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ABSTRACT

At least six steps involving recognition,

signaling, or communication between host root and -

arbuscular mycorrhizal (AM) fungi appear to be
necessary for the fungus to complete its life cycle.
Recent developments in ir vitro culture technology,
including the use of germinated aseptic fungal
spores, roots grown in liquid culture, dual culture of
a host root and single spore on a solid support
medium, and the split plate technology, have
provided the means to study specific steps in detail.
Although in vitro culture is greatly simplified over
the root-soil environment, it has provided a way to
study early recognition events between a single
germinated fungal spore and a specific host root
without complication from other rhizosphere
components.

INTRODUCTION

The signaling processes between host root and
arbuscular mycorrhizal (AM) fungi before and after
colonization are poorly understood. -The life cycle
of the obligately symbiotic fungus entails
germination of a spore, stimulation of fungal growth
and branching by the presence of a host root,
appressorium formation, penetration and
intercellular spread, arbuscule formation,
extraradical hyphal growth, and finally, sporulation.
A major challenge facing researchers is to culture

these fungi in the absence of a host root. The events
which lead to morphogenetic changes of the fungus
must be elucidated in order to complete this difficult
task. Current knowledge of one-way or two-way
signaling events between AM fungus and host
before and during colonization of the root will be
discussed.

AM FUNGUS LIFE CYCLE AND SIGNALING
PROCESSES

Germination of spores

Spore germination is a major step in the life
cycle of an AM fungus and is influenced by spore
dormancy, environmental conditions (pH,
temperature, water potential, CO, concentration),
and soil microbial activity. There is some evidence
that plant products in root exudates may play a role
in germination [1], but this is not a universal
phenomenon. Plant signals or compounds may net
be necessary for germination and, in fact, spore
germination and hyphal growth have been observed
routinely with the appropriate environmental
conditions [1, 2, 3] in the absence of a host root.

First signaling event between host root and AM
fungus

As AM fungal germ tubes grow through the
soil, they must find a suitable host root in order for
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the fungus to complete its life cycle. There is some
evidence that roots give off a volatile signal that
stimulates directional growth of the germ tube of
Gigaspora gigantea toward the root [4]. Treatment
with KMnO, to oxidize volatile organics and KOH
to trap CO, reduced or eliminated the response [5].
A synergistic response between CO, and root
exudates also has been reported [6]. Hyphal growth
was slightly stimulated by root volatiles and was not
stimulated by root exudates alone, but in the
presence of CO,, a considerable increase in hyphal
growth was observed [6].

Chemical compounds are mainly released to
the soil via the root exudation process and the
exudate can contain water soluble and volatile
components [5]. There is no evidence that water
soluble exudates attract germ tubes of AM fungi. It
is generally believed that these compounds are not
chemotropic but they induce a response by the -
fungus which increases the probability of contact
with the roots.

The most typical reported response of AM
fungi to host root exudates is extensive hyphal
growth [1 and references therein]. Roots of
non-host species neither enhance nor inhibit hyphal
growth of AM fungi, indicating that these plants are
lacking the necessary stimulatory factors {1]. Some
authors have reported that host root exudates not
only stimulate hyphal growth but also promote a
morphogenetic effect (increased hyphal branching)
in AM fungi [7, 8]. It is well documented that
hyphal branching increases in the presence of host

roots or their exudates and in particular, hyphal tips. -

branch profusely as they grow within a few mm of a
host root (see 1 for a recent review). The branching
was readily seen when roots and germinated: AM
fungal spores were separated by a membrane which
allowed soluble compounds to pass through the
membrane and promote hyphal branching over areas
in closest proximity to the roots.

‘Whether two separate types of signals, one for
elongation and one for branching, are actually
present or whether these morphological responses
are simply dose dependent has not yet been
determined. Our work with TLC and HPLC-
separation of exudate components support the latter.
Six active fractions were separated by TLC and
each active fraction caused fewer but longer

branches when tested in a diluted form and
extensive branching when they were tested after a
concentration step (Nagahashi and Douds,
unpublished data). These results also indicate that
there are multiple branching signals found in the
exudate of a host root.

