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Glossary

Alkaline phosphatase: “AM fungi phosphatases are hydrolase
enzymes involve in intracellular P transport arehsformation, and
fungal nutrition. As the name suggests, alkalinegpihatase are most
effective in an alkaline environment and are com®d as an
important enzymes in metabolic process that lead tansfer to the
host plant in the intraradical mycelium, whereagha extraradical
mycelium it may be involved in P uptake from th&dsphere” (van
Aarle and Olsson, 2008).

Arbuscular mycorrhizas: “Widespread type of endomycorrhizal
interactions involving fungi of the phylum Glomergoota, the
hyphae of which reach the root inner cortex andetigyv highly
branched exchange structures called arbusc(Bzsifante and Genre,
2010).

Arbuscule: “Highly branched structure produced by arbuscular
mycorrhizal fungi inside the cell lumen of theirdtoArbuscules are
considered to be the key element of the symbiaticient exchanges

between the plant and the fungus” (Bonfante and & &910).

Biological control agents: ‘Microorganisms that control disease
(primary effect) and have demonstrated stimulabérplant growth

(secondary effect) in the absence of a pathogewis(@t al, 2008).



Glossary

Biotrophic (balanced) parasitism: “Relationship where the living
host support the growth of the parasite for anredee period of time
and may not appear overtly to be little affectedleast in the early

stages of the interaction” (Jeffries, 1995)

Coenocytic: “Organism with hyphae lacking septa” (Kidt al,
2001).

Extraradical mycelium: “Hyphal network that develops in the
rhizosphere, in which it absorbs inorganic nutsehit are transferred
to the host plant through intraradical hyphae” (Bote and Genre,
2010).

Hyphopodium: “Specialized hypha of an arbuscular mycorrhizal
fungus, often swollen and usually highly branchealt is attached to
the host plant epidermis and that initiates intladal colonization.
Hyphopodium is nowadays a synonym of the earliermte

appresorium” (Bonfante and Genre, 2010).

Inoculate: “To put a microorganism or a substance containing on

into an organism or a substratum” (Kigkal, 2001).

Intraradical hyphae: “Network of hyphae from mycorrhizal fungi

that colonizes the host root tissues” (Bonfante @edre, 2010).

Microbial inoculant: “A formulation containing one or more

beneficial microorganisms in an easy-to-use anch@wdcal carrier
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Glossary

material, either organic, inorganic, or synthesizedm defined
molecules” (Bashan, 1998).

Mycoparasitism: “Relationship in which one fungus parasitizes
another” (Bulter, 1954).

Necrotrophic (destructive) parasitism: “Relationship results in the
death and destruction of one or more componentshef host
mycelium” (Viterboet al, 2007).

Parasitism: “Relationship in which one microorganism obtains

nutrients from another, affecting host viabilityeffries, 1995).

Plant growth promoting microorganisms: “Microorganisms that
promote plant growth and productivity (primary etjeand have now
been shown to also play a role in reducing dis¢sseondary effect)”
(Avis et al, 2008).

Saprotroph or saprobe (saprotrophic adj.)? Organism that obtains

nutrients from dead organic matter” (Kigk al, 2001).

Scanning electron microscope: Type of electron microscope that
images the sample surface by scanning it with h-Bigergy beam of
electrons in a raster scan pattern. The electrdesact with the atoms
that make up the sample producing signals thatasonbformation
about the sample's surface topography, compositod other
properties such as electrical conductivity” (Datuitg 1988).
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Glossary

Succinate dehydrogenase:Enzyme complex who bound to the inner
mitochondrial membrane of many fungal cells. Tmgyme is one of
the key enzymes in the Krebs cycle and may be lglaséated to
respiratory activity” (adapted from Saito, 1995).

Sustainable agriculture system:“A system that employ natural
processes to achieve acceptable levels of prodityctind food quality

while minimizing adverse environmental impacts” (Ha and

Watson, 2004)

Transfer by AM fungi: “ Successive efflux of ions from the
intraradical mycelium of arbuscular mycorrhizas ointoot cell
apoplasm and influx into root cells” (Smith and Be2008).

Translocation by AM fungi: “Movement of ions within the hyphae
from the extraradical mycelium to the intraradiéahgal structures
(hyphae, arbuscules and coils) within the rootshi(B and Read,
2008).

Transport by AM fungi: “Consist of the successive uptake of ions by
the extraradical mycelium of arbuscular mycorrhiZahgi, their
translocation from the extraradical mycelium to theraradical
mycelium and their transfer from the intraradicajcelium to root
cells” (Smith and Read, 2008).
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Glossary

Trichoderma “Free-living fungi that are know to be opportunistic
avirulent plant symbionts and antagonists for othegi” (Harmanet
al., 2004).

Uptake by AM fungi: “ Uptake of ions by the extraradical mycelium
of arbuscular mycorrhizal fungi in the soil” (Sméhd Read, 2008).
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Summary

The use of beneficial microorganisms has become el@bte
alternative to reduce the application of pesticides modern
agriculture. Several studies have demonstratetig¢heficial effects of
the arbuscular mycorrhizal (AM) fungi an@richodermaspp. to
improve plant health and productivity and soil diyalA synergistic
effect of both fungi on plant growth as well as the control of
various plant diseases have been shown in numestudies.
However, mycoparasitism byrichodermaspp., a major mechanism
to control fungal pathogens, has also been repastedAM fungi.
Consequently, for an optimal management of mictatwasortia, it is
necessary to thoroughly understand the interatt@ween these two
fungi and their respective effects on growth andrvisal
characteristics to guarantee these successfulcafiplis under field
condition. In this context, the objective of thigsis is to study the
interaction of T. harzianum(MUCL 29707) with an AM fungi,
Glomussp. (MUCL 41833) in order to develop a microbiabdéalum
containing both beneficial microorganisms. Here deisedin vitro
microcosm systems to monitor the development ofAdh fungus,
Glomus sp. and T. harzianum via non-destructive microscopic
observations. The impact of. harzianumon the AM extra and
intraradical mycelium development and functiondllg. transport of
phosphorus) were investigated and the compatitality applicability
of these beneficial microorganisms co-entrappedilginate beads

evaluated. We observed th@t harzianumaffected the viability of
-Xi-



Summary

the extra and intraradical mycelium and the capadfitP transport of
the AM fungus when the saprotrophic fungus was uteted on AM
established networks. The saprotroph was able lonize the root
system via a privilege entrance through the hyphaterestingly,
whenT. harzianumandGlomussp. were inoculated at the same time,
via co-entrapment in alginate beads, this mycoji@as was
infrequently observed, while a stimulation of sp@mduction was
noted. This supported the potential of the co-gmtent of both fungi
for agro-environmental application. Further quewsioneeds to be
addressed regarding the role of AM fungi as a payhvior the
entrance ofT. harzianuminto the roots of potato and the ecological
significance of co-entrapment of both microorgarisomder field

condition.
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Outlines of the thesis

Based on the current state of knowledge of theraoten between
AM fungi and T. hazianumdifferent experiments were conducted to
evaluate to possibility of an inoculum formulatiecontaining both
fungi (Fig. 4).

T. harzianum Glomussp.
in vitro in vitro

Chapter 2. Validation
of the Mycelium Donor
Plantin vitro culture
system for gene

Chapter 1. Study of the life cycle
of fungi individually in
association with an autotrophi¢

plant . .

v expression analysis
| Study of interaction |<—l
v v
Chapter 3. Study of Chapter 4. Study ofT.

mycoparasitism L » harzianumeffect on the

effect on AM mycelium capacity of the AM fungi
to transport P
]
v

Chapter 5. Development o
inoculum formulation

v

| Discussion gener:

| Conclusions |
v

| Perspective |

Figure 4.Outline of the thesis.
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Outlines of the thesis

After the Introduction chapter which presents the subject and
objectives of this study, the secti@ontext of the study describes
the scientific context in which the research wasduwted. It contains

a brief overview of the literature on thErichodermaAM fungi
interaction topic, detailing what has been discedein the last
decades and describing how researches used thdekdgeito manage

combination of soil microorganism in modern agriatg.

As the soil is such a complex and interaction-gakironment,
interaction studies between microorganisms shoelirbt performed
under strictly controlled conditions, so that pdigly misleading
abiotic and biotic factors could be monitored. Theitro cultivation
of AM fungi associated with a photosynthetic plémamed HAM-P)
has widely proven its suitability for the study rafany aspect of the
AM symbiosis. However, this culture system has ndexn applied
to the growth and development of other microorgasisin Chapter
1, it was the objective to adapt and use thisitro culture system to
describe and to compare the life cycle of threeomhjngi, Glomus
sp., T. harzianumandRhizoctoniasolani (a potato root pathogen), on

autotrophic potato plantlets as a single host.

This work was published in “Spanish Journal of Agliural
Research” (2010).
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Outlines of the thesis

With the HAM-Pin vitro culture system described in Chapter
1, the establishment of the AM symbiosis and dgwalent of
extraradical mycelium network took several weeks. évaluate the
impact of one microorganism on the AM symbiosiselepment and
functionality, a system allowing the fast mycordtion of seedlings
within a few days and rapid re-growth of AM mycaeatius thus highly
desirable. InChapter 2, we demonstrated the potential of the
mycelium donor planin vitro culture system (Voetst al, 2009) as a
fast mycorrhization protocol for potato plantlebt® at the seedling
stage. During the colonization process, gene egmesanalysis was
performed at different stage of the AM fungal ebsdiment.

This work was published in “Mycorrhiza” (2010).

These twoin vitro culture systems were used to study the
interaction between the saprotrophic,harzianumandGlomussp. In
Chapter 3, we investigated the impact @t harzianumon the AM

extra and intraradical mycelium development.

This work was published in “FEMS Microbiology Ecgld
(2010).

