frf111limift. only growing by cell enlargement
(Box 5.1). In general, temncnuc legumes, such as pea and alf-1fa, develop
indeterminate nodules, which ure initiated in the pericycle and mner cortex.
and grow between the root cells and emerge as club-shaped org—s external to
the root axis. In contrast the determinate nodules formed by tropical legumes,
such as soybean (Glycine maxL. Merr.), are large drop-shaped structures that
are initiated inthe outer cotex of the roots (Hirsch, 1992).

BOX 5.1 Cellular and Physiological Changes During Initial Colonization
or Roots by Arbuscular Mycorrhizal Fungi (AMF) and Rhizobia

Most members of the Fabaceae form symbiotic relationships with both AMF and
ntrogen-fixing  bacteria. the latter being commonly referred to as r~izobia. The
annual barrel medic (Medicago lruncatula Gaertn.) has become particularly well
studied as a model phnt for understanding  the physiology of leguminous  plants,
including the colonization processes by these two groups of mi~robes (Young
et a.. 2011). Once an AM fungus establishes signal exchange with the root of
the M. truncatula host, a hyphopodium forms on the root surface. The epidermal
cell below begins to undergo major intemal reorganization (Reinhardt, ~007) 1
starts with the cell nucleus migrating to a position below the hyphopodium and
then moving across the cell lumen toward the nner perlcllnal wall opposite the
SFC (Genre et al, 2005). Il leaves behind, in its position under the hyphopo+
dlurn - a collecton of microtubues and microflbrils  of the cytoskeleton together
with cisternae of endoplasmic reticulum (ER). These structures become organized
into a finger-lke cytoplsmic column, which tracks the route of the nucle~s
across the cell lumen. A large number of microtubules and bundes of acun
mlcrofllaments  become aligned parallel to the column and the very dense mass
ol ER cistemae, which is in reality a hollow tube Joining the nucleus to the SFC.
The whole arrangement linked to the nucleus is recognized as the PPA. It
appears that an invagination of the plasma membrane takes place to line the hote
low tube. Once the cytoplasmic column of the PPA has completed the crossing
of the cell lumen, the nucleus migrates to the side and a fungal hypha, formed as
an outgrowth of the hyphopodium, penetrales the cell wall, possibly by a local
degradation caused by the release of enzymes coupled with some mechanical
force (Hamison, 1999a). The hypha grows down the hollow tube (Genre et al,
2005) and does not penetrate into the cytoplasm but remains within the apoplast.
This general process may be repeated as the fungus penetrates the ~u~er layer of
the root cortex or this may take place via the mtercellular spaces. Similarly. pen®
etration of the epidermis may be trough the wall separating two cells but in this
case penetraion to the Inner layer of the cortex is intercella~. 1l appears t-al at
least one stage of infection has to be intracellular  for colonizaton of the inner
cortex 1o be successful (Genre et al, 2008).
The process of forming an arbuscule within an inner cortical cell is somewhat

similar  to the mitial  stage of intracellulr  penetration by a hypha Where a
(Continued)
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BOX 5.1 (Continued)
hyphal tip makes contact with a cortical cell wall, a localized concentration of
ER develops within the cell. This is also associated with the cell nucleus becoms
ing enlarged and moving Lo the center of the cell (Genre et al, 2008).
Invaginalion of the plasma membrane takes place and the hypha penetrates into
the cell, where it undergoes dichotomous branching to form several orders of
branches and fill much of the cell The host cell vacuole may become padly
fragmented, or appear so because of distortions of the tonoplast (Pumpln and
Harrison, 2008), and ER, large numbers of plastids, and mitochondria congregate
around the branches [Hause and Fester, 2005). Actin microfibrils and microtus
bules form a complex cytoskeleton throughout the cell (Genre et al., 2008). The
invaginated plasma membrane of the host cell, often termed the peri-arbuscular
membrane, is significantly modified. It contains phosphate transporters  and
shows intense ATPase activity, especially where It surrounds finer branches of
the arbuscule structure (Harrison, 1999b; Hause and Fester, 2005). Between the
peri-arbusculr  membrane and the plasma membrane of the fungus is cell wall
material of the host, but the structure is not consolidated into a secondary wall
and the space between the two membranes has an acidc pH, concomitant with
the transfer of nutrients between the partners (Rich et al, 2014)

For the establishment of its symbiosis with the rhizobia Sinorhizobium meliloti,
M. truncetule, first has to release the flavone 74'-dihydroxyflavone (Ohl) (Zhang
et al, 2009). This flavonoid binds direcly With receptor proteins, the product
of he NodD gene (the only bacterial gene involved in nodulation  that is permas
nently active) within 5. meliloti and thus activates the bacterial genes required
for nodulation  of the hostplant (Nap and Bisseing, 1990). The various species of
legumes release different combinations of flavonoid signals, and ilis considered
that specificity in the binding with the receptor proteins of the bacteria is one
factor in the selectivity of the symbiosis. Mixtures of flavonoids can be more
effective in the establishment of root nodules than single compounds in that
they encourage the activity of some rhizobia but can be antagonistc to others
(Cooper, 2007). The nodulation genes of the rhizobia are required for synthesis
of Nod Factors, the compounds that need to be perceived by the host plant to
initiate the next steps in the formation of nodules Typically the exudates from
the host roots attract the symbiotic bacteria in the rhizosphere to the root surface,
and some attach to the root hairs. This appears to be a two-stage process, with
end-on initial  attachment to a receptor protein followed by a structural linkage
involving either cellulose fibrils (Smil et al., 1987) or proteinaceous. fibrillar
structures - fimbriae - (Vesper and Bauer, 1986). These structures, formed by
the microbe, allow bacterial cells to aggregateat the location following division
so that a colony develops at each point of attachment. Collectively these colo
niei are referred to as infection foci. The host plant detects the bacterial Nod
Factor return signals from 5. mefiloti, in the form of LCO?decules |Long,
1996), through receptors, lkely lectins, dstributed on the plasma membrane
localized at the tips of growing root hairs (Dazzo ct al, 1978; Law and Strijdom,

19U4; Roberts el al, 2013).
(Continued)
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BOX 5.1 (Continued)

Nod Factors stimulate a number of different reactions in root hair cells of the
host legume, includng an initial decrease in osmotic potential, possibly resulting
from calcium uptake; the modification of growth; depolarization of their plasma
membrane; rapid fluciuations in the levels of intracellular free calcium (called
calciu piking); modifications 1o the cytoskeleton and stimulate the formation
of the preinfection thread in deformed root hairs (van Brussel et al, 1992). They
also stimulate cortical cell division at the sites of nodule primordia formation;
mhibit the system that generates reactive oxygen; acting together with endoge+
nous flavonoids in the root they perturb auxin flow in roots and induce the acti
vation of regulatory plant genes involved in nodule formation (nodulin genes).