Another significant observation indicated that
the exudates from roots grown with adequate
phosphorus induced signifi cantly less branching of
hyphae than exudates from P-stressed roots [9].
This implied that more signal was generated by
P-stressed roots and was consistent with the
observation that P- stressed plants had a greater
percentage of root length colonized by G. margarita
and greater sporulation than plants grown with P
[10 and references therein].

Recently, the type of hyphal branching
normally induced by the presence of a hest root was
duplicated in an in vitro culture system using only
concentrated host exudate and germinated AM
fungal spores [11]. This was the first time the .
hyphal branching was achieved without a host root
and was successful because of the development of a
new method for monitoring branching signals
generated by host roots.

The method involves the use of smgle aseptic
AM fungus spores which are transferred to solid
medium upon germination. After 3-5 days of
hyphal growth, concentrated exudate is injected -
with a tuberculin syringe into a small hole in the
support medium 2-3 mm in front-of a growing
hyphal tip. The plates are incubated at 32 °C in a
2% CO, atmosphere and hyphal branching is
monitored periodically. The branching response can
be seen within 4 hr but hyphae are typically
observed 15 hr after injection for convenience. This
method has been shown to work for Gigaspora
gigantea, Gigaspora margarita and for Glomus
intraradices. The exudate used to test these species
was obtained from transformed carrot roots grown
in liquid culture for two weeks and then transferred
to liquid medium minus P for an additional week.
The liquid culture medium was then filtered to
remove roots and sloughed root:caps.and the .
exudate was concentrated on a SEPAK C18 .
cartridge. The cartridge then was eluted-with 50%
methanol and this methanol wash was discarded. A
subsequent elution with 70%- methanol provided the-
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source of partially purified branching signals. The
compounds inducing fungal branching were not
volatile and were initially found in the aqueous
exudate. ‘

Because concentrated exudates from -
transformed roots of carrot, non-transformed
cultured tomato roots, and roots of corn seedlings
all induce rapid branching in this method, the
technique provides for a rapid and sensitive
bioassay with a broad application. This bioassay
can now be used to test any isolated fraction
separated by TLC, HPLC, or column
chromatography or any pure, commercially
available, chemical compound for branching
activity.

Although the assay is very sensitive, it is not
quantitative. It cannot directly enumerate how
much branching activity is present, only that it is
present. This limitation to the assay has been partly
reconciled by two types of experiments. The
branching can be monitored at various
concentrations of signal. Low dosage typically
gives fewer branches (the branching is still
considerably greater than the controls without
exudate) but more elongated branches (Figure 1).
Increasingly higher dosages (Figure 2) yield bushier,
three dimensional-type branching; crinkled, curly
type branching; and finally at a high dose,
arbuscule-like branching. The arbuscule-like
branches are very stunted, finger-like branches
which resemble arbuscules in colonized host roots
and occur within 15 hr in the presence of CO, This
type of branching pattern has not been observed,
until now, for fungal hyphae before colonization of
aroot. However, it has been reported for external
hyphae (extraradical hyphae) after colonization of a
host root [12, 13] and when external nutrients are
modified to limit colonization of a host root [14].
These results could be interpreted to mean that a
very high concentration or localization of signal is
necessary to stimulate arbuscule-like branching
prior to colonization and physiological levels of the
signal will only produce this effect after
colonization of the host root. The physiological
significance of this type of branching has not been
determined although experiments are under way to
determine if they are sites of glucose or nutrient
uptake.

The type of branching pattern and the degree
of branching of hyphae exposed to moderately
concentrated exudate are identical to that of a
germinated AM fungal spore growing in dual
culture with a Ri T-DNA transformed carrot root.

. The branches are fewer and more elongated when

the hyphal tips are farther from the roots, but bushy
branching occurs as the tips grow close to the
surface of the root. Similarly, by injecting
concentrated exudate and observing the branching
pattern for several days (Figure 3), one notes that as
the hyphal tips continue to grow farther away from
the injection sites, there is a concomitant dilution of
signal due to diffusion. After several days, the
hyphal tips farthest from the injection site exhibit
fewer but more elongated branches compared to
those nearest the injection site. Although not
strictly quantitative, the use of one of these
approaches in the in vitro culture test system can
provide a rapid and sensitive bioassay for
monitoring the isolation and purification of
branching signals. Also, this assay could
conceivably be used to monitor sequential
morphogenetic changes of AM fungi as different
signals are applied.