The second interaction experimefh@pter 4), was focused
on the impact ofT. harzianumparasitism on the physiology.€.
transport of P) of the AM fungi. We studied theak#, transfer and
translocation of 33P by the AM fungi to the hosanglin presence df.
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Outlines of the thesis

harzianum and the impact ofT. harzianumon the phosphatases

activity in the AM extraradical mycelium.
This work was submitted t-EMS Microbiology Ecology”

Chapter Ill and IV focused on the symbiotic phakéhe AM
fungi. Nevertheless, to fulfill the aim of this esch projecti.e. the
development of an inoculum formulation containihg AM fungi and
T. harzianumit was necessary to evaluate the impadi.diarzianum
during the different steps of the life cycle of th# fungi. Thus, In
Chapter 5, we investigated the impact @f harzianumon the AM
fungal life cycle when both microorganisms are otrapped in
alginate beads.

This work was submitted to “Journal of Applied
Microbiology”.

The relevance of this thesis is summarized in General
Discussion In the Conclusion section, the major outcomes of this
research are given and further commented.

The last section contains thHeerspectivesof this research
project, which emphasizes the future improvememtsife application
of beneficial fungi as viable or complementary wlégive of
chemicals in modern agriculture.
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Author’s contribution

The section Introduction and Context of the studtha beginning of
this document, and the General Discussion, Corartgsiand
Perspectives at the end of the thesis have not peblished. They

were written by myself.

My involvement inChapter 1 was the collection and analyzes
of the data. | also participated in the redaction aevision of the
manuscript. As such, it was estimated that 50% hef work was

performed by myself.

My contribution to theChapter 2 was 35%. | participated in
the design of the experimental procedures, haamstdata collection
(i.e. characterisation of mycelium donor plant (MOR)vitro culture
system, estimation of the intraradical root colation and data
analysis with SAS Enterprise guide). | participailedhe revision of

the manuscript.

Chapter 3 was fully designed and conducted by myself; co-
authors of the chapter have been involved in ragishe manuscript.

My contribution to this chapter was estimated &90

The work ofChapter 4 was carried out by myself from setting
the goals to publication. My contribution to thisapter was around
90%. Co-authors of the chapter have been involvedevising the

manuscript.
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Author’s contribution

In Chapter 5, the design of the experimental procedures, the
practical work and data analysis were performedibyRouhier and
myself. Co-authors of the chapter have been ingbinerevising the

manuscript. My contribution to this chapter wasneated at 80%.
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Introduction

Since half a century of intensive agricultural pices (.e.
mechanization, plant breeding, pesticides andifets use) to sustain
the increased world population food demand (FA@Othe stocks
of natural resourcese(g. soil, fresh water, biodiversity) have been
under constant and increasing pressure (PimenteWélson, 2005).
Nowadays, there is a rising interest in the suatdamanagement of
these resources. Among these, the use of benefit@borganisms
has become a viable alternative in agriculture trrelase the
detrimental side-effects ofe.g. pesticides application and over-
fertilization, on human health and environment (@Brier and Boland,
2003; FAO, 2009; Avigt al, 2008).

As stated by van der Heijdest al. (2008), ‘soil microbes
represent the unseen majority in soiiiffluencing indirectly and
directly the productivity, diversity and compositioof plant
communities. Over the past 30 years, soil microbase been
described, characterized, and tested for their asesoil quality
manager (Schloteet al, 2003;Rillig and Mummey, 2006), plant
growth promoters and biocontrol agents (Whipps,42d8armanet
al., 2004; Aviset al, 2008).

Plant growth promoting microorganisms (PGPMs,g.
Rhizobia, arbuscular mycorrhizal (AM) fungi) can prove plant
growth and productivity and are also reported tayph role in
reducing disease pressure (Aetsal, 2008). Among the PGPM, AM

fungi have probably been the most extensively stlidiThese soil
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Introduction

microorganisms are obligate symbionts that colortize roots of
nearly 80% of terrestrial plants (Smith and Redf)&). In exchange
for carbohydrates, these organisms supply the laith mineral

nutrients and water (Parniske, 2008). Conversalylpgical control

agents (BCAse.g. Trichodermaspp.,Pseudomonaspp.) can control
disease and are also reported to stimulate plantthr Trichoderma
species are the most extensively studied BCA. Tlseg®otrophic
fungi are known to be opportunistic, avirulent plapgmbionts and are
used as antagonists of other fungi (Harmeinal, 2004). The
Trichoderma modes of action are multi-fold including parasitjs
competition, antibiosis, and induced plant resista(Harmanret al,

2004). These benefits make the utilization of PGRNJ BCA

attractive for integrated agricultural practicesview to minimize the
impact of chemicals fertilizer and pesticides, verg in the case of
organic agriculture, to eliminate those chemicatsnf the production

system.

The independent use of AM fungi afdichodermaspp. to
improve plant growth and to control root pathogbas been largely
reported (Harmanet al, 2004; Whipps, 2004). The synergetic
utilization of both beneficial fungi, exhibiting féérent or
complementary mechanisms of action or abilitiescédonize plant
roots, appears thus as a promising alternativeetluae the use of
fertilizers and to control plant pathogens. Newedhs, the
mechanisms by whichlrichoderma spp. control pathogense.(.
mycoparasitism) might possibly also impact AM furtiGalvetet al,

4-



Introduction
1993; Rousseaet al, 1996; Greemrt al, 1999; Brimmer and Boland,
2003; Martinezet al, 2004), therefore impeding their ability to

coexist into mixed inoculants. Consequently, for @aptimal
management of microbial consortia, it is necesdarythoroughly
understand the interaction between these two migamisms and
their respective effects on growth and survivalraheeristics (Higa,
1991).

The soil is a complex and interaction-rich envir@min Thus
interaction studies between microorganisms shoelirbt performed
in microcosm controlled systemise( in vitro culture systems), so that
potentially misleading abiotic and biotic factoranche controlled.
Since the initial attempts to culture AM fungi umdeontrolled
conditions, many research projects have been daori¢ to study the
effects of Trichodermaspp. on the presymbiotic phase of the AM
fungi (Calvetet al, 1989; Filionet al, 1999; Martinezt al, 2004).
However, few studies have addressed the potentiganism of
Trichodermaspp. on the symbiotic phase of the AM fungi (Reass
et al, 1996). Recently, thén vitro culture system associating AM
fungi with whole plants (Voetget al, 2005) has paved the way to
perform non-destructive microscope observations tndhvestigate
the interaction between microorganisms at organisellular and
molecular level (Gallowet al, 2009). Here this system is used to
approach the intimate coexistence of an AM funghwi. harzianum

to better understand their mode of (inter)action.

-5-



Introduction

The objective of this thesis is to study the intémn of T.
harzianum(MUCL 29707) with an AM fungusGlomussp. (MUCL
41833) in order to develop a microbial inoculum te@ming both
beneficial microorganisms. In details, it is thgeative to improve
our understandings on the effectsTofharzianumon the AM fungal
morphology (.e. extra- and intraradical development) and physjplo
(i.e. transport of P). Using the autotrophit vitro culture system
(Voets et al, 2005, 2009), the direct microscopic non-distdrbe
observation of interaction betwe&nharzianumandGlomussp. were
investigated. To evaluate the impactlofharzianunon the symbiosis
functionality, this system was aslo used to perfemaymatic analysis
and transport study. The significance of parasittfnthe AM fungi

was discussed.
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Contexte of the study

1. Arbuscular mycorrhizal fungi

Arbuscular mycorrhizal (AM) fungi are obligate syioiits in the
phylum Glomeromycota (ScBler et al, 2001). It establish a
mutualistic relationship which the roots of terregdtplant (Smith and
Read, 2008). The AM fungi supply the plants witmeral nutrients
(i.,e. P, N, K, Cu, Zn) and increase their water uptakexchange for
carbohydrates (Smith and Read, 2008). The AM sysibids
considered ‘non-specific’ and as a consequeneeestimated that the
AM fungi live in association with the roots of nBaB0% of land
plants (Smith and Read, 2008). The observationemhy=et al. (1994)
in fossils of Rhynia suggested that the originghaf AM fungi date
back 400 million years ago. Thus it seems likelgt tthis symbiont
could have assisted vascular plant in the colomzatf land (Simon
et al, 1993).

Arbuscular mycorrhizal fungi develop within two hes:
within the cells of the root, called the intraradienycelium (IRM)
and in the surrounding soil, named the extraradicgtelium (ERM)
(Fig. 2). The coenocytic naturég. the absence of septa in living
hyphae) of the AM mycelium linked to the protoplasrontinuity
facilitates the transport of resources from sotocgink regions of the
fungal colony and/or symbiotic root (Smith and Re2@08). The role
of the ERM consists in the uptake and translocatibmutrient and
water to the plant roots from locations beyond rthizospheric zone
(Jakobseret al, 1992; Johanseet al, 1993). In addition, the ERM

-9-



Contexte of the study

contributes largely to soil quality.€. soil aggregation) (Schlotest
al., 2003; Rillig and Mummey, 2006). The IRM is invely in the
transfer of nutrients from the AM fungus to the ntla The
bidirectional exchange occurs at the level of sbaped subcellular
structures within root cells, the arbuscules (Barc). These structures
are thought to be the main site of nutrient exckabgtween the
fungal and plant symbiotic partners.

The AM symbiosis confers a range of additional Wiendor
the plant. They increase the plant tolerance taremmental stresses
(i.e. drought, salinity), induce greater resistance &hpgens and
reduce sensitivity to toxic substances presenthim soil (Azcon-
Aguilar and Barea, 1996; Avi al, 2008).

1.1. Phylogeny of AM fungi

AM fungi are a monophyletic group of soil fungiclassified from
the polyphyletic phylum Zygomycota to a new phylum
Glomeromycota(Schiler et al, 2001). Inside of the phylum,
according to SSU sequence phylogeny, four ordecorapassing
eleven families and seventeen genera have beenedefecently
(Table 1). (http://www.Irz.de/~schuessler/amphylo/updated
December 2010, consulted"23anuary 2011). The largest “genus”
within the AM fungi, Glomus is not monophyletic, with members
distributed in at least four familiesGlomus groups A, B,
Diversisporaceag¢Schwarzotet al, 2001).

-10-



Table 1 Orders, families, genera in Glomeromycota andispadistribution per genus.