In epidermal cells with an emerging root hair, cytoplasm, including the sphers
ical nucleus, is concentrated in the subapica region of the developing protrus
sion, with a vesicle-rich zone at the tip. The region of dense cytoplasm, the
organization of which is mantained by bundles of actin filaments, contains ER,
mitochondria, plastids, and Golgi bodies. The main part or the cel contins a
large vacuole. Codica microtubules  are oriented obliquely (at varying angles) or
transverse to the long axis of the root, especially around the location of the
emerging hair, where they are also parallel to one another. The nucleus tracks
the polar growth of the extending tip or the hair but remains al a digance from
it. As the root hair growth declines, the microtubular cyloskeleton becomes pros
gressively helical and the nudeus changes to elipsoid The vacucle progress
sively extends into the hair and the nucleus finally moves to lie aganst the cell
wall in the lower pat of the root hair Colonized root hars undergo major
changes in the pattern of growth. These changes can result in curling or branche
ing and lead to the entrapment of colonies of the bacteria wihin an infection
pocket, eiter formed by the curling of the tip back on itseff, rather like a shep+
herds crook or by a newly established branch growing toward the established
part of the hair (Oldroyd and Downie, 2004). From this pocket, prcinfection
threads then form as rwaginations of the cell plasma membrane over which
newly synthesized cell wall material is deposited. A network of endoplasmic
microtubules, which formed a network around the nucleus, progressively
replaces the existing helical arrang nt of cortical microtubules. A new nete
work of cortical microtubules forms parallel to the axis of the root Then the
nucleus migrates to the tip of the root hair, and during this time the microtubular
cytoskelelon gradually concentrates in the region between the nucleus and the
root hair tip. E

Actual infection by 3. meliloti starts with a very locaized hydrolysis of
root hair cell wall. a process involvi the alteration and degradation of cell wall
polysaccharides.  Microtubules are recruited for the formation of the infection
thread and accumulated to form dense parallel arrays extending from the Infece
fion pocket The microtubule cytoskeleton transforms into a dense network
surrounding  the extending infection thread and connects the nucleus to the
Infection thread tip. Longitudinal micrctubules  form parallel to and in dose cone
tact with the infeciion thread

(Continued)
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BOX 51 (Continued)

In addilon to the Nod Factors, the successfu invasion or M. lruncatwa
requires the release of an acidic exopolysaccharde, called succinoglycan (lones
and Walker, 2008). This compound acts as a signal to the host plant to permit
the entry of §. meliloti nto the preinfection threads. A second exopolysacohars
ide, galactoglucan, has also been ldentified that has similar effects to succinoglus
can but Its formation seems lo be induced when inorganic phosphate levels in
the soil are very low (Krol and Becker. 2004; Glenn el al. 2007) and there are
sufficient numbers of S. telilotipresent (Pollock et al, 2002).

Once entry has taken place, rhlzobia proliferate in what has become the infec
tion thread as it develops along the root hair, so they maintan a position close to
the leading end of the tube. The thread grows across the lumen of the cell and
then invades cels of the cortex. Smiar changes n the arrangement of the cylos
skeleton take place as infection threads grow from lhe activated root har cels lo
the first cell layer of the outer cortex. As the infection thread approaches the next
inner cell, the latter forms a preinfection thread by establshing a cytoplasmic
bridge and its nucleus migrates toward the point of transfer. Localized disruption
of the cell wall lakes place, microtubules accumulated al both sides of the transfer
location, and the nucleus of this cel becomes attached to the infection thread,
which follows along the cytoplasmic bridge loward the nexteell.

Nodulation requires the coordination of the Initial ermal  infection by rhle
zobia wilh cell divisions in the underlying cortex. Even before the infection
thread has crossed epidermis, pericycle, and cortical cells m a zone opposite
a protoxylem pole respond in a local manner to the rhizobia. In pericycle cells
this is reflected by the rapid mduction of a noduin gene and by rearrangements
of ille cytoskeleton to one characfized by endoplasmic  microtubules (Yang
el al, 1993 Timmers et d., 1999). These cells undergo a limited number of anti=
clina 1 and periclinal  divisions  to form a locaized bilayer pericycle (Timmers
et al, 1999) Next, Nod Factors induce cells of the inner cortex to divide,
although rarely those of the endodermis, and form the iniial nodule primordium.
Prior to divison the nucleus swels and moves from the periphery lo the center
of the cel. remaning linked to parietal cytoplasm by cytoplasmic strands that
cross the central vacuole. Mitosis n cells near the midde of the root cortex and
nex! to the initial  pimordlum, results in the generaion of the nodule meristem.
Thisbegins with each cell undergoing multiple divisions to creale groups or mer
Isternatc cells that aggregate into a division center. The nodule meristem may
continue to produce new cels that can become infected or. once the initial
period of cell division is complete, no further dvisions occur. In both cases cells
expand as they become packed with bacteria. Cels of the outer cortex undergo
the same inital structural changes as those of the inner cortex in terms of
nucleus size and migration, except that cell division is arrested. The nucleus s
located in a central cytoplasmic bridge as indicated previously. Where the
bridge isin contact with the parietal cytoplasm, the cell wall becomes modified
and it is here that it develops the characteristics of a preinfection thread if the
thread from the infection pocket makes contact After meristern formation, cells

(Confinued)
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BOX 51 (Continued)
steadily rap to show aotivallnn by the Noel factors as the nodule grows and
eventually emerges througlffthe root surface.

The infection thread traverses several cells in the root cortex to reach the
newly dividing cells below the nodule meristem. As infection threads enter this
region, the baclelacells are released into cells from wall-less branches of the
infection threads into the plant cytoplasm and enveloped by a plant membrane,
the pEbacteroid membrane, derived from the host plasma membrane. The bace
teriz then enlarge and differentiate into nilrogen-ixing forms that are known as
baoterolds. These bacteroids, with the swrounding membrane, are known as
syrnbiosornes. 11 Is in these structures that the symbiotic ntrogen fixation takes
place. The mature nodule also incorporates two or more peripheral vascular
bundles that converge toward the nodule apex and provide the means for
exchange of nutrients between plant and nodules (Guan et al., 2013).

From these briefl accounts of the formation of these two symbioses, it is
evident that there is considerable similarity in the development of the symbis
osis between the contrasting microbial symbionts - fungi and bacteria -
and the host legume plant (Gianinazzi-Pearson and Denarie, 1997). For
example, although the signal compounds from the host plant are specific,
strigolactones for AMF and flavonoids for rhizobia. the response signal from
both microbial symbionts is a LCO and there appears lo be some commonals
ity in the nature of the receptors used by the host plant. Furthermore, both
require the development of au infection thread-ike structure for lhe syrne
bionts to enter or pass through cells without penetrating the host plasma
membrane (Kistner and l'gu'ske,_ 2002). Some of the plant molecules associs
ated with early events of rhizobia and legumes interactions have been located
in AM symbiotic structures. For example. in pea. plant proteins and glycos
proteins in the matrix surrounding bacteria in nodule infection threads are
present in the host wall material around arbuscule hyphae. Oligosaccharides
or glycoconjugates of the plant-derived membrane or interfacial matrix
around the bacteroids in nodule cells are common to the peri-arbuscular
membrane and arbuscule interface (Gianinazzi-Pearson et al. 199lb, 1996;
Perotto et al. 1994). Both symbioses are inhibited by the phytohormone eth+
ylene (Guinel and Geil, 2002) and there is evidence for the involvement of
several phytohormones in the development and maintenance of the symbiotic
structures, both pre- and postinfection (Hirsch et al. 1997; Downie, 1oy,
In addition, naturally occurring and chemically induced single gene mutants
of pea (Pisum sativum L.) and faba bean (Viciafaba L.) are not able to form
either functional root nodules with approprate rhizobia or mycorrhizas with
AM fungi (Due et al. 1989). However, one major difference is the high level
of specificity for the rhizobia partner shown by a host, whereas that is less
obvious  for AMF. Nevertheless. it is commonly considered that the
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development of the symbiosis with rhizobia involved the explotation of the
preexisting signaling system for mycorrhiza formation (Roberts et al., 2003).
One consequence is the possibility that the two microbial symbionts could
be competitive over the formation of a symbiosis, either for sites of infection
or for plant resources. or, alternatively, that a tripartite symbiosis involving
both microbes could be synergistic.