Appressoria formation

Appressoria are infection structures that are
flattened, elliptical hyphal tips which form when
germinated endomycorrhizal spores come in contact
with a host root. The appressoria are the first cell to
cell contact event and their formation is considered
to be the most important evidence indicating the
successful recognition between a fungus and host
[15]. It was reported that a thigmotropic stimulus
could not trigger hyphal differentiation into
infection structures [16]. This conclusion was
based on an experiment with threads of silk, cotton,
nylon, glass or polyamide of various diameters. It
was unclear if the threads were packed close
together or with considerable space between them.
If the spacing was far apart, a groove between two
adjacent threads would not be apparent. In any
event, no appressoria were formed on the threads
even when in the presence of host root exudate.
Since most appressoria form in a groove between
two adjacent epidermal cells [17], the thread density
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Figure 1. The dose dependent response of hyphal tips of Gigaspora gigantea to decreasing
concentration of exudate which was collected from Ri T-DNA transformed carrot roots grown
aseptically in liquid culture. The figures are actual tracings of the hyphal growth of
pregerminated fungal spores grown on a solid support for 24 hr after the injection of exudate.
Dots mark the sites of injection. A high dose of exudate stimulates arbuscular-type of
branches which are stunted in growth. A low dose stimulates fewer branches but they are’
elongated. A. Concentrated exudate. B. Concentrated exudate diluted 1:100 with 70% ethanol.
C. Concentrated exudate diluted 1:1000 with 70% ethanol. D. Concentrated exudate diluted
1:2000 with 70% ethanol. E. Control injected with 70% ethanol.
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Figure 2. Micrographs of the hyphal branching patterns of Gigaspora gigantea in the presence of
high concentration of semipurified branching signals from carrot root exudate. Exudate from Ri
T-DNA transformed carrot roots was concentrated and semipurified on a SEPAK C18 cartridge
and injected into Petri plates containing pregerminated Gigaspora gigantea spores.
Arbuscular-like branching was observed after 15 hr. This type of branching required the
presence of 2% CO,. Insert is a higher magnification of the arbuscule-like branches.

may be important in this type of experiment.
Cellular signals (exudates or root mucilage)
may be necessary before appressoria of AM fungi
are formed [1, 18], and the lack of signals in
nonhost exudate prevents appressoria formation
[16]. Topographical or biochemical signals on the
root surface also are thought to be necessary for
appressoria to form [1] and recently some
compounds hydrolyzed from cell walls have been
shown to stimulate hyphal growth [19].
Nagahashi and Douds [20] used in vitro
culture techniques to address the question of
whether the formation of appressoria is governed by

cellular signals or topographical signals.
Transformed carrot roots can be infected and
colonized by the AM fungi, G. gigantea and

G. margarita. Cell walls from cultured carrot roots
(host) and sugar beets (nonhost) were isolated and
purified with the Parr N, bomb procedure [21] that
allows for the recovery of very large cell wall
fragments which retain biological activity [20, 22].
Their results clearly showed that both G. gigantea
and G. margarita form appressoria on isolated host
epidermal cell wall pieces in the absence of exudate
signals, protoplasts, or intact cells [20]. The
epidermal cell walls could be distinguished from
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Figure 3. Time course of hyphal branching of germinated spores of Gigaspora gigantea after
exposure to exudate isolated from Ri T-DNA transformed carrot roots. The branching signals
were concentrated and semipurified on a SEPAK C18 cartridge and injected near growing
hyphal tips. The growth was traced after various periods of time. A. Control injected with
sterilized water. B. Injected with concentrated exudate diluted 1:100. C. Injected with
concentrated exudate.
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cortical and vascular cell walls (Figure 4). purified cell walls can be attributed to the ability to

Appressoria did not form on any isolated wall concentrate the cell walls in a Petri dish which

fragments of the nonhost sugarbeet roots. increased the chances of hyphal interaction with a
The successful formation of appressoria on host cell wall fragment [20]. In addition, the Parr

Figure 4. Micrographs of appressoria formation on isolated and purified epidermal cell wall
fragments. Hyphae from Gigaspora gigantea were allowed to grow and interact with cell walls
isolated from Ri T-DNA transformed carrot roots. A. Appressorium formation occurs in the
groove between adjacent epidermal cells. B. Appressorium formation on epidermal cell walls
(E) which can be distinguished from cortical cell walls (C) and vascular cell walls (V).
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N, bomb isolation procedure allowed for the
recovery of isolated cell wall fragments up to 5-6
epidermal cells long which retained their normal
surface topology between cells. The commonly
used cell wall isolation procedures would have
probably been unsuccessful because these fragments
are typically less than one cell length [23, 24] and
the surface topology between cells is destroyed.