Order Family Genus Number of described species
Glomerales Glomeraceae Glomus 78
Funneliformis 11
Rhizophagus 9
Sclerocystis 10
ClaroideoglomeraceaeClaroideoglomus 6
Diversisporales Acaulosporaceae  Acaulospora 37
Entrophosporaceae Entrophospora 3
Diversisporaceae Diversisporaa 6
Otospora 1
Gigasporaceae Gigaspora 8
Scutellospora 28
Racocetra 11
Pacisporaceae Pacispora 7
Archaeosporales Archeosporaceae  Archaeospora 2
Ambisporaceae Ambispora 9
Geosiphonaceae Geosiphon 1
Paraglomerales Paraglomeraceae  Paraglomus 3
Total 4 11 17 230

' The total number of species includes synonymoasiep (updated December 2010, consultét2Buary 2011).



Contexte of the study

1.2. AM fungal life cycle

Present evidences indicate that AM fungi only relpe asexually.
So far no report substantiates a possible sexpabdaction. Besides,
AM fungi are coenocytic microorganismise( without septa in their
hyphae) and their mycelium produces multinucleatsgores.
Therefore these fungi do not have any monokaryjifécstage (Bever
et al, 2008; Parniske, 2008).

Within soil, AM fungi reproduce via spores, infedteoot
fragments and hyphae, collectively termed propagutowever, the
capacity of these propagules to colonize roots sdendiffer between
genera. Klironomos and Hart (2002) demonstratetl ®@amusand
Acaulosporawere able tocolonize roots from all three inoculum
sources, while &itellosporaand Gigasporaappear to depend mostly

entirely on spores.

The life cycle of AM fungi is separated in threeaphs:
asymbiotic, pre-symbiotic and symbiotic (Fig. 1)u(®er et al,
20009).
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A. Asymbiotic phase B. Presymbiotic phase
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Figure 1 Life cycle of arbuscular mycorrhizal fungi. A. Aspiotic phase. B.
Presymbiotic phase. C. Symbiotic phase. Extraradicd intraradical development
of AM fungus of theGlomeraceagblack) andGigasporaceadgray) family and,
developing Arum-type colonization. Adapted from p&mna (2007).
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a. Asymbiotic phase

The asymbiotic phase is characterized by the albsehsignals from
the host plant that may trigger germination or haiplgrowth
(Breuninger and Requena, 2004). This phase is assdcwith the
production of a limited amount of branched, coetioccyyphae,
which are capable of anastomosis. Even though spasts in the soil
are capable to germinate in the absence of a sitaist root, the
germination process is improved by root extra@sy.(lipophilic
compounds identified as a sesquiterpene (Akiyashaal, 2005;
Bessereret al, 2006; Smith and Read, 2008) or microbial exudates
(Calvet et al, 1992; Fracchiaet al, 2004; Martinezet al, 2004).
However, if no root colonization occurs, the hyplaases growth
after a few days and cytoplasm, nuclei and cellatganelles retracts
following sequential septa formation in hyphae (@ionetti, 2002). In
the vicinity of a host plant, root signals elidiet AM fungi to switch
from the asymbiotic to the presymbiotic phase (Tslm&htet al,
2003; Buéeet al, 2000).

b. Presymbiotic phase

The pre-symbiotic phase comprises the host redogniprior to
physical contact (Requeret al, 2007; Bressereet al, 2006). The
host recognition is mediated by a complex signapngcess between
the plant and the AM fungi (Bucher, 2007; Requetnaal, 2007,
Bonfante and Genre, 2008) characterized by phygiicdb changes in
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both partners (Gutjahet al, 2009; Akiyamaet al, 2005). These
changes have the function of stimulating growth #@nanching of

mycelium and differencing hyphal structure to foanhyphopodium,
via which it enters the root (Genet al, 2008). A this stage the

symbiotic phase is initiated.
c. Symbiotic phase

The symbiotic phase is initiated with the developmef penetrating
hyphae (hyphopodium), and in most cases the hygptiahsions in the
epidermal and outer cortical cells (Bonfante andr@g2008). The
pattern of mycelium growth within the root is dedemg on the plant
species involved. Gallaud (1905) described two gEnanatomical
groups: theArumtype (Fig. 2a, b) andParistype (Fig. 2c). In the
Arumtype, hyphae spread longitudinally to the corticalls. Short
side branches penetrate the cortical cell walls dm@nch
dichotomously in the cell lumen to produce highlyarched
arbuscules, forming an interface between the futigales and the
plant plasma membrane (Fig. 2a, b). In tRaristype, cortical
colonization of roots is characterized by extensi\exelopment of
intracellular coiled hyphae and arbusculate coils. (intercalary
arbuscules) which spread directly from cell to céHig 2c).
Identically, these structures are believed to leeptteferential site for
the bi-directional nutrient exchange with the pléBonfante-Fasolo,
1984; Rausclet al, 2001). However, it appears that the arbuscules ar

not the only intraradical structures supporting thidirectional C-
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mineral flow between the two partners of the symisicand those
intraradical hyphae are also involved in such ergka(Gianinazzi-
Pearsoret al, 1991; van Aarlest al, 2005; Schifleet al, 2006).
These two colonization patterns were recently rmedsin the so-
called ‘Arum-Paris continuum’ model, which describes the possible

range of intermediate patterns in relation with fdentity of the

fungal and plant partners (Bonfante and Genre, 2008

Figure 2 A. Mature arbuscule oGlomus mossea&ith numerous fine branch
hyphae. From Brundrett M. B. Arbuscule®fgaspora margaritavith an elongated
trunk hypha (T) and tufts of fine branch hyphaedas) From Brundrett M. Note
how this arbuscule differs from th&lomus arbuscules above. C. Arbuscular
mycorrhizal development in American ginsefnax americana)showing highly
developed coils in cortical cells, occasionally temdling sparse arbuscules. Note
absence of intercellular hyphae; colonization spgedirectly from cell to cell. From
Petersoret al (2004) D. Vesicles (V) produced byGlomusspecies in a leek root.
This root also contains many intercellular hypheentBrundrett M.
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In parallel to arbuscules, AM fungi belonging toeth
Glomeraceag  Acaulosporacege  Entrophosporaceae and
Gerdemanniaceaelevelop inter- or intracellular vesicles withineth
roots, serving as storage organs and as reprodustiuctures (Fig.
2d) (Declercket al, 1998; Smith and Read, 2008). Such structures are

never observed in thBigasporaceae

Once symbiosis with a suitable host has been éstalol,
fungal hyphae exit from roots spreading into therawnding soil,
where it develops as a dense ERM network. Classiestription of
the ERM reported a dimorphic hyphal nature (Friezse Allen, 1991),
with coarse straight-growing thick-walled hyphaeaer than 20 um
diameter €.g.runner hyphae (RH)) and fine, thin-walled hyph&&-o
10 um (Mosse, 1959). The architecture of this nétwuoay differ
betweenGlomeraceaandGigasporaceaepecies (Baget al, 1998a,
b; de Souza and Declerck, 2003) (Fig. 3).

In Glomussp., the ERM spread radially in the substrateiand
lead by thick RH which form the skeleton of the dahcolony (Bago
et al, 1998a) (Fig. 3d). These thick branched at angkesut 45° to
form branched hyphae (BH) providing higher ordeplige, often
interconnected by means of hyphal fusions. Gnastomoses) to form
a three-dimensional hyphal network (Bagb al, 1998a). In the
Glomeracea@anastomosis were observed between different hyphae
the same or independent network (de la Providestial, 2005;

Voets et al, 2006). Hyphae form characteristic structuresudirig
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branched absorbing structures (BAS) described asfenantial
structures for nutrients uptake (Fig. 3f) (Bagal, 1998Db).

= Epti 5
Figure 3 A-C. Mycelium architecture obcutellospora reticulatgrowing in Ri T-
DNA transformed carrot root. From de Souza and &ekl(2003). A. General view
of the mycelium architecture showing circular-runhgphae (C-RH) and secondary
hyphae bearing numerous auxiliary cells (bold ahead). Hollow arrowhead
shows sporogenous hypha bearing an immaturespoi®. i&ticulata mature spore.
C. Auxiliary cells in the vicinity and on a rootréace. Inset: Mature auxiliary cells
with smooth surface and filled with lipid drople®:-F Mycelium architecture of
Glomussp.growing in Ri T-DNA transformed carrot root. Bxtraradical mycelium
showing branched absorbing structures (BAS)(blackwg and spore-associated
BAS (white arrow). From Baget al, (1998a). EGlomussp. mature spores. From
GINCO  (http://www.mycorrhiza.be/ginco-bel/index.php F.  Dichotomously
branched short ramication (branched absorbing tstreic BAS) developing on a
runner hypha ofSlomussp. in a monoxenic symbiotic culture. From Bagoal
(1998b).
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In S. reticulata (a Gigasporaceag two major architecture
patterns are observed; RH formed as open spiralsnlyr slightly
curved (Fig. 3a) (de Souza and Declerck, 2003). ahastomosis
mechanism was seldom observed and anastomosesesszatially
formed by hyphal bridges within the same hyphaeldderovidencia
et al, 2005). These authors also described the existehBAS-like
structure inGigasporaceaemycelium, but these structures were less
ramified than those described by Bagjal. (1998b).

After extensive colonization by RH and BAS devel@nm
storage organs are formed on the external myceliNew spores
develop terminally or intercalary on hyphae (de Zoand Berbara,
1999). Each spore contains a huge number of haplaoitei, storage
lipid and carbohydrates (Smith and Read, 2008)hérGlomeraceag
the spores are globose to subglobose (30-120 um)dpale yellow
to greyish yellow (Fig. 3e). Spores dbigasporaceaedevelop
blastically from a bulbous sporogenous cell formadthe tip of
hyphae (Fig. 3b). Spores are yellowish white tockjlaglobose to
subglobose; (260-405 um diam(igasporaceacAM extraradical
mycelium is characterized by the formation of aaxyl cells (Fig. 3c)
(Morton and Benny, 1990). These structures are rchnuclei,
organelles and lipids (Declerek al, 2004) and have been suggested
as carbon storage and reproductive structuresddeaSand Declerck,
2003).
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1.3. AM fungi and plant disease control

AM fungi are often reported as plant growth promgti
microorganisms (PGPM) (Avist al, 2008). In addition, their
involvement in the control of plant pathogdras also been mentioned
repeatedly in the last decades, supported by alwehiecent reviews
(Azcbon-Aguilar and Barea 1996; Whipps, 2004; Azisal, 2008).