Interactions Between AMF and Rhizobia Affecting the Growth

of the Legume Host and N Fixation

Smith and Bowen (1979) concluded from their study on the effect of temper=

ature on the colonization of M. truncatulu that there was no competition for
mfection sites between native AM fungi and S. melilori From a meiaanalysis
of results from 20 papers published before 1983, Cluett and Boucher (1983)
reported that the presence of mycorrhizal infection significantly mncreased

fodulaiion in a range of legumes relative to those grown in the absence of
AM  fungi. However, the growth of the host legumes was greater when
fycorrhiza were formed but differences were not significant  if calculated ag

4 Tunction of plant dry weight. Tn one case (data from Bcthlenfalvay et al.
982) considered by Cluett and Boucher (1983), nodulation was sign ificanUy
reduced by mycorrhiza formation The kegume was bean (Phaseolus vulgaris
L. cv. Dwarf) and the two microbial syrnbionts were Glomus [asciculatum
Gerd. and Trappe for the AM fungus and the rhizobia was Rhizobium
pliaseoli. The experiment considere<! the effect or the addition of P in the
form of hydroxyapatite lo the rooting medium. a mixture of perlite and sand.
on the formation of nodules and mycorrhiza. Bethlenfalvay el al. (1982) cone
cluded that when soil P greatly limits the overall growth of the tripartite syms
biosis, there was competition between the two microbes through limitations
in the supply of P. At levels of P that allow extensive hyphal development
and in the absence of sources of N other than the symbiosomes, it is competis
tion for carbohydrates between the two microbes that negatively impacts nods
ule development (Fig. 5.1). Importantly, at intermediate levels of P supply
from the soil, the tripartite symbiosis s very effective foreach participant.
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The relative timing of colonization by AMF and rhizobi« is
important in the formation of the tripartite symbiosis but interaction
between the svmoionts does not take place within functioning root
nodulfes.

li, another experiment this lime using a 2:1 mixture of silt
loam soil and sand, Bethlenfalvay et al. (1985) investigated the
tripartite symbiosis between soybean (C. mar [L] Mermr.). the
AM fungus Glollllls mosseae (Nicol. and Gerd) Gerd, and
Trappe, and the rhizobm Bradyrhizabium japonicum.
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EURE 51  Effects of adding phosphoms in the form of hydroxyaputite on the fonnmion of nodules on bean
toots by R plutseol! in the absence (Control) and presence of nrbusculr mycors thiza The effects of P on the
growth of the inter- and exrraradical mycelium 1§ also shown Wilhoul addition of P to the sol. the mycormrhiza
suppoted a significant  development  of nodules, whereas there was almost no development in the Control treatment.

With applications  of 100 mg hydroxyapatitc or more. there wus no significaru  ncrease  in nodule formation in either
freuunem

mn the mycorrhlzal plants formed a little more than half of those present in Controls The irururs udical mycelium
ncreased threefold  with the addition of P, whereas the increase in extmradical mycelum (ERM) wus almost
fivefold, Root dry weight in the mycorthizal  plums increased by

26%. whereas in the Control treatment the mcrease was 45% (darn nol shown). Resllit] [rom flelMellfalvay 17
(I/. (1982).

The microbial symbionts were either applied singly (Treatments Fi or Ryor simultaneously
(Treatment FRy to the roots of soybean plants al the start of the experiment. For those
plants recewving only AM fungus, N as ammonium nitrate was added lo the soil after 10
days. Plants receiving only rhizobia had Pas potassium phosphate added to the soil. also
after [0days: others had no additional P (Treatment R?). Other plants received both minerals
N and P (after 10 days) but no symbiotic microbe (Treatment NS). After 20 days the
soil was leached lo remove minerals Nand P before the "missing” microbe was applied
10 some or the plants that had previe ously received only one (Treatments Fi Reo and
FzoR), some plants that had not received a microbe now received both Ule AM fungus
and the rhi* zobia (Treatment F20R20) or just thizobia (Treatmen R20). Some phnts
continued all Treatments P R, R?, and others as Treatment NS. Al harvest after 50 <lays
growth. plants that received minerals N und P or either N or
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Pin conjunction with the complementary microbe (Treatments NS, Fi, and
Riy. all bad the same total dry weight and equal to that of plants that were
inoculated with both microbes 20 days after the start of the experiment
(Treatment F20R20). Similarly total dry weight of plants inoculated with
one or both microbes at the start of the experiment (Treatments F Rzo,
F2o0Ri, and FRf) was similar but smaller than the previous group or (reats
ments. Plants inoculated with B. japonicum at the start of the experiment
but received no N or P (Treatment R?) had the smallest dry weight. Nodule
dry weight in Treatment FiR: was greater than that in Treatment F Rsp but
similar to that in treatments F20R! and F20R20- Apparently nodulalion was
adversely affected if colonization by AMF occurred an extended period
before that of rhizobia. Similarly if colonization by AMF took place well
ulter nodulation (Treatment F20R1), then the dry weight of fungal material
produced was signiflcantly reduced compared with when the two noculums
were applied al the same lime (Treatment FRy. Delaying AMF colonizas
tion, even if i look place at the same time as the introduction of rhizobia
(Treatment F20R20), reduced AMF colonization compared with early colos
nization (Treatmen L FIR ). These results were consistent with the previous
study and strongly suggest that there is some level of competition between
the two microbial symbionts. This is further supported by the fact that the
greatest nodulatiou  or AM fungus colonization occurred in the absence of
the other symbiont and suggests that resource availability is important.