Since appressoria formed on isolated cell walls
in the absence of exudate, it was clear that exudate
signals or cytoplasmic signals for attachment and
subsequent appressoria formation were not
necessary. The most frequent place for appressoria
formation on intact root surfaces is in the
longitudinal groove between two adjacent epidermal
cells [17]. This was also the primary site for
appressoria formation on isolated cell v alls [20].
This suggests that topology of the groove is
probably essential for hyphae to differentiate and
hence the requirement for specific topographical
signals as well as biochemical components present
at the specific binding sites. Although specific
topographical signals of a host were reported for
growth orientation and appressorium formation of a
parasitic fungus, Uromyces appendiculatus [25],
this type of study has not been done for AM fungus-
host associations. The use of purified host cell
walls in plate cultures has opened this avenue of
research so that physical as well as biochemical
properties of the binding site can eventually be
determined. Fungal attachment and recognition led
to appressorium formation during parasitic invasion
of a host plant [26]. Whether AM fungal
attachment and appressorium formation are two
separate events for this nonparasitic interaction is
unclear at this time. It has not been clearly
demonstrated that an attached hyphae may not form
an appressorium during AM fungal host root
interactions.

The experiments with isolated cell walls also
produced another interesting observation.
Appressoria formation was not followed by
penetration. Penetration buds formed on epidermal
wall pieces but the penetration hyphae became
septate. This suggested that an intact epidermal cell
or a cytoplasmic signal from an epidermal or
cortical cell was necessary for penetration to occur.
The need for a penetration signal also has been

demonstrated by the isolation of “early” myc-
mutants which allow appressoria formation but do
not allow penetration and further hyphal growth
[271.

Information on host-fungus signaling gained from
the study of legume mutants and host defense
reactions: evidence for signaling after root
penetration

“It is evident that the highly sophisticated,
morphofunctional integration between AM
symbionts can only be explained by synchronized
modification in gene expression of both the
partners” [28]. Evidence for the exchange of
signals whereby the host regulates the development
of the fungus and the fungus regulates aspects of the
physiology of the host root comes from mutants of
legumes unable to form functioning nodules and
mycorrhizae. Further evidence is provided by
studies of plant defense responses regulated by AM
fungi.

Duc et al [27] first reported on mutants of
Pisum sativum and Vicia faba which were unable to
form nodules (nod-) and mycorrhizae (myc-). These
mutants also exist for Medicago sativa [29]. There
are at least 6 genetic loci in pea which can be
mutated to form nod- [27], while mutations at only
four of those loci can produce myc- [30]. This
allows for the possibility of the nod- myc+ genotype
[31]. This common regulation lead to the belief that
flavonoids, important signal molecules in the
legume-Rhizobium symbiosis [32], were also
important signal molecules in the AM symbiosis
[33, 34, 35]. These ideas were later discounted
when flavonoids were found to be unnecessary for
the establishment of arbuscular mycorrhizae [36].

Myc- mutants of legumes fall into two
categories: those which arrest development of
mycorrhizae after appressoria formation (“early”)
and those which allow penetration and intercellular
hyphal growth but subsequently inhibit arbuscule
formation (“late”) [37]. Despite the formation of
intraradical hyphae by “late” mutants, there is no
evidence of carbon transport to the fungus [38].
These mutants indicate at least two steps in the
recognition/signaling/regulation process during
penetration and colonization of roots. First, a



Recognition and communication events between arbuscular mycorrhizal fungi and host roots

recognition step requiring genetic control is
necessary for the plant to allow fungal penetration
following appressoria formation. Early
myc-mutants exhibit cell wall thickening right under
appressoria and these callose deposits inhibit
penetration [39]. Secondly, once penetration has
occurred and intercellular hyphal growth begins,
further signaling/recognition under genetic control
is necessary for the penetration of cortical cells and
formation of arbuscules. This is indicated by the .
late myc- mutants and could explain the lack of
penetration hyphal structures on isolated cortical
cell walls [20].