A number of studies reported reductions in incigdeaad/or
severity of root rot or wilting caused by fungi buasRhizoctonia
Fusariumor Verticillium, and root rot caused by Oomycetes including
PhytophthoraPythiumandAphanomyce®ifferent mechanisms have
been postulated such as (i) improved nutritionatust of the plant
(Normanet al. 1996; Smith and Read, 2008); (ii) direct compeiti
for carbohydrates (Azcon-Aguilar and Barea, 199&) apace within
the mycorrhizosphere and the host roots (Corelieal, 1996, 1998);
(i) direct and indirect interaction within the idosphere by hyphal
exudation and modulation of root exudation inducitcltanges in
composition and activity of microbial communitieAnfiradeet al.
1997; Citerneset al. 1996; Bareaet al, 2005) and (iv) biochemical
changes associated with plant defence mechanismds ireduced
resistance (Pozet al, 2010) (Fig. 4).
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According to the results obtained in recent stydies establishment
of the AM symbiosis induces important changes & physiology of
the host plant including activation of specificaband systemic plant
defence mechanisms (Pozbal, 2010). The increased lignification of
root endodermal cells induced by AM colonizatios baen suggested
to play an important role in the plant defence nami$m (Dehne,
1982). The accumulation of phytoalexins, enzymes tbe
phenylpropanoid pathway, chitinasgs]l,3-glucanases, peroxidases,
pathogenesis-related (PR) proteins, callose, andengilts
(Gianinazzi-Pearsoet al, 1994; Cordieret al, 1998; Pozoet al,
1996, 1998, 1999) were increased in mycorrhizahtslaThese plant

responses are generally localized.

Several studies have demonstrated that AM fungi may
predispose the whole plant to an early responsattack by a
pathogen (Gianinazzi-Pearsenh al, 1994; Pozo and Azcon-Aguilar,
2007). This boost of basal defences is knowprasing (Conrathet
al. 2006). Evidence is accumulating that priming isoasated to
systemic resistance or mycorrhiza-induced resist{MIR) (Cordier
et al. 1998; Pozoet al. 2009) and are regulated by jasmonate
signalling pathways (reviewed in Pogbal, 2010). This mechanism
contrast with the systemic acquired resistance (S&Rgered in
plants after infection with necrotising pathogeR®4o0 and Azcon-
Aguilar, 2007). Typically, the SAR relies on salicyacid produced
by the plant as a signalling molecule. Nevertheltss jasmonate and
salicylate induced pathways are characterized byptioduction of a
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cascade of PR proteins (reviewed in Conrathal, 2006). These
include antifungal chitinases, glucanases and thdos) and
oxidative enzymes, such as peroxidases, polyphermlases and
lipoxygenases. Low-molecular-weight compounds veitiimicrobial
properties (phytoalexins) can also accumulate gauts (Conratlet
al., 2006).

Different mechanisms have been reported to plapla in
plant protection by AM fungi. Implicit in all the ode of action
studies is that more than one mechanism can bévawan any single
AM fungi/plant/pathogen combination. Several medsiais can be
operative simultaneously, their respective contrins depending on
the environmental conditions, timing of the intdérac and partners
involved (Azcon-Aguilar and Barea 1996; Whipps, 200

1.4. AM fungi in agriculture

The roles of AM fungi in soil aggregation and skahtion, in
improved plant disease tolerance and in increasedilization of
nutrients represent attractive properties for lgmal farming and
sustainable management practices in agriculturstesys (Smith and
Read, 2008). The application of AM fungi are nowegrated into a
wide variety of growing systems as part of integdatpest and
management practices (Atoun and Prévost, 2005;, Béfp).
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a. Case study: AM fungi and potato crop

Potato Solanum tuberosums an herbaceous annual plant ranking as
the world's fourth most important food crop (FA@Q2). In intensive
potato crops, the use of herbicides, fertilizersl gresticides are
important and there is no conclusive chemical @rdf bacteria and
viruses. Increasing potato production while protectproducers,
consumers and the environment requires a holistp @rotection
approach that may include the use of beneficiakooiganisms like
the AM fungi.

The beneficial effect of AM fungi on potato plainas been
reported over the last decades (Gralaral, 1976; Yaocet al, 2002,
2003, Ryan et al, 2000, 2003). A number of studies have
demonstrated that inoculation of AM fungi underldieonditions
increased plant growth and tuberization of potat@shamet al,
1976, Larkin, 2008). Under nutrient deficient cdraiis, an increase
in mineral nutrition i(e. increased shoot concentrations of P, N and
Mg) was reported in mycorrhizal potato plants (Blaand Tinker,
1977; Gaur and Adholeya, 2000; McArthur and KnowR#03). The
same observations were made in a high P agriculsoib(Doudset
al., 2007). Several studies have shown that tuberdistabution and
tuber yield increased in presence of AM fungi (Deedl al, 2007).
AM fungi have also been shown to increase planstesce to potato
fungal root pathogens such Rkizoctonia solanvia the accumulation

of metabolic compounds in root tissués.(phytoalexins) (Yaet al,
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2002; 2003). Damage by nematodes and increaseanf flerance
against root-lesion nematodes was also demonst(&tgan et al,
2003; Dong and Zhang, 2006). Other results sugddebtg AM fungi
inoculation during minituber production influenchet postharvest
progression of tuber dry rot caused MWyibberella pulicaris
(anamorph.Eusarium sambucinu)rsuggesting a persistent systemic

resistance (Niemirat al, 1996).

b. Management of AM fungi in agricultural systems

Crop management used to meet production goalsviesa@ range of
practices which can be potentially detrimental foe AM fungal
association (Goslingt al, 2005; Rasmanet al, 2009); particularly
in terms of diversity (Menendezt al, 2001; Verbruggen and Kiers,
2010).

Intensive agriculture is characterized by high N @&inputs.
Under nutrient-rich conditions, host plants mayesely reduce or
even interrupt resource allocation to their fungmitners, resulting in
decreased AM fungal root colonization (Smith ancadRe2008). In
this context, Siddiqui and Pichtel (2008) demornsttathat the
beneficial effects of AM fungi are most apparentewmutrients are

limiting.

The effect of fungicides on the AM associationasnplex and
not easily predicable (Perrin and Plenchette, 1%8&reiner and

Bethlenfalvay, 1997). Several authors demonstréted the use of
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fungicides (e. mefenoxam, fenpropimorph or fenhexamid) at
recommended application rates reduced AM coloromatiand
sporulation (Campagnaat al, 2008, 2009; Zoccet al, 2008), while
other studiesif. fungicides contained carbendazim, fludioxonilor, a
mixture of propiconazole and fenpropimorph or a tome of 1,3-
dichloropropene and chloropicrin as their activgrédients) did not
report any effect on the symbiosis (Schweigeral, 2001; Burrows
and Ahmed, 2007; Murillo-Williams and Pedersen,@0occoet al,
2010)

Tillage-mediated soil disturbance has been showdisturb
the network of hyphae in soil, with consequent wtidms in root
colonization, nutrient acquisition and hence cragddy(Goslinget al,
2005; Smith and Read, 2008).

The inclusion of non-mycorrhizal crops within rateis was
associated to a decrease of AM propagules in tihedeareasing both
AM fungal root colonization and yield of subsequerdps (Doud®t
al.,, 1997; Arihawa and Karasawa, 2000). In addition dmp
succession, varietals selection, cultivation antbviang have been
shown to affect mycorrhizal activity (Hetriek al, 1996; McGonigle
and Miller, 2000).

It was assumed that the agricultural practices imeet above
could affect the mycorrhizal diversity. It was segted that AM fungi

in the Gigasporaceaeare poorly adapted to soil disturbance (de la
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Providenciaet al, 2007), thus soils used for agricultural productio
are often dominated byslomus species (Menendeet al, 2001,
Rosendahl and Matzen, 2008; Verbruggen and Kie@402 AM
fungi in the Gigasporaceaehave been shown to functionally
complement other AM fungal families e.g. Glomeraceage
Acaulosporacegein the P nutrition of plants due to their higlseil-
hyphal density (Maherali and Klironomos, 2007). €aquently, their
elimination from agricultural systems representpagential loss of
useful functional diversity for crop hosts (Verbgeg and Kiers,
2010).

In recent years, particular attention has been paidhe
management of natural soil resources. To maintaM Aungal
populations in soil used for agriculture at a readde level, there are
essentially two approaches: (i) the application rmBnagement
practices which maintain and increase AM fungi gatious
community and (ii) the inoculation (and subsequeanagement) of
selected AM fungi (Smith and Read, 2008).

As rehabilitation of diverse and effective AM furgggmmunity
may take a long time (Scullioet al, 1998), the use of commercial
inoculum may be the best way to reintroduce AM fuc@mmunity
(Easonet al, 1999). At present, AM fungal inoculum is produced
using different biotechnologies from relatively i@ techniquesi.e.
in vivo production in containers with different substratés more

complex onesif. in vitro methods) (ljdcet al, 2010) and different
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formulations are available on the markets (Giarinand Vosatka,
2004). However, few agricultural systems use AMgiumoculum
because of the high cost of production, the difficef application,
and uncertainties related to the competitive abdit AM fungi under

field situation (Gianinazzi and Vosatka, 2004).
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2. Trichoderma spp.

Trichodermaspp. is a genus of free-living fungi common in saild
roots (Harmanet al, 2004). These fungi have been described as
saprotrophic organisms, although some of them arehave the
capacity to be, mycoparasites (Barnett and Bind&73). Many
species in this genus have been characterized asrtopistic
avirulent plant symbionts and function as antagenisf many
phytopathogenic fungi, thus protecting plants frdisease (Harmaet

al., 2004).