Smith et al. (1979} investigated the tripartite symbiosis in subterranean
clover tTrifolium subterraneum L.) noculated with Rhizobiutn trifolii  Uld
indigenous  AMF. In sol with a similar supply of available nutrients, Lhe
growth of mycorrhizal plants was greater than nonmycorrhizal plants grown in
autoclaved soil lo which a soil filtrate was added. The purpose of the filtrate
was to rebuild the bacterial population. In a 9:1 mixture of autoclaved and
fresh soil. shoot weight of T subterranewm was intermediate between that of
mycorrhizal and nonmycorrhizal plants. In this case, mycorrhiza formation was
much slower than in the fresh soil. which was atributed lo a much smal. ler
level of inoculum. Nodule development of mycorrhizal plants il fresh soil was
greater. with more and larger nodules than on nonmycorrhizal plants, In the
soil mixture nodules tended to be smaller than those in the fresh soil but after
8 weeks the number of nodules was greater and they were widespread onlateral
roots as well as on Ule taproot of T. subterraneum. In contrast, in an experiment
using  soll with limited nutrient availability, Smith el al. (1979) observed that
growth of nonmycorrhizal plants was better than that of mycore rhizal plants
but the reverse was tue for nodulation based on volume and activity of
nodules (nonmycorrhizal — plants  formed slightly more but much smaller
nodules). Here poorer growth in mycorrhizal plants most likely resulted
from increased carbon demand to support the mycorrhiza and nodules Other
potentially limiting factors can include the supply of trace elements (Smith
and Dalt, 1977) or photosyruhate (Bethlenfalvay et al.. 1982).
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All these early cXperillllllti Investigming  the nteraction of mycorrhiza
and rhizobia in the Iripart itc interaction with legumes indicated the impers
tance of rapid mycorrhizal infection for enhancing nodulation by rhizobia.
Smith et al. (1979) ponted out that a delay in colonization could occur if the
mycorrhizal inoculum applied consisted of spores or infected root segments.
We will consider this further later in this seclion. Importantly the research
was consistent in that irrespective ol the outcome in terms of shoot growth,
mycorrhiza development resulted in enhanced P inflow to the host plant and
the concentration of P i tissue tended to be least in the shoot, greatest in
nodules  and intermediate in colonzed roots. The issue of competition
between the symbionts for carbon from the host plant is also worthy of fure
ther consideration, not least because it contrbutes to the assessment of Ule
role of the AMF component in the tripartite symbiosis. Another area that has
received relatively Llittle attention is whether the lwo symbiorus interact
directly within nodules. Early reports indicated that AMF hyphae are not
found in nodules but that has been challenged (e.g.. Scheublin el al., 2004,
and references Lherein) but in a subsequent paper Scheublin and van der
Heijden (2006) concluded that only nonfunctional nodules were colonized.
The presence of spores in colonized nodules suggested that the AMF were
making use or the resources in the nodule material rather than contributing
to nodule functioning (Scheublin and van der Heijden, 2006).

1\ key feature of the AMF symbiosis is the exchange of carbon, in the form of
sugars from the host, ot phosphorus from the fungus. The AMF component of
the tripartite symbiosis results in greeter photosynthesis by the host, which may
result from a larger leaf area or greater photosynthetic efficiency.

Direct effects of the two microbial symbionts on the supply of photosyne
thate in the wripartite symbiosis between legume, AMF, and rhizobia were
investigated by Kucey and Paul (1981, 1982). They found that the rate of
carbon fixation per unit leal area by VYicia [aba increased by 139% in the trie
partite symbiosis than in the absence of the microbial symbionts. The AM
fungus (G. mosseaei utilized 4% of the C fixed by the host and the rhizobia
(R leguminosarums used 12% of the fixed carbon in the tripartite symbiosis
(6% in the absence of the fungal symbiont). Harris et al. (1985) reported a
similar value for the proportion of host-fixed carbon used by Lile rhizobial
symbiont B, japonicwm, symbiotic with soybean and G. fasciculatum
(Thaxter sensu Gerd). Kucey and Paul (198l 1982) found that although nod-
ule biomass was I86% greater in the tripartite symbiosis than in the absence
of the AM fungus, lbe rate of nitrogen fixation per unit noduke weight
remained Ule same. Brown and Bethlenfavay (1987, 1988) compared the
plant carbon exchange rate of laves from soybean involved in a tripartite
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symbiosis with G mosseae and B. japonicum, in a simple symbiosis with
two microbial symbionts separately, or with no microbial symbiont. In Ule
absence of G. mosseae plants were provided with minerals P and N was supe
plied if the rhizobia was not present. In lhe triparite symbiosis, the carbon
exchange rate per unit area of leal in the two studies increased by 194% and
30.6% relative lo controls with no microbial symbionts. The increase in cars
bon fixation in M. truncatula symbiotic with the AM fungus Rhizophagus
irregularis BEGL41 was ascribed by Adolfsson el al. (2015) to increased
branching and leaf canopy rather than carbon fixation per unit leaf area. The
results from these various experiments suggest that the AMF and rhizobia
syrbionts act as additonal carbon sinks, which result in increases in carbon
fixation by the host plant. Whell AM fungi are investigated separately,
whether i legumes or nonlcguminous  plants, the increase in Ute sink size
ranges Crom 4% (Kucey and Paul, 98l 1982) to 20% (Jakobsen and
Rosendahl. 1990: Peng et al.. 1993} of lhe total photosyruhate produced by
the host. The evidence for plants, including legumes, suggests that the
enhanced carbon fixation by the host i the result of a combination of
increased photosynthetic  area and photosynthetic  rate per unit area (eg.
Miller et al, 2002).

In a metaanalysis, Kaschuk et al. (2009) concluded that both symbionts
provided an additional carbon sink, which were additve [0 synergistic, and
this was important in enhancing photosynthesis in the host plant. Larimer
et al. (20L0) also reported additive effects or AM fungi and rhizobia follows
ing a metaanalysis of published material. In their investigation of the growth
of the prairie legume Amorpha canescens, Larimer el al. (2014) reported mat
Ue AM fungi G. mosseae and G. claroideum increased the number and mass
of nodules, even in soils where inorganic N adversely affected nodulation.
However, the presence of rhizobia decreased colonization by AM  fungi.
Depending on the soil nutrient environment. the growth of Ule legume was
enhanced by a particular combination of AM fungus and rhizobial strain.
However, a contrasting combination could be more beneficial to the host
plant in a different environment. For example, plants rnycorrhizal with
G. mosseae alone in combination with rhizobial strain 2 produced the best
growth when P was added to the soil but when the mycorrhizal inoculum
was a mixture of ~ 38% G. mosseae and 62% G. claroideum, lhe best
growth for the combination with rhizobial 2 was in sol with no additional P.
Overall both inoculation with AMF or rhizobia increased biomass producton
in A canescens compared with controls provided with P or N as mineral
nutrients, respectively. However, the effect of developing a tripartile symbios
sis was synergistic  and not simply additive. To explain the contrast between
these results and the conclusions of Kaschuk et al. (2009) and Larmer el al.
(2010). Larimer et al. (2014) suggested that many previous experiments had
focused on annual plants important in agrculture, where insufficient time was
available for the tripartite symbiosis 10 become synergistic.
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The tripartite interaction Is welitly enhanced if AMF colonization is initiated
from an intact mycorrhiht! tuycefium network The ERM network cin be a frans
port highway for ni/rogen between a legume and a nonlegume host protection
of the symbiosis against abiotic stress includes the defense of the rhizobial
becterotd«