Another aspect of communication between
host and AM fungus is in the regulation of host
defense mechanisms in the mycorrhiza. The
invading AM fungus must inhibit or evade the host
defense system. It has been reported that genes
encoding for chitinases, p-1,3-glucanases, and
enzymes for the synthesis of other defense related
compounds are activated upon infection of plant
tissue by invading fungi [40]. Mycorrhizal fungi
cause a different response from the host’s defense
system [41, 42]. Alfalfa roots inoculated with the
AM fungus G. intraradices exhibited a transient
increase in activities of chalcone isomerase,
chitinase, and upon colonization, phenylalanine
ammonia lyase [43]. The activity of these enzymes
were then suppressed to levels below those of
uninoculated controls. Activity of isoflavone
reductase, important for the synthesis of the
phytoalexin medicarpin, was shown to decrease
after colonization of alfalfa roots by Glomus
versiforme to levels below those of controls, but this
decrease did not occur in myc- plants [44]. Recent
evidence suggests the decline in levels of defense-
related enzymes is due to suppression of defense-
related gene expression [45, 46, 47]. A recent
review [48] indicated that a mild induction of
defense-response gene expression continues to
occur as the AM fungus grows through the root. It
was further suggested that the AM fungus does not
elicit a general signal through the root system to
completely suppress the host defense system but the
recognition process must be initiated with each new
cell contact to result in suppression of the defense
response. Recent evidence also indicates a root may
distinguish between AM fungi [49]. Transformed

roots of M. sativa exhibited a hypersensitive-like
response when penetrated by G. margarita but
allowed colonization by G. intraradices These
results along with the activation and suppression of
host defense genes indicates a two-way signaling
event between fungus and host.

Extraradical hyphal development and sporulation
after colonization

It is not clear how much extraradical hyphal
growth occurs after the initial appressorium
formation and penetration but before arbuscule
formation. It is also not known to what degree the
hyphae exiting the plant root versus hyphae attached
to the original spore (or external hyphae attached to
a penetration hyphae) make up the extraradical
mycelium. It is known that the extraradical hyphae
entering the root are different in diameter and wall
thickness compared to hyphae leaving the root
surface [50]. It is also known that the extraradical
hyphae are structurally and functionally different -
[51] compared to the intraradical hyphae. This was
demonstrated by use of the split plate technology
[52] where an infected host root was allowed to
grow in a Petri dish that was separated into two
halves. The infected root grows in one
compartment and eventually an extraradical hypha
grows over the barrier (plastic septum) into the
second compartment. The physical barrier prevents
the growing root from crossing over and lateral or
secondary root growth can be trimmed and
prevented from crossing the septum. The barrier
also prevents exchange by diffusion between the
solid media present in each half. Compounds can
be applied either to the colonized root side or to the
extraradical hyphal side and uptake studies can be
performed. Conditions in the nonroot side of the
plate also can be modified and exogenous
compounds can be added to study the effects of
signals on the development of the extraradical
hyphae. It is also possible that signals are not
involved and the development of the extraradical
hyphae may be a natural consequence of the newly
acquired nutritional status of the fungus.

Spores usually develop on the extraradical
hyphae and the production of new spores represents
the completion of the life cycle of AM fungi.
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However, the role of signaling in sporulation by
AM fungi is largely unexplored. Because localized
areas of abundant sporulation have been observed in
dual cultures in vitro, it has been suggested that if
such a signal exists [53] it would be carried
cytoplasmically through the fungus inducing
differential morphogenesis in certain hyphae.
Alternatively, extraradical hyphae can have several
origins and may therefore respond differently to
internal or external signals.

Sporulation may not be stimulated by signals
per se since spore populations in natural
environments typically increase as host plants
senesce [54, 55, 56]. In this case, the accumulation
of secondary metabolites could act as’a negative
signal by inhibiting hyphal growth. The fungus also
may perceive the declining availability of
photosynthate as a signal to produce overwintering
spores. The onset of sporulation can also coincide
with the attainment of a critical colonized root
length in experimental situations where the host
plant does not senesce [57, 58]. This also indicates
sporulation may be regulated by the availability of
photosynthate in another way, i.e. sporulation may
not begin until the availability of carbon surpasses a
critical level. Variation in the availability of
photosynthate with different host plants, and
different requirements/responses by different AM
fungi, may explain the host species dependent
sporulation noted for many AM fungi [59, 60].
Whether the communication events between fungus
and host during extraradical hyphal growth and
sporulation are one-way or two-way events has not
yet been determined.