2.1. Classification of Trichoderma spp.

Trichodermaspp. is a genus of asexually reproducing fungi iugitoy
to theHypocreaceadamily. Teleomorphs (sexual form of a fungus)
of Trichoderma are species of the Ascomycete gertdgpocrea
(Kubicek and Harman, 1998). However, many stramduding most
biocontrol strains, have no known sexual stagertdaret al, 2004).
Trichodermaspp. have a high level of genetic diversity whichkes

them easily adaptable to divers environments (Harebal, 2004).
2.2. Trichoderma sp. life cycle

As described by Kubicek and Harman (1998), the dsga grows and
ramifies as typical fungal hyphae, 5 to 10 pm iangeter. The
mycelium is composed of hyaline, septate, muchdirad and

smooth-walled hyphae. The conidiophores are higdnyified tending
-20-



Contexte of the study

to be regularly verticillate forming a pyramidatwtture (Fig. 5a, b).
The main branches of conidiophores produce numesbaosger side
branches arising in groups of three (Fig. 5a). djpex of each branch
is terminated by phialides. Asexual sporulationurs@s single-celled
subglobose to obovoid, smooth-walled, usually gremmidia (Fig.

4c) (typically 3 to 5 um in diameter) that are proed successively
and accumulate at the apex of the phialides. latarg or

occasionally terminal resting chlamydospores ase &rmed, these
also are single celled, globose or ellipsoidalodeks and smooth-
walled. In culture, colonies grow rapidity, at fisnooth-surfaced and

watery white, later becoming compactly tufted, afious shades of

green.

Figure 5 A-C Mycelium architecture offrichoderma harzianumA Conidiophore
and conidia. From Gams W. B. Conidiophored oharzianumFrom Hoog G.S. C.
Smooth-walled conidia of. harzianumFrom Hoog G.S.
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2.3. Trichoderma sp. and plant control disease

Trichodermasp. are among the most studied biocontrol ag&G&\].

In addition to the effectiveness dfichodermasp. in controlling plant
pathogens ife. Rhizoctonia solaniFusarium oxysporumPythium
Botrytis cinereaetc.), many studies have shown that these BCxs ha
properties that directly promote plant growth (Hanmn2000; Yedidia
et al, 2001; Vinaleet al, 2007). Depending upon the strain, the mode
of action of Trichoderma sp. may include (i) mycoparasitism
(Rousseatet al, 1996; Benhamou and Chet, 1997), (ii) competition
for nutrients i(e. carbon, nitrogen,...) and spaé® (specific infection
sites) (Gullino, 1992; Sivan and Chet, 1989), (jijoduction of
antibiosis and secondary metabolites (Ghisalbertind a
Sivasithamparam, 1991) (iv) improved root and plagrowth
(Harman, 2000; Chacoet al, 2007), and (v) induction of resistance
in plants (Yedidaet al, 1999) (Fig. 4). Recent reviews (Harmetral,
2004; Vinaleet al, 2007; Aviset al, 2008; Rinconet al, 2009)
present a compilation of the most recent advancasnderstanding
the mechanisms involved in the interactionToichodermasp. with

microbes and plants.

2.4. The mycoparasitism

Mycoparasitism describes a relationship in whick amcroorganism
obtains nutrients from another, affecting the haability (Jeffries,
1995). Barnett and Binder (1973) divided mycopdismsi into (i)
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necrotrophic parasitism, in which the relationshigsult in death of
the host; and (ii) biotrophic parasitism, in whitte development of
the parasite is favored by a living rather thareaddhost structure. In
Trichodermasp., mycoparasitism has been found to be necratroph
and rather specific (Viterbet al, 2007).Trichodermasp. have a wide
host range €.g. Rhizoctonia solani(Elad et al, 1983, 1987),
Sclerotium rolfsii(Eladet al, 1983),G. intraradices(Rousseaet al,
1996)).

Mycoparasitism byTrichodermasp. is a sequential process
that involves the detection of the fungal host,taof) attachment and
host penetration (Harmaet al, 2004; Vinaleet al, 2007). To
recognize potential hostrichodermasp. secretes cell wall degrading
enzymes (CWDEs: cellulases, chitinases, glucanases), (Lorito,
1998; Harmaret al, 2004; Vinaleet al, 2007). In the environment,
these high molecular weight compounds are diffused hydrolyze
the cell wall of the host fungus (Kubicek al, 2001; Howell, 2003;
Woo et al, 2006). It is believed thafrichodermasp. detects the
presence of another fungus by sensing the molecellessed from the
host by enzymatic degradation (Harmanal, 2004; Loritoet al,
2006; Woo and Lorito, 2007) (Fig. 6)richodermasp. grows towards

its host by chemotropism along the cell-wall oligamngradient.
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Figure 6 The pre-contact events of the mycoparasitic ictéya Trichodermahost
fungus. Phase 1: the mycoparasite produces highaulal weight compounds that
reach the host. Phase 2: low molecular weight-dkgian products that are released
from the host cell walls reach the mycoparasite activate the mycoparasitic gene
expression cascade (modified from Vinatel, 2007).

Once the fungus come into contattichodermasp. attach to
the host by binding carbohydrates of their celllsvéd the lectins of
the target fungi (Inbaet al, 1996).Trichodermasp. can coil around
the host or attach on the host surface as 'T-shapauch’ structures
(Gupta et al, 1999; Harmanet al, 2004) and form appressoria
(Rousseauet al, 1996; Harmanret al, 2004). At the site of the
appressoria;,Trichodermasp. degrades the host wall by producing
CWDEs and probably peptaibol antibiotics (Schimbetlal, 1994).
The holes produced allow férichodermasp. to penetrate into the
lumen of the host and to assimilate the intracatlutontent
(Benhamou and Chet, 1997richodermasp. not only parasitize the
hyphae of many fungal species but also can pepetmatl destroy
some of the resting structurese(sclerotia, spores), thereby reducing

their inoculum potential in soil (Lee and Koske 949
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The mycoparasitism activity is regulated by hosuiced genes
and genes induced upon release of catabolite #preéVviterbo and
Horwitz, 2010). The mycoparasite, growing initialkg a saprophyte
in a nutrient-scarce environment.e( under depleted carbon or
nitrogen sources), may elicit genes encoding CWib&s will enable
it to attack a host whenever it becomes availaBénitezet al, 1998;
Lorito, 1998). It was also suggested that mycoptsas may be
mediated by different environmental stress inclgdpH (Moreno-
Mateoset al, 2007), and that antagonism itself is a stressasan
(Olmedo-Monfilet al, 2002).
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3. Interaction of the AM fungi and beneficial

saprotrophic Trichoderma sp.

In sustainable, low-input cropping systems the goleof
microorganisms in maintaining soil fertility, impiog plant nutrition
and biocontrol of plant pathogens may be more itambrthan in
conventional agriculture in which high inputs ofr@chemicals are
used. Numerous studies have reported that the capiph of
beneficial microorganisms may represent a reliadlternative to
reduce the application of pesticides in modern cadfrre.
Combination of microorganisms having multiple pesi$s and
complementary functions could be more beneficial iftcreasing
growth and yield and may provide plant protectiorder different
conditions (Harman, 2000). Thus, a better undedstan of the
interactions between beneficial microorganisms nieyp in the

development of sustainable agricultural practices.

A number of studies have reported the interactioAM fungi
with Trichodermasp. The major results of this interaction is re\aew
and presented in Table 2. Co-inoculation of AM fungith
Trichoderma sp. has been applied for several decades for their
synergetic anticipated effects on plant growth disgase suppression
(Kohl and Schlosser, 1989; Haggag and Abd-El Lafif)01;
Srivastaveet al, 2010).

-35-



Table 2. Interaction effects of arbuscular mycorrhizal (Afhgi with Trichodermaspecies (modified from Saldajeabal, 2008)

Trichoderma Experimental

Inoculation

AM fungus . . o Interaction effects References
species condition timing
Glomus T. hamateum . _ . o . Kohl and
etunicatum T harzianum soll T=AMF No effect on AM fungi root colonizatioon maize Schlosser, 1989
G. etunicatum  Gliocladium . _ Effects of T on AM fungi colonization were variable Rauhtz and
N soil T=AMF X X Linderman,
G. mosseae virens on cucumber depending on medium used 1991
T. harzianum L _ No effect on germination of AM fungi resting spares Calvetet al,
G. mosseae T. aureoviride In vitro AMF=T enhanced production of AM fungi vegetative spores 1992
G. mosseae T. harzianum soil AMF>T Decrease of AM fungi root colonization soybean Wyiggtzal,
G. mosseae T. aureoviride  Peat-perlite AMEST Increased AM funfi root colonization on marigold; Calvetet al,
) T. harzianum mixture enhanced dry weight and foliar area 1993
N Lo _ T inhibite the germination of AM fungi; McAllister et
G. mosseae T. koningi In vitro AMF=T no effect of AM mycelial development al., 1994a
AMF<T Variable effects on AM fungi colonization; McAllister et
G. mosseae T. koningii soil AMF=T T population in soil and plant dependent on time of
) ; : al., 1994b
AMF>T inoculation on lettuce and maize

(continued)



Gi. Gigantea

G. intraradices

G. intraradices

G. intraradices

G. mosseae

G. mosseae

Trichoderma
sp.