Goss and colleagues considered the importance of the speed of establishe
ing the tripartite symbiosis to its efficacy (see Section 6] for a general
account). Building on the work of Miller on the establishment of effective
AM mycorrhiza in maize (Miller, 2000}, detailed consideration was given 10
the potential of a preformed ERM as a primary inoculum (see Section 6.2.3)
instead of spores or colonized root fragments, which can be slow to colonize
(Smith et al., 1979). This was achieved. either by sieving the Canadian silt
loam soil or leaving it undisturbed after growing a mycoirophic ERM devels
oper plant. Instead or using sterilized soil and inoculating  a laboratory
strain or strains, Goss and coworkers followed Smith ct al (979) in using
lhe indigenous AMF population in the soil and generated two levels or inoce
ulum potential  one level having spores, colonized root and an intact ERM,
the other comprisng spores and infected root fragments. They used a come
mercially available, peat-based inoculum of B. japonicum strain 532 C in
their work with soybean. In a greenhouse experiment, Goss and de Varermcs
(2002) showed that the presence of the ERM in the inoculum resulted a fase
ter colonizaion by boh AMF and rhizobia compared with the presence of
spores and root fragmerus. For example, 0 days after emergence arbuscules
were present i 56% of root length and 14 nodules had been produced per
plant when ERM was present compared lo 14% of root length and 8 nodules
when il was 101, Importantly, AMF colonization increased in both treatments
to podfill, but was always greater in plants with ERM in the inoculum.
However, the number of nodules was unchanged after 23 days and similar in
both treatments but Lhe dry weight was consistently greater where ERM was
in the inoculum and this was reflected in a threefold difference in Nrfixation
at podfil  Plant dry weight was similar in Ule two weatments at 10 and 23
days after emergence but by podfill (49 days after emergence) dry weight of
plants having ERM present at sowing was 42% greater than where it was
not. In contrast the number or trifoliolate leaves was greater 10 and 23 days
after emergence, when ERM had been present, but inoculum potential made
no difference lo lkal number by podfil. The content of P in plants declined
similarly  in both treatments until 0 days after emergence, afler which
uptake started in the plants with ERM in the inoculum. However, uptake or
P was delayed untl 23 days after emergence in plants where there was no
ERM in the inoculum. Total N acquisition by soybean at podfill was greater
in plants with ERM in the inoculum but the concentration in the shoot was
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less than in plants where there had been no ERM. The faster AMF colonize*
tion from an intact ERM resulting in earlier nodulation of soybean was con®

firmed in a similar soill type but with a greater P content (Antunes el nl.
2006b). However.in this field experiment, where rotary tillage lo 10 cm was

used lo disrupt ERM or Lhe soil was left undisturbed before soybean was

planted with a no-till seeder. the effects did not result in any measurable dif*

ferences in the soybean plants at podfill.

In a greenhouse experiment similar to that of Goss and de Varennes
(2002) but using the annual medic, M. truncatula, instead of the grain
legume. soybean. with S. meliloti as the rhizobia. de Varermes and Goss
(2007) also found a more rapid colonization by indigenous AMF from a

Portuguese clay sol when the AMF moculum included ERM as well as
spores and infected root fragments. However. by podfill. no differences in
colonization remained. Al |4 days and 29 days after emergence (flowering)
there were no differences in shoot weight or nodule numbers between treats

ments but by podfill shoot weight and nodule size were greater where ERM
was present in the AMF moculum. Both the concentration and content of P
in plants was greater throughout the experiment in Ule treatment with the
ERM m the AMF imoculum. A greater proportion or N in the plants at podfill
had been derived from the atmosphere where earlier AMF colonization had
taken place.

Earlier. Kadir (1994) investigated the tripartite symbiosis in soybean
under greenhouse conditons followng different applications or P to the soil.
The mycorrhiza were formed by indigenous AMF and either free-living rhis
zobia or the B japonicum strain 532 C. The main treatment comparison was
between an AMF inoculun that did or did not contain intact ERM. In soil
containing intact ERM. plants grew faster and had a greater trifoliolate leaf
area after 4 weeks than those infected by inoculum containing only colonized
root fragments and spores. The difference in leaf area persisted to the time
the plants were harvested at the end of podfill and was reflected in a differe
ence in plant dry weight (Fig. S2A). By that time there were no significant
differences between Ule main treatments in root colonization by AMF
hyphae or arbuscules bu[mt proportion of root length contaning vesicles
was significantly greater when an intact ERM was present in the inoculurn
(Fig. 52B). The difference in vesicle colonization was more consistent in the
nodulating isoline than in the nonnodulating isoline (Fig. S2C). In contrast
to the small effects on AMF colonization when ERM was the key propagule
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in the inoculum. the effects on rhizobia wefe mueh erétfer r8%ulafd in 38%
more nodules than when 0llly colonized root fragments and spores were pres®
ent. The addition of phosphate to the soil produced a reducton of 5%—15%

mn the intensity of colonization by AMF (Fig. S2B) but increased the colonis
zation by rhizobia. as assessed by lhe total weight of nodules (Fig. 5.2D).
However, the negative effects on the proportion of root length containing
arbuscules were large. but only at a concentration of 80 mgP kg", when the
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fIGURE 52 11lceffects of applying phosphate fertilizer on the development and effectiveness
Il the tipartite symbiosis between soybean. indigenous AMIY. and Bradyrhizohiunjaponicum.
(Al Variation in shoo. dry weight (red markers) and LOUi leaf area (blue markers) at podfill in
fllunlg colonized wsing moculum  with extrarudicul mycelium  (ERM) kept intact (solid markers)
or made up mamly of root fragments. spores. and disrupted  ERM (open markers). Tlle applicas
tlon of phosphorus  in excess of 20mgkg | 0 distirbed soil withowt an imact ERM was not
beneficial 10 growth but plams colonized from intact ERM showed a significant response up
140 mg kg« (B) Al podfill there was no effect or noculum type on colonizauon. except for
lll: concentration  of vesicks within the roots. where the effect of the presence of an intact
BRM was significant al P<<O001. Red markers, ERM Intact: blie markers, ERM disrupted.
Negative effects on colonizaton or applying  phosphorus  were small. (C) The negative impact or
phosphorus on colonization  was greater in soybeans that were genetically incapable or establishs
Mg a viable symbiosis with Rhizobia and could nol form nodules (blue markers) than in lhe
nodulating  isoline  (red markers). The benefit 10 colonization from 111 hoculun  contamning  intact
1PAM (closed markers) was also less consistenr  in the nonnodulating  solne. (D) Both colonizas
ion by Rhizobia, as indicated by nodule weight (dashed lines). and biclogical nitrogen  fixation
(solid lines) were enhanced by the presence of ntact ERM (closed markers) when soybemns
were planted compared with those colonized from spores. root fragments and disruped ERM
(open markers). Source: Data ffom Kadir( 1994).

value wiloftll in excess or 70%. By podfiU the main treatments had no sige
nificant effect on the concentration of P or N in the shoots but the proportion
of N in the plant resulting from biological fixation in Ule nodulkes was greater
where AMF colonization took place in the presence of intact ERM and was
also enhanced by the application or P (Fig. S2D). The relationship between
nodule weight and N acquired by biological fixation was enhanced if Ute
ERM was kept intact prior to plantng the soybean and free-lving wild-type
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thizobia were available to establish functional nodules. Inoculating with the
more effective 532 C strain further increased Ule N derived from biological
fixation (Fig. 5.3).