CONCLUSIONS

Sequential stages of signaling/recognition/
communication must occur for an AM fungus to
complete its life cycle in the presence of a host root.
Germination can occur under appropriate
environmental conditions but all further steps
leading to colonization of a host root involve some
form of signaling (Figure 5). The first signal
perceived by the fungus is constitutive to the host
and is exuded by the root. This host signal is not
induced by the fungus because it is produced by

roots which have never been exposed to the fungus.
This signal causes hyphal growth and elongation
and when concentrated near a root surface, a rapid
and profuse branching of hyphal tips can occur.
The presence of multiple signals and possible
synergistic effects between various signals is
consistent with the lack of specificity between AM
fungi and host roots. Although a signal (and there
may be several different chemical categories and
types of signals) has not yet been identified, the
major function appears to be the growth and
proliferation of branches which would increase the
chance of contact with a root surface.

The second step is appressoria formation
which is a contact recognition event between a
growing fungal hypha and the epidermal surface of
a host root. This also appears to be a one-way
communication event since appressoria can form on
isolated and purified host epidermal cell walls in the
absence of an intact cell. The branching signal(s) in
the exudate would increase the chances of hyphal
contact.with a specific host cell wall binding site.
The possibility that the increased branching also has
an assimilatory role [1] should not be neglected. -

The lack of penetration hyphae after
appressoria formation on isolated walls indicates a
third signaling or recognition step is necessary and
this is consistent with the existence of “early”
myc-mutants. Tt is not known whether penetration
and intercellular spread of the hyphae are stimulated
by the same signal. We have combined these steps
for the purpose of the model presented in Figure 5.
After hyphae reach the cortical parenchyma,
differentiation of intracellular arbuscules is induced
(step 4).

The third and fourth steps would appear to be
two-way communication events. Penetration and
intercellular spread of fungal hyphae require
stimulation from the host but at the same time, the
fungus must inhibit or evade the host defense
system. During arbuscule formation, the fiingal
wall must contact and penetrate a cortical cell wall.
Whether specific binding of penetrating hyphae to a
cortical cell wall site is necessary has not yet béen-
determined. The arbuscular cell walls are highly
modified and it has been suggested that the host root
affects fungal metabolism in such a fashion that
arbuscules are fungal walls that have failed to -
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6. SPORULATION
1. HYPHAL ELONGATION
AND BRANCHING

2. APPRESSORIA
5. EXTRARADICAL HYPHAL FORMATION
GROWTH

4. ARBUSCULE FORMATION ' 3. PENETRATION AND - -
‘ INTRARADICAL GROWTH

Figure 5. A model of the signaling/recognition steps between a germinated AM fungal spore and
colonization of a host root. The first two steps are simply a fungal response to the host and both
can now be completed in vitro without the presence of a living root. The third and fourth steps
are two-way communication steps between the fungus and host. The fifth and sixth steps-are
extraradical hyphal growth and sporulation and whether or not these steps are two-way
communication events has not yet been determined. :

mature [41]. ' the fungus but could also be triggered by a host
After arbuscule formation, there is an signal. Proliferation of these hyphae could be
extensive proliferation of external mycelium which considered a distinct fifth step since recent evidence

may arise due to the change in nutritional status of indicates that the extraradical hyphae are not the
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same functionally as the intraradical hyphae even
though they are directly connected [51].

We consider sporulation as the sixth and final
step in the life cycle and this step may occur simply
as a result of the acquired nutritional status of the
fungus, the stage of colonization by the fungus, or
the age of the host root. For Gigaspora species,
sporulation occurs on the extraradical hyphae and
not the intraradical hyphae. Either some compound
inhibits the intraradical hyphae from sporulating or
some compound could trigger the extraradical
hyphae to sporulate. In any case, the development
of the split plate technology [52] has provided a
system to test whether or not the addition of
chemical compounds or changes in environmental
conditions can stimulate extraradical hyphal growth
and/or sporulation.
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