T. aureoviride

T. harzianum

T. harzianum

T. harzianum

T.
pseudokoningii

sand

organic
substrates

soil

in vitro

soil

in vitro
soil

AMF>T

AMF=T

AMF<T

AMF=T

AMF=T
AMF<T

Parasitism of AM fungi spores Lee and Koske,

1994
Increased plant growth of Citrus Camprubiet al,
no effect of AM fungi root colonization 1995

Significant decrease in severity and incidence of Datnoffet al,

disease on tomato 1995
Parasitism of extraradical mycelium of AM fgin Rousl%angt al,
Negative or no effect on root colonization of AM Siddiqui and

fungi; increased SDW and height of pigeon pea;

reduced nematode population and wilting index Mahmood, 1996

No effect on AM fungi spore germination and hyphal

growth;
no effect of AM Fungi root colonization of Fracchiaet al,
Gliocladium roseum; 1998

increased population @f. pseudokoningii
decreased population ®f harzianum

(continued)



G. intraradices

G. intraradices

G. deserticola

G. mosseae

Gi. rosea
G. mosseae

G. fasciculatum

T. harzianum in vitro
T. harzianum soil
T. harzianum soil
. in vitro
T. harzianum .
soil
T.
pseudokoningii  in vitro
(several strains)
T. harzianum soil

AMF<T

AMF<T

AMF=T

AMF=T

AMF=T

AMF=T

Conidial germination of T were stimulated in the _...
Filion et al, 1999
presence of the AM fungal extract
No effect on AM fungi P transport;
adverse effect on SDW,;
effect on RDW;
reduced root colonization by AM fungi

Greenet al, 1999

No effect on AM fungi or T colonization; Véazquezet al,
no effect on the growth of maize 2000

Enhanced AM fungi growth in dual cultures;
increased T population in rhizosphere soail; Haggag and
increased growth of Geranium; Abdel Latif, 2001
reduced root-rot

T inhibe spore germination of both AM fungi ~ Marinezetal,

2004

Effect on plant growth and transpiration of chicape ., . .
. . . Siddiqui and
plant with and without plant pathogens; Singh, 2004

no effect of AM fungi root colonization.

(continued)



G. mosseae

G. deserticola
G. mosseae

G. mosseae

G. intraradices

G. mosseae

T. harzianum

T. koningii

T.
pseudokoningii

T. harzianum
G. virens*

T. harzianum

peat

soill

soil

soil

soil/sand

AMF=T

AMF=T

AMF=T

AMF=T

AMF=T

No effect on the CFU of T;
no effect of AM root colonization of strawberry;
no effect on plant growth;
decreased the number of oosporeBloftophotora
fragaria

Increased SDW, nutrient concentration and
chlorophyll; content oEucalyptus globulus
contaminated soil;
increased percentage of AM root length
colonization

Suppressed nematode reproduction and
reduced nematode galling;

Increased in the growth of tomato plants;

Vestberget al,
2004

Arriagada etl.,
2005, 2007

Oyekanmiet al,
2007

Siddiqui and

Reduction in galling and nematode multiplication Akhtar, 2008

Enhanced cucumber plant growth;
increased the percentage of AM fungi root
colonization;
decreased the population development of T;
suppressed damping-off disease

Chandaniest al.
2009
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Decreased melon fresh weight;

G. intraradices . .
increased the percentage of AM fungi root . .
G. mosseae . . _ 2 Martinez-Media
; T. harzianum soil AMF=T colonization;
G. claroideum X . et al, 2009
- decreased the population development of T;
G. constrictum .
suppressed plant pathogéasarium

G intraradices  T. harzianum soil AME=T Reduced the incidence Eﬂsarlumwnt of tomato; Srivastaveet al.,
Increased tomato yield 2010
SDW = shoot dry weight; RDW = root dry weight; AMrgi = arbuscular mycorrhizal fungi; TEichoderma CFU = colony forming unit.
AMF<T = arbuscular mycorrhizal fungi inoculated defTrichodermasp.; AMF=T = arbuscular mycorrhizal fungi inoc@dtat the same

time thanTrichodermasp.; AMF>T = arbuscular mycorrhizal fungi inoc@dtafterTrichodermasp.
* The morphological borders betwe@richodermaandGliocladiumare blurred. However, according to results obtaimgcholecular

methodsGliocladium virends now generally recognized as belonging to thaug&rnichodermaGams and Bisset 1998)




Contexte of the study

Even though their synergistic or additive effectdnédeen reported on
growth and yield and for the control of various ntlgpathogens
(Calvetet al, 1993; Datnoffet al, 1995; Chandaniet al, 2009), a
number of studies also reported negative effects thhm AM
development (Rousseaat al, 1996; Greeret al, 1999; Martinezet
al., 2004) and a concomitant reduction in plant penfmce i(e. shoot
and root dry weights) (McAllisteet al, 1994a, b; Martinezt al,
2004).

The antagonistic mechanisms Tfichodermasp. reported on
plant fungal pathogen may pose risks to the nageta#M fungi. For
instance, McAllisteet al. (1994a) and Martineet al. (2004) observed
that the saprotrophic fungi produce soluble andatdel substances
affecting AM spore germination. Metabolites prodiigee. chitinase)
by T. harzianunmay also play a role in mycoparasitism of AM fungi
(Rousseawet al, 1996).Trichodermasp. has been shown to penetrate
spores (Lee and Koske, 1994) and extraradical nyoedf the AM
fungi, resulting in dissolution of the cell walRdusseaet al, 1996).
These saprotrophic fungi can also affect the dewetnt of the
mycorrhizal presymbiotic phase (Wysstal, 1992; McAllisteret al,
1994b) and decrease AM fungi root colonisation,sgig through
interaction with the external mycelium of the mytdzal fungus
(Greenet al, 1999). Wysset al, 1992 attributed the reduction of
mycorrhizal root colonization to the induction ofapt defence
compound i(e. an antimicrobial phytoalexin) in root tissues in
presence off. harzianum The ability of Trichodermasp. to impede
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Contexte of the study

colonization of plant roots by AM fungal speciespagrs to be
dependent on the order of inoculation of the fuhdcAllister et al.
(1994b) demonstrated that root colonization 8y mosseaewas
reduced only when plants were simultaneously irateal with T.
koningii and G. mossea®r whenT. koningiiwas inoculated before
the AM fungus. The presence ®f koningii affected the AM fungi
metabolic activity, materialized in a decrease he amount ofG.
mosseae hyphae showing succinate dehydrogenase activity
(McAllister et al, 1994b). Also, in the presence of AM fungi, the
population ofT. harzianumn the rhizosphere was reduced indicating
that the AM fungus appeared to be antagonisti@pyatrophic fungi
(Fracchieet al, 1998; Greemt al, 1999).

According to the diversity of results obtained,rthare clear
evidences that the interaction between AM fungi @ridhodermasp.
may produce a different effectd. synergistic to antagonistic) on
plant growth and fungal development depending arsioother things
on the genus considered as well as on the envinotaineondition.
Since interactions of biocontrol agents with beriafi organisms in
the rhizosphere might stimulate biocontrol in arnroagosystem
(Calvet et al, 1993; Paulitz and Linderman, 1991; Brimmer and
Boland, 2003), it is important to study interacgonf biocontrol
agents with non-target beneficial organisms in gbi to ensure the

successful development and usage of biocontrdksfies.
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Research objectives

The combination of AM fungi withT. harzianumto improve plant
health and increase plant productivity may represanalternative to
the application of pesticides and fertilizers irstasinable agriculture
(Saldajenoet al, 2008). However, results published so far are
controversialT. harzianums known to be an opportunistic, avirulent
plant colonizer but has also been reported as anistgof other fungi
including the AM fungi. Thus, it appears essentialunderstand the
mechanisms which govern the interaction betw&eharzianumand
Glomus sp. in order to manage these microorganisms inntbst

efficient way to improve plant health and produityiv

The main objective of this thesis was to studyititeraction of
T. harzianum (MUCL 29707) with an AM fungus,Glomus sp.
(MUCL 41833) in order to develop a microbial inaoo containing

both beneficial microorganisms.

Therefore, different question were asked:

1. Is it possible to extend the classigalvitro culture systems used
with single microbesig. AM fungi), to multiple microbesi.

Glomussp.,Rhizoctonia solanandT. harzianunf?
2. How doT. harzianumaffect the AM symbiosis?

2.1. DoT. harzianumimpact the development and the viability of

Glomussp.?

2.2. DoT. harzianundecrease the P transport®pmussp.?
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Research objectives
3. Does co-entrapment &lomussp. withT. harzianunmfungi within
the same alginate inoculum affect the germinatiod establishment

of the AM symbiosis?
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V. CHAPTER 1

Coupling  autotrophic in  vitro  plant
cultivation system to scanning electron
microscope to study plant-fungal

interactions

Spanish Journal of Agricultural Research (2010) 8(S  1): S69-S78

De Jaeger N., Decock C., Declerck S. and de la Providencia I.E.
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Chapter 1

1. Preface

Investigating and understanding the interactionsvéen symbiotic
(AM fungi) and saprotrophice(g. T. harzianum microorganisms
necessitates the development of adequate culturaitmms to
separate the direct interactions from potentiallgleading abiotic or
biotic factor. Here, the HAM-P culture system deyeld for thein

vitro mycorrhization of micropropagated potato plantediget al,

2005) was extended and adapted to study the |tk @f three major
soil microorganisms: a symbionGlomus sp.), a saprotrophT(

harzianun) and a plant pathogeiRlizoctoniasolani). The life cycle
of the three organisms was described on their comimast, the

potato, under strict controlled conditions.
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2. Summary

The interactions of plants with pathogens and heiaéf micro-
organisms have been seldom compared on the samebainder
strict controlled autotrophim vitro culture conditions. Here, the life
cycle of two plant beneficial Glomus sp. MUCL 41833 and
Trichoderma harzianujrand one plant pathogeRlgizoctonia solani
fungi were described on potatS8dlanum tuberosunplantlets under
autotrophicin vitro culture conditions using video camera imaging
and the scanning electron microscope (SEM). (i) Tdéwony
developmental pattern of the extraradical myceliwithin the
substrate, (i) the reproduction structures and) (the three-
dimensional spatial arrangements of the fungal hgplwithin the
potato root cells were successfully visualized, iooed and
described. The combination of the autotroghiwitro culture system
and SEM represent a powerful tool for improving @apwledge on

the dynamics of plant-fungal interactions.

Keywords: arbuscular mycorrhizal fungi, autotrophic cultgystem,

potato,Rhizoctoniascanning electron microscogejchoderma
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3. Introduction

The rhizospherei.e. zone of soil influenced by plant roots and
characterized by an important microbiological atjvrepresents a
highly dynamic region governed by a complex mosdimteractions
between plants and microorganisms (Kennedy and rea,L2004).
Some microorganisms inhabiting this zone are beiafto plants
(e.g. increase soil fertility and structure, control ropathogens)
(Bareaet al, 2005), while others are detrimentale( pathogenic)
causing considerable damage to economical impoceogs (Higa
and Parr, 1994). One primary objective in studieshe biology of
this soil-root interface is to improve the interans between the plant
and the plant-beneficial microorganisnesg arbuscular mycorrhizal
(AM) fungi, Trichodermaspecies), whilst controlling the harmful

effects of those which are phytopathogenic.