The varation in the sensitivity of the tripartite symbiosis to added P in
the soil, seen across the experiments discussed in this section, may also
reflect the normal phosphate environment experienced by the AMF before
the imposition of experimental treatments (Jasper et al. 1979).

One other important aspect of colonization by an existing ERM is that
the potential exists for the new mycorrbizal plant to be linked to other plants.
Enhanced transport between soybean and maize via a common ERM (van
Kessel et al. 1985) indicated the potential for AMF to facilitate the transfer
of N between legumes and grasses. and this waffellemonstrated by Haystead
et al. (1988) with the wansfer of N from white clover (Trifolium repens L.)
to ryegrass (Lolium perenne L.). However. at least in laboratory microcosms,
if more than one potential recipient host plant s linked to Ule same
ERM network. there can be considerable competition between them (Walder
et al., 2012).

60 r-————_————————————— -,
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FIGURE 54 Puos of Trfoliun: sulnerraneum L. 6 weeks after phming in soil contuining

226 mgMn kg " Left, soil wassieved after the growth of the previous plants (Omitltoptis com
pressus L.) and the rools were cutinmo sections and mixed back into the soi before subicrrancum
clover wus sown. Roots were colonized by indigenous AMF from spores, colonzed root Irage
mems. nnd shorl pieces of disrupted exrmrndical mycelium (BRM). Note the sparse fonnution of

nodules. Right, prolific growth of T° subterroneum in undisturbed scil. colonized by hdigenous
AMF from unnct ERM (associated with Q. compressusy
formed on the man axis (arrow points to nodule on enlargement of man  axis)

nd spores More large nodules were

Resilience to Stress in the Tripartite Symbiosis

It is well established that abiotic stress, such as from toxic ions. can directly
affect Ni-fixation. The impact of toxic levels of Mn can greatly inhibit plant
growth but a number of researchers (eg, Dobereiner, [966; Evans et al.,

987, de Varennes et al. 2000) found that this was greater. when legume

plants were dependent on symbiotic Ni-fixation rather Ulan on mineral N.

The effects of Mn can reduce Ulc formation of root nodules in terms of

numbers and size as well as the rate of symbiotic Ni-fixation (Evans ¢l al.
1987, DeHaan et al., 2002). Alho et al. (2015) showed that, n T. subterrar
neumL.. colonizaion by AMF from inoculum containing intact ERM was

LTInS.S Effect of keeping the extraradical mycelum intact (- - )

+ than dismpted (- + +) prier lo sowing soybeans on the
effectiveness  of nodules colonized by free-iving wild type rhizobium and the







added benefit from Inoculation
Kadir

1994)

)

wih the more effective strain 532C. Source: Datafrom

plants from Mn (Figs. 54, 55). Shoot dry weight

very effective in protecting
5.4, a maxe

was up to 3.3 times larger after 2| days and. as indicated in Fig.
mum of (6.2 times greater after 42 days relative to colonization from spores
or infected root fragments. The protection seemed to be associated with a
smaller concentration O Mn in the plant roots (Fig. 5.6). As Mn in the roots
increased, nodule dry weight decreased and so did the N content of shoots
(Fig. 5.7). The decrease in Mn in the roots as a result of enhanced AMF
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O Arbuscular colonization  rate O Shoot dry weight + Nodule dry weight

08 8 7w

0o 0
ERM: ERM+ ERM: ERM+ ERM:

Rumex  Mic- Lolum  Mic+ Ornlthopus  Mic+

Developer genus, mycotrophy. and ERM integrity

URESS Effects of developer ERM. presence and integrity. oil colonization rate by indige-

nous AMF (based on wbuscule formation) and  dry weigh' of shoots and root nodukes of
Tr((ofit subterronewm L. 2| days after sowing. Mycorrhizae were initally fomed in associus
tion with roots of two common Meditemanean weed species (Ornnhopus compressus L
or Lolium  rigidum Gaudin),  both  being  mycotrophic  (Mic +). A third  plant  Rumex
bucephalophorus L. is considered not to form mycorrhiza (Mic-) and hence provided a control
for soil disturbance and the contribuion of disrupted ERM. ERM intact - ERM+. ERM
disrupted - ERM - _ Source: Based 011 I\hw (2015)

5 ) . 300
. Mn concentration in roots

(]
th
(=]
[Fa ]

y=8697x1l.m t
- 4 | R2=0.896 (p<.02) '.I

1
— ol Juum
i3 al

-
=

Miplclh nf AMI htdl" Qi with st Mirnthit < hlile |~ 103

180 7
150 6
1
I
~ e z
. a.
d. | 5oe
120 S0
& a.
[ 1 <
C E \ Shootw cun[enlm
¢ i 1720767 4
u ! ) C -
) II R'- 09790 3 'q.
z “ p< 01 3
. " J
0 &0 R'=0.8212 o' .<t. P
& - 2.
in
v 10 p=d3 -----.0 :I.I
al 1 i
30 -
! 100 150 200 250 300 ©
Mn concentration in roots (mg ptanr’)
1 ICURE] Relationship  between Mn concentration in the roots, shoot N content (- - ) and
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colonization would explan lhe greater nodule dry weight. shoot N content.
and dry matterproduction. Although at 2| days after planting, the proportion
of root length containing arbuscules was up to 2.8 times that following colonie
zation from colonized root fragments and spores. after 42 days the maximum
differencebetween treatments was only 18% better when intact ERM was press
ont. The protection granted by an enhanced AMF root colonization resulted in
nodule weight ranging between 6.4 and 4 times greater when intact ERM was

present in the soil than when it was not. As nodule weightis a good indicator of
the effectiveness of the symbiosis between the legume and rhizobia. this suge
gests that the benefit of AMF to Lhe tripartite symbiosis was through an effect







- on the microbial symbiont S
0 as well as on the higher
plant (Fig. 5.7).
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EURE 5.6 Relationship between colonization rate, based o arbuscule formaion 21 days
after sowing, and shoot dry weight (- - -). and Mn concemration in the roots( — ) of Trifolinm
subterraneum L. 42 days after sowing.

Bacteria, both free-living and endophytic within the hyplwe, can enhance rhe

effectiveness of AM mycorrhiza, both by aiding colonization and increasing the

effectivene~s of protection of the plent host ag, linst biotic and abiotic stresses.

5.1.2  Other Interactions With Bacteria

The ERM is commonly associated with bacteria that are anached to the sure
face of Ule byphae (Scheublin et al. 2010) or even lving as endocellular

organisms within the cytoplasm of hyphae (Bonfante and Anca, 2009). With
modem molecular techniques. the different taxonomic groups of bacteria
found withn the mycorrhizosphere have begun to be identified (Fig. 5.8).
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FIGURE 58 Main bacleridl groups considered to purticipre  in activites  in the mycorrhizo
sphere (bused on Bonfurue and Anca, 2009). Aluiough clplmprorcobucterlu  include the rhizobia
that Torm the tripartlte symbiosis with legumes, some members of the beurproieobacieria  can
also [ix nitrogen from the amosphere and have been identified as endobiotophs (Cage. 2004
Leveau and Preson. 2008).

Toljander el al. (2006) observed differences in the mode or attachment to live
ing and dead hyphae between taxa of bacleria. consistent with some being
saprophytic  and others, whose functioning depended on being more intis
mately involved with the living fungus. Some of the bacterial species that
are found in close association with AM fungi have been shown 1o enhance
the formation of mycorrhiza on receptive hosts (Garbaye. 1994). The specis
ficity shown by individual bacterial strains for increasing AMF colonization
in specific soils has resulted in the concept of mycorrhiza helper bacteria
MLLB - (Garbaye, 1994). Some bacteria that apparenlly enhance the benefit
to Lhe host plant from the formation of a mycorrhiza are also known to be
directly beneficial to host plants. being identified as plant growth-promoting
rthizobacteria  (PGPR). Possible mechanisms by which mycorrhiza formation
can be improved have been distilled into four hypotheses:

I. MHB improve soil properties that are conducive to improved fungus
colonization.  Such properties include the creation of a more approprate
soil pH and the complexing of ions, especially those that can be toxic to
growth, by siderophores.
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2. MH1 promote the gcuunnmon  or spores together with Ule growth and
survival  of mycclum.  lloth  gaseous and small molecular weight come
pounds as well as sugnrs have been shown to affect germination or
hyphal growth and brunching (Artursson el al, 2006). MHB may also act
through antagonism to or competition with olher bacteria or fungi thal
are inhibitory of AMF activiy and hence Llinks to the first hypothesis
(Anursson et al., 2006).

3. The presence of MHB improves the receptiveness of roots to nitial inters
action with the rnycorrhizal fungi. Root branching stimulated by MHB
will increase the intensity of root development and the likelihood of
intefiglption  with mycorrhizal fungi. The formation of compounds. such
as indole-3-acetic  acid (IAA), by bacteria in the rhizosphere could not
only modify root branching (though this still has to be established in
MHB) but reinforce the impacts of the local inhibition of phytohormone
transport during the initial responses to the recognition in the plant of the
"myc factors" released by the fungus. One example is provided by the
isolate  UW4 of Pseudomonas  putida. This MHB promotes mycorrhiza
formation  (increased root colbnzation and arbuscule  formation) in
cucumber by the AMF Gigaspora rosea by producing ACC deaminasc
that reduced the formation of the phytohormone ethylene, which s
known to inhibit the colonization or roots and formation of fully devels
oped arbuscules (Herrera-Medina el al., 2007). A mutant of P. putida
UW4, lacking Ulc deaninase, had no benefical effect on rnycorrhizal
development (Garndlero et al, 2008).

4. MHB enhance the early stages of signal recognition between the host plant
and the mycorrhizal fungus (Garbaye, [994; Frey-Kleu el al., 2007).
Sanchez et al. (2004) compared the colonization of M. truncatula rtoots by
the AMF G. mosseae, S. meliloti, and the MHB Pseudomonas fluorescens
strain CTRI2.  Glomus mosseae  ncreased the activity of 12 genes of M.
truncatula, whereas S. meliloti upregulated only three of the same set of
genes and down regulated five of them. P. [luorescens stwrain C7RI2.
which colonized the surface of root Lips and grew between cells within the
root cap and also entered some cells of the root cortex, increased Lhe active
ity of seven of the gene set, consistent with the MHB causing a number of

the same host re ponses as the AMF' during colonization.

In contrast o MHB. some bacteria as well as a number of fungi can be
antagonistic  to AMF and arc capable of parasitizing them (de Boer et al,
2005; Lee and Keske. 1994) Olber bacteria use the exudates from AMF
hyphae and this has been proposed as one mechanism that can affect the
relaionship  or the fungus with specific bacteria associations (Andrade et al,
1997). The range of bacterial mycophagy, the active feeding of fungal mates
rial. covers extracellullar  nccrotrophy, extracellular  biotrophy, and endocelus
lar biotrophy (Leveau and Preston. 2008). Necrotrophic actions involve the
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secretion by the mycophagous bacteria of proteins or toxins with a relatively
small molecular  weight, which increase the permeability of fungal hyphae or
lysc them and inhibit fungal metabolism. Jleading to hyphal death and the
release of metabolites that are used in bacterial growth. Extracellular biotros
phy docs not kill fungal hyphae, but the bacteria live in close proximity and
may colonize the hyphal surfaces. The colonization can involve exopolysace
charides, surfactants, and firnbriae, reminiscent of the attachment or rhizobia,
The bacteria. may be able to modify Lhe metabolsm of the host, thereby
increasing  the exudation of nutrients from living hyphae or other fungal
cells. Such biotrophs can tolerate or actively suppress production of antibace
terial metabolites by the fungus. Endocellular biotrophy nvolves the absorpe
tion of nutrients from the fungal cytoplasm by bacteria located within living
fungal cells, where they grow and multiply. AMF are likely to be subject Lo
all three forms of bacterial mycophagy (Bonfante and Anca, 2009).

Endocellular  bacterial biotrophs in AMF were first identified in microse
copy studies, where they were reported as bacteria-like  objects (BLO)
(MacDonald and Chandler, 98] ). Combining morphological and molecular
lechniques have allowed BLO to be identified (eg.. Bianciouo et al, 1996).
The evidence indicates that the bacteria can be passed from one generation
or AMF to the next as part of vegetative spore formation (Bianciouo et al,
2004). Much of our understanding of endotrophic  bacteria in AMF has
resulted  from Ute study of lsolate BEG34 of Gigaspora margarita and its
endobacterium  "Candidatus  Glonteribacter  Gigasporarum."  which has been
used as a model system (Bonfante and Arca, 2009). The inablity or the
bacterium lo be grown in culture outside of its host results in its designation
of Candidatus. The endobacterium. which is a rod-shaped. gram-negative
organism  —0.8-1.2tm in diameter X [5-20un  in length, is found
singly or grouped and often in protein-filled vacuoles within cells of the
AMF, both in spores and hyphae. However, this organism is confined to the
Gigasporaceae  but a coccoid endobacterum  (MacDonald et al.. 1982) is
more widely distributed across different groups of AMF and. although have
ing a gram-positive cell wall, its ribosomal DNA indicates that it is related
to Mollicutes  (Naumann et al, 2010). which arc common endophytic pathos
gens but do not produce a cell wall (Dybvig and Voeker, 1996). The two
bacteria are able to coexist in the same fungal cell. although there is evie
dence that Ca. G. gigasporarumcan be surrounded by a membrane of fungal
origin, whereas the Mollicutes-related coccoid is free within  the fungal cytos
plasm (Desiro el al., 20l4).