Host-pathogen interactions as well as host-berfici
microorganisms interactions are multi-step procest®t involve
adhesion to the host surface, infection/colonizatid root tissues,
which provokes cell damage and disease or helpldrds to acquire
nutrients and withstand stress conditions. To stiiiise processes
severain vivoandin vitro systems have been set up that includes both
the host and the pathogenic or beneficial micranigms (Friese and
Allen, 1991; Olivain and Alabouvette, 1999; Vieeshers et al,
1999; Declercket al, 2005; Huanget al, 2005). Recently, an

autotrophic culture system was developed for time vitro
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mycorrhization of micropropagated potat&Go{anum tuberosum

plantlets (Voetset al, 2005). This system provides unique
visualization of the AM fungal development and thessibility to
conduct time-course non-perturbed three-dimensiomaiphological

observations.

The potato has been described to form beneficeda@ations
with AM fungi (Duffy and Cassells, 2000) antrichodermaspp.
(Harmanet al, 2004), while being severely affected Bjpizoctonia
solani (Snehet al, 1996). Arbuscular mycorrhizal (AM) fungi and
fungi from the genusTrichoderma are well known to develop
beneficial associations with plants (Harmetnal, 2004; Smith and
Read, 2008). Members of both groups increase pjaomvth and
productivity and have been shown to behave as htomloagents
against a wide range of important soil-borne ptaathogens (Harman
et al, 2004; Bareat al, 2005). Certain members of tRhizoctonia
genus ie. R. solani (Snehet al, 1996) are known to be pathogens
causing serious damages to some of the most inmogtaonomical

crops throughout the world.

Although the life cycles of many soil-borne fungave been
studiedin vitro, most have not been comparad/ivoon a single host
plant specieseg(g. potato) that is susceptible to a large number of
pathogenic €.g. R. solani and beneficial €.9g. AM fungi and
Trichoderma microorganisms. This difficulty was partly reldteo

the obligate symbiotic nature of AM fungi whicim, vitro, was most
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often studied on transgenic excised roats,without photosynthetic
tissues (see Declerak al, 2005). Hence, the objective of this work
was to describa vitro the life cycle of three major fungié. Glomus
sp. MUCL 41833,T. harzianumandR. solanj on autotrophic potato
plantlets as a single host. For the three fungg, Higphal extension,
colonization of the substrate, root infection/cokation and
reproduction structures were described under agbic in vitro
culture conditions (Voetst al, 2005), combining the video camera
imaging (de la Providenciat al, 2005) and the cryo-electron

scanning microscope (cryo-SEM) (Read and Jeffra@1)L
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4. Material and methods

4.1. Biological material
4.1.1. Propagation and maintenance of potato plargts stock

In vitro propagated potato plantletSdlanum tuberosuin cv. Bintje)
were supplied by the Station de Haute Belgique ibrdmont,
Belgium. Plantlets were micro-propagated every fiweeks by
placing nodal cuttings in sterile culture boxes €60 x 50 mm, 20
cuttings per box) (see Voets al, 2005), filled with 50 ml of 4.41 g
L-1 sterilized (121°C for 15 min) Murashige and 8&o(MS)
medium (Murashige and Skoog, 1962), supplemented 20 g T*
sucrose, 3 g1 Gel Gro™ (ICN, Biomedicals, Inc., Irvine, CA, USA)
and adjusted to pH 5.9. Plantlets were kept inatr chamber at
20/15°C (day/night) and illuminated for 16 h'dunder a
photosynthetic photon flux of 3&nol m?s™.

4.1.2. Culture, propagation and maintenance ofGlomus sp.

MUCL 41833, Trichoderma harzianum and Rhizoctonia solani

The AM fungus used waslomus sp. MUCL 41833, formerly
identified asGlomus intraradicesind presently reclassified in a clade
that contains the recently described specgsirregular Blaszk.,
Wubert, Renker and Busco (Stockinggral, 2009) was supplied by
Glomeromycota IN  vitro  Collection (GINCO)  (http://

www.mbla.ucl.ac.be/ginco-bel). The spores were aetéd by
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solubilization of the gellan gel (Doner and Bécat®91) and an
approximate of 100 were placed close to activebywyng transformed
carrot Daucus carotalL.) roots (approximately 70 mm length) on
Petri plates (90 mm diam.) containing the Modifféttullu-Romand
(MSR) medium (Declercket al, 1998 modified from Strullu and
Romand, 1986) solidified with 3 g'l1Gel Gro (ICN, Biomedicals,
Inc., Irvine, CA, USA) (Cranenbroucét al, 2005). The Petri plates
were incubated during 3 months in the dark in ariited position at
27°C. Several thousand spores and extensive mytehlere

produced within this period.

A culture of Trichoderma harzianurRifai MUCL 29707 was
supplied by the Mycothéque de I'Université cathoéigde Louvain
(MUCL) (http://bccm.belspo.be/about/mucl.php). Augl of gel
containing several conidia and mycelium was plaogéal a sterile 1.5
ml glass tube filled with 0.4 ml of 1% sterile dlisd waterpeptone
(SDWP) (Duchefa, The Netherlands). The plug waglsdiin the
SDWP with a vortex mixer for 15 s and the suspensvas serially
diluted to 10% From the 1T dilution, 50 ul was spread on potato
dextrose agar (PDA) (Scharlau Chemie S.A, Barcel@pain) Petri
plates and further incubated at 25°C for seven.dalgs Petri plates

were subsequently maintained at 4°C until needed.

A culture of Rhizoctonia solafi Kuhn MUCL 49235 was
supplied by MUCL. A plug of gel containing sevetallbils (or

! Anastomosis group 3 (AG 3)
-55-



Chapter 1

sclerotia, hard pieces of mycelium tissue) (Se¢hal, 1996) and

mycelium was placed on PDA Petri plates that wkes tincubated at

25°C for seven days.
4.2. Experimental set-up

Ten days old potato plantlets were used to studylitl cycle of the
three fungal organisms under vitro autotrophic culture conditions.
One potato plantlet was inserted in each Petriepat the MSR
medium, with the roots placed on the surface ofrtteglium and the
shoot extending outside through the hole madeeabése and the lid
of the Petri plate (for details, see Voetsl, 2005). Spores of the AM
fungus cultures were isolated by solubilizationtltd MSR medium
(Donner and Bécard, 1991) and maintained in degmhigterilized
(121°C for 15 min) water before inoculation. Appiroately 50 spores
were placed in the vicinity of the roots of potatantlets in each Petri
plate. The Petri plates were then closed with gardf (Pechiney,
Plastic Packaging, Chicago) and the hole cautioptgtered with
sterilized (121°C for 15 min) silicon grease (VWRtdrnational,

Belgium) to avoid contaminations (Voetsal, 2005).

The inoculation with theél. harzianumstrain was performed
using 50ul of fungal suspension from a “Fodilution containing
several conidia and mycelium (see above). The sisspe was spread
on Petri plates containing PDA and incubated atC2&r 24 h. A
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single-germinated conidium was transferred to tbet wicinity of

potato plantlet and the Petri plates were closeabase.

The inoculation withR. solaniwas performed with a 3 mm
diameter plug removed with a sterile cork borenfra seven day old
culture on PDA medium. The plug containing abunaaytelium and
bulbils was placed in the vicinity of roots of pimtglantlets and the

Petri plates were closed as above.

Whatever the fungus, all the Petri plates were @Vavith an
opaque plastic bag and incubated horizontally gnoavth chamber set
at 22/18°C (day/night) with 70% relative humidigy16 h photoperiod
and a photosynthetic photon flux (PPF) of 3000l m? s™. Ten ml
of sterilized (121°C for 15 min) MSR medium lackisgcrose and
vitamins (cooled to 40°C in a water bath) was adelesty two weeks
in the Petri plates containing the AM fungus to mtain an adequate
level of MSR medium and to supply the plantlets hwienewed
nutrients. For each fungus, five replicates werm@red. In addition,

five uninoculated potato plants were used as cbntro

4.3. Observations and description of the fungal

development

For the three fungi, the hyphal extension, colditzeof the substrate,

root infection/colonization and reproduction stwres were

described. Anastomosis, that & mechanism by which different

branches of the same or different hyphae fuse mstitate a mycelial
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network»(Kirk et al, 2001) formed during the colony development of
the three organisms was further categorized fohgwihe detailed
description performed by Buller (1933). For the Aihgus the Petri
plates were checked weekly during 6 weeks followihg method
described in Declerckt al. (2001). ForT. harzianumand R. solani
strains the development of the fungal colony wakodiced daily
during 2 weeks due to the high speed of myceliurelb@ment. All
the measurements were conducted under a dissectiogpscope
(Olympus SZ40, Olympus Optical GmbH, Hamburg, Gearya
(magnification x6.7 to x40) and compound brightdielight
microscope (Olympus BH2-RFCA, Olympus Optical GmbH,
Hamburg, Germany) (magnification x50 to x250). lmsgof the
different stages of the life cycle of the threeduwere captured with

a digital camera (model Leica DFC320; Leica Micsisyns Ltd.)
coupled to a compound brightfield light microscapympus BH2-
RFCA and displayed on a 15-inch hp pavilion ze4&6Mputer using
the image manager software: Leica IM50, version 4d€ica

Microsystems Imaging solutions Ltd., Cambridge, UK.