The transcription of the marker gene for cell division i Ca. G. gigaspors
antm is most active during the symbioic  phase of lhe AMF. patticularly in
the ERM (Bonfante and Anca, 2009). Treatment of Gi. margarita spores
with strigolactone  also stimulated the division of the bacterium. When the
bacterium was selectively lost from the AMF hyphae, the elongation and
branching of hyphae, following the application of root exudate, was greatly
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Impaired, suggesting thm the endobacterium had an important role in the
preparation of the fungus for the formation of a symbiosis with a host plant
(Bonfante and Anca. 2009). Thul would be consistent with the endobacter
ium being a MHB.

AMF appear (0 interact with other fungi as wefl as soil fauna, with positive and

negative impacts on the effectiveness of the mycorrhiza as well as some
evidence of predation on fine hyphae.

52 INTERACTIONS BETWEIN AMF AND OTHER FUNGI

There bas been considerable testing of the hypothesis that AMF provide some
protection Lo host plan LS against fungal pathogens. Filler and Garbaye (1994)
reported French research, which involved both ecto- and cndornycorhiza, that
found significant reductions in disease were achieved in 76% of cases studied.
Tn many natural environments, particularly in sandy soils, AMF hyphae within
roots have been associated with dark colored septate hyphae or fungi that are
known lo be or may be affiliated lo the ascomyceles (Mandyam and
Jurmnpponen, 2003). Despite many reports on lhe fungi there appears to be no
indication of any interaction with AMF in the same plant. Yeasts, which pros
duce vitamm B, have also been shown to act as mycorrhizal helpers. increass
ing root colonization and spore production, and also increasing the beneficial
effects of the AMF on the host plant (Boby el al., 2008).

5.3 INTERACTNIONS BETWEEN AMF AND SOIL FAUNA

Much of the interest has been focused on whether grazing by arthropods, such
as miles and Collembola, have a serious impact on AMF, including reducing
the size of the spore bank in the soil. The other area that has received considers
able attention is the interaction with burrowing organisms. such as earthworms.

5.3.1 Interactions With Arthropods

In the herb Geranium robeniauum L., growth was enhanced by the formation
of a mycorrhiza but the introduction of the collembolan Folsomia candida
into the soil caused a reduction in growth that was not directly related to graze
ing pressure (Harris and Boemer. [990). McGonigle and Fitter (1988) reported
broadly similar results. Such results suggested lhal grazing of Ule fine hyphae
of the ERM was detrimental to the effectiveness or arbuscular mycorrhiza
(Filier and Garbaye. 1994, Hodge. 2000). Klironomos and Ursic (1998)
found that in their study wih F. candida lhe impact on the efficiency of the
symbiosis  was a function of grazing pressure. However, Larsen and Jakobsen
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(1996) concluded that because the AMF hyphae were 101 the preferred diet
of the Collembola. the real interaction between the two organisms was guile
limited. Consequently in Lhe specially developed experimental microcosm,
whicb allowed F candida to graze lhe extraradical hyphae of the AMP
Glomus caledonium (Nicol. & Gerd.) Trappe and Gerdemann without roots
being present, there was no effect of grazing on the growth of T. subterraneum
over 6 weeks. However, thereafter the growth of mycorrhizal plants was
dower than nonrnycorrhizal plants. Adding yeast cells as an alternative food
source for Ule Collembola increased hyphal length whether Collembola were
present or not but a small apparent effect of grazing al 4 weeks was not
detected thereafter (Larsen and Jakobsen, [996). Gange (2000) concluded
that on the balance of evidence available, there was no consistent indication
that Collembola adversely impacted the beneficial effects of AMF on plants.
In a microcosm experiment using maze (Zea maysL.) as host plant,
Ngosonga el al. (2014) investigated the grazing of Ule collernbolan
Protaphorurafimata on the AMF G. mosseae. The growth of maize shoots
was greatest where P. fimata was present in the compariment containing
mycorrhizal roots or where it was also present in the compartment containing
only AMF byphae. The P content of roots was greatest where the
Collembola were present in the rool compartment of mycorrhizal roots but
there was no effect of P _fimata on Ule acquisition of N. Grazing of mycors
rhizal roots increased the dry matter nvested by lhe AMF in the hyphal come
partment, particularly il grazing was restricted to that area. Rather than
developing spores or storage structures, the grazing of mycorrhizal roots
encouraged greater hyphal exploration of the root compartment, The evie
dence from fatty acid profiles was that CollembolJa preferentially fed on soil
bacteria but consumed more fungal material in compartments containing

mycorrhizal roots. Overall lhe Collembola  were beneficial to the mycorrhiza.

In a field microcosm study, Bakonyi el al. (2002) found that Collembola

reduced the number of AMF spores in the sol under maize and Festucu
rubra. Al grazing densities between 02 and 04 adult Collembola g1 soil.
the number of spores declined rapidly but at greater densities the decline was
much less. Al small grazing densites the colonization of roots by AMF
increased, which was assumed lo result from spores being transported by the
Collembola  to root surfaces. However. at grazing densities slightly greater
than those that reduced spore numbers. there was a decline in the percentage

of root length colonized by AMF.

5.32 Interactions With Earthworm

The presence of Ule earthworm Lumbricus rubellus in the soil increased the
dry matter production or mycorrthizal plants of Planiago fonceolata but the
presence of Ule animals did not affect Ute level of root colonization by ndig®
enous AMF (Gormsen et al, 2004). 'The content of ERM in the soil, based
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on fauy acid-specific anmalysis lor fungi was greatly enhanced by the press
ence of earthworms. Eiscnhuucr ¢ al. (2009) also found that earthworms did
not affect root colonization by AMF (Glomus intraradices) but also found no
nteraction  between AMP and earthworms on the growth of representative
grass. herb., and legume hosts. In contrast, Li el al. (2013) inoculated maize
with AMF, which significantly improved shoot growth and maize yield: the
nddition of earthworms resulled in a further yield enhancement. There was
1111 increase in the activity of alkaline phosphomonoesterase, in the soil and
(" and N in microbial biomass were also enhanced by the presence of both
AMF and earthworms, whereas AMF reduced the availabity of P.

54 CONCLUSIONS

Fur from being a large diversity of competing organisms inhabiting Ule rhie
zosphere of plants, lhere is considerable evidence of both cooperation and
synergism between groups concentrated around mycorrhiza. IL seems that
where the interaction between microbes and plants is of particular interest to
the development of a sustainable agriculture. the relaionship is carefully
choreographed through complex signaling  systems  Much of our detaied
knowledge of the interaction between AMF, bacteria, and plants comes from
legumes involved in a tripartite interaction that may also involve additional
endophytic partners, which are only now being identified and their possible
wles elucidated. The benefits of mycorrhiza in Ul tripartite interaction are
best achieved when the host plant is colonized early, especially from an
noculum  based on intact ERM. The outcome ultimately depends on the sube
sequent growing conditions. Very large improvements in growth can resul,
at least jn the presence of abiotic stresses. The mnteractions between AMF
and other organisms is less well understood but most can have some benefit
to the development of the mycorrhizal host plant
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