Newly produced spores @lomussp. MUCL 41833, conidia
of T. harzianumand mycelium and bulbils d®. solanj isolated from
autotrophicin vitro cultivation system after 6 weeks and 12 days,
respectively, were tested for their capacity tongeate and ability to
produce the fungal life cycle. Spores of the AMdusa were isolated
by solubilization of the MSR medium (see above) atated in the
vicinity of roots of potato plantlets in Petri pat (90 mm diam.)
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containing the MSR medium without sucrose and \vitam(see
above). The Petri plates were incubated in the seomelition that
described above. Germination was observed underostaicroscope
at 10-40x magnification after 10 days. A plug ofl gentaining
several conidia and mycelium @f. harzianumand a plug of gel
containing several bulbils and mycelium Rf solaniwere placed on
PDA and MSR Petri plates and further incubated 58C2for three
days. The regrowth of. harzianumandR. solaniwas observed under

stereo microscope at 10-40x magnification.

4.4, Tissue preparation and cryo-fracturing electro n

scanning microscopy (cryo-SEM)

Six weeks after inoculation with the AM fungus a®ichnd 12 days
after inoculation withT. harzianumandR. solanj some of the roots
developing on the surface of the MSR medium anzbimact with the
fungal mycelium were gently removed from the gethwiorceps
without damaging the whole root system and dishghihe fungal
colony development. Six days old, 12 days old andeék old un-
inoculated roots of potato plantlets were also lgaeimoved from the
gel and used as control for comparing the levedavhage caused by
the pathogens with the normal process of root agiing roots were
excised to 1 cm length and put into sterilizediltist water. The root
pieces were subsequently transferred to PressabB¥SéMolecular
Probes) silicone chambers and pressed onto a anpsaope slide 24
x 60 mm (Menzel-Glazer®). Sterilized wateragar 3% (ml) (Oxoid,
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Basingstoke, Hampshire, England) was added to hiaenber to fix

and immobilize the root pieces, and thus to cradten layer in which
they were embedded. Subsequently, the siliconatmothamber was
removed and the root pieces embedded in the sdiérvagar were
transversally cut with a sterile scalpel. For SEbs@rvations (SEM
Phillips XL20, Amsterdam, The Netherlands), rooerevflash frozen
(=212°C) in liquid nitrogen under vacuum for cryBd (Oxford
CT1500 cryosystem, Oxford, UK), transferred to theeparation
chamber and then to the SEM chamber where therfreamples were
sublimated (-80°C) to remove ice particles. Samplese viewed
under 2-5 kV at —=170°C to —190°C.
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5. Results
5.1. Glomus sp. MUCL 41833 development

Germination of the AM fungus spores was observed days after
inoculation. Straight, coenocytic and hyaline gewating hyphae
arose through the subtending hyphae of spores emelaped on the
surface of the medium. Vigorous 10-kB wide hyphae branched at
angles of approximately 45° and extended over diistances on the
MSR medium. Following contact with the host rooitfim one week)
several appressofiavere formed (Fig. 7a). Subsequently, multiple
hyphae developed intercellularly within the cor(€ig. 7b) extending
root colonization beyond the site of penetratiam.phrallel, runner
hyphae (RH) developed extensively in the growth iomagd and
ramified repeatedly into hyphae bearing numerousinddring
absorbing structures (BAS). Interconnections ofHag by means of
hyphal fusions (anastomosis) were often observedlliparts of the
colony. Fusions between hyphae were observed thrtipgo-tip or

tip-to-peg fusions to form an intermingled netwofkmycelium.

! Renamed hyphopodia (Bonfante and Genre, 2010)
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Figure 7 Description of the development @lomussp. MUCL 41833 under
autotrophic conditions in association wiflolanum tuberosun{a) Appressoriurh
formation on the surface of the host root (blackow), bar = 100um. (b)
Intercellular development and spreading of hyphe@té arrowhead). Note that the
sequestered solutes during freezing give the strisippearance to the fully
turgescent root cells (black arrow). Some cells amgpty caused by the aging
process of cell tissue (white arrow), bar =&0. (c) Sectioned root cell showing the
development of the 1st order branches of arbuseitten the cortical cell (white
arrows) as well as the intercellular hyphal spregdif the fungi (white arrowhead),
bar = 30um. (d) Full developed and highly branchadumtype arbuscule (black

! Renamed hyphopodium (Bonfante and Genre, 2010)
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arrow). Note that the arbuscule is occupying thgerolume of the root cell, bar =
40 um. (e) Senescing arbuscule (white arrowhead), b4 gm. (f) Formation of
vesicle and spores a few millimetres behind thexaipet zone (arrow), bar = §im.

The first daughter spores appeared four weeks ipostdation and
their formation was observed mainly on the primayphae i(e. RH).
After extensive colonization of the substraie.(eight weeks post-
inoculation) hundreds of spores of 92.7 ard diam. were produced.
Numerous vesicles and intraradical spores wererebdavithin roots.
Some of them were observed a few millimetres beliwedroot apex
(Fig. 7f). Observation of the root under cryo-SEM weeks post-
inoculation revealed the structural details of tlevelopment of the
Arumtype arbuscule, intercellular hyphae penetraté walls at the
inner root cortex and ramify in the apoplast fipdrming one highly
branched tree-like structure (Smith and Read, 200®). 7c-e).
Sectioned root segments showed the 1st order rarwfharbuscules
(Fig. 7c), highly branched mature arbuscules, ogitigpthe entire cell
volume (Fig. 7d) and degraded arbuscules (Fig. Rept cells in
intimate contact with the AM fungus did not showyasigns of
cellular degradation, but fully turgescent cellsreveften observed
showing striations which are sequestered solutemdd during
freezing (Fig. 7b). Cryo-SEM analysis after six weef culture also
showed empty root cells caused by the aging prockdse root cell
tissues (Fig. 7b).

The observations of spore germination showed t8%i 6f the

newly produced spores germinated within 10 daysphdg growth
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was observed emerging through the lumen of theesdlitg hyphae.

The spores were able to form associations with ribes of the
plantlets in the autotrophiim vitro culture system and produce new

spores.
5.2. Trichoderma harzianum MUCL 29707 development

The development of. harzianumwas marked by a rapid germination
of conidia. Highly branched hyaline germinating hgp, branched at
angles from 10 to 90°, extended rapidly on the M&&dium. During
the first 24 h, hyphae (3-1@m diam.) extended radially and a dense
network of interconnected hyphae was observed lirpats of the
colony where anastomoses were observed througp-to-tip, tip-to-
peg and peg-to-peg fusions. Forty-eight hours |éf@r hours post-
inoculation) the entire Petri plateise( roots and MSR medium) were
covered with the fungal mycelium (Fig. 8a). Consawith roots were
observed (Fig. 8b) at that time. Aerial myceliumthwarachnoid’s
appearance was coiled to the aerial roots (Fig.Hayever, the direct
and scrupulous observations of roots under brigid-flight and
electron scanning microscopes did not reveal amygtsire resembling
appressorium. Five days after inoculation, conidiamus cells
(phialides) producing single phialidospores atttheof each phialide
were observed (Fig. 8d). Conidiophores were gathere loose
aggregates scattered on the surface of the medidionming compact

tufts along and attached to the roots (Fig. 8e).
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Figure 8 Description of the development ®fichoderma harzianunvUCL 29707
under autotrophic conditions in association whlanum tuberosun{a) Highly
ramified mycelium (black arrows) spreading and onaimg the substrate (MSR
medium), bar = 25@m. (b) Growth of the hypha towards the root (arroMgte the
contact with the surface of the root (arrowheady,  30um. (c) Aerial mycelium
coiled around the roots (arrow), bar = 25®. (d) Conidiogenous cells producing
single phialidospores at the tip of each phialidegk arrowheads), bar = 28n. (e)
Conidiophores forming compact tufts along and &tealcto the roots (arrows), bar =
200 um. (f) Sectioned root segment showing an intacticaircell (arrow). Note the
presence of a mature conidiophore attached toditesurface (arrowhead), bar = 20
pum.
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The distribution of the conidiophores along thetraais was not
correlated with the age of the root, since thesectires were
observed along the main root as well as in secgraiad lower order
branches. Gradual changes in the colour of theeagtes or tufts
from white to green and finally greyish-green, daling production
and maturation of the conidia, were observed. Niarolidospores

were detected during the experimental period.

No root cells invasion was observed under SEM #&ftéays or
after 12 days of roots contact. Hyphal developmastwell as
conidiophores formation was confined to the epidemmot zone (Fig.
8f). The root cells did not show any signs of degten caused by the
presence off. harzianum Full content striated cells caused by cryo-
preservation process were observed. The myceliwncanidia ofT.
harzianumproduced in the autotrophic culture system were dbl

regrowth and to produce new conidia.
5.3. Rhizoctonia solani MUCL 49235 development

Within the initial 24 hours following inoculationegeral hyaline
hyphae emerged from the plug. Hyphae close tortbeuiation plug
presented a negative geotropism (hyphae growingtghveontrary to
the gravity) and were highly ramified. The myceliwonsisted of

septate, hyaline hyphae, branching at 45-90° angles
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! é’- < 2R t, ;;'J —_ v .

Figure 9 Description of the development Bhizoctonia solanMUCL 49235 under
autotrophic conditions in association wilolanum tuberosunfa) Highly branched
hyphae growing towards the roots (double arrowhedis = 250um. (b) Contact
with root and formation of a T-shaped branch” appoeial structure at the surface
of the root (arrow), bar = 50m. (c) Intracelullar spreading of hyphae. Note that
spreading of hyphae is parallel to the root veftioas (arrows), bar = 20pm. (d)
Formation of compact tufts of bulbils (reproductistnuctures) close to the roots,
bar= 200um. Inset: Closer view of bulbils, bar = 16n. (e) Highly deteriorated
cortical cells (black arrow) due to the presenc&kofolanihyphae, bar = 1m.
Inset: Closer view of intercellular hypha, bar su®. (f) Well-preserved root cells
being infected byR. solanihyphae (double arrowheads). Note that the roos ckdl
not collapse due to the presence of intracellWahhe, bar = gm.
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The hyphal width varied from 5 to 1@n. The mycelium was growing

over the surface of the medium and no contact wabts was
observed within this period. Forty-eight hours tafé2 hours post-
inoculation) the mycelium developed extensively drygbhae were
growing into the medium. Hyphal anastomoses invgvtip-to-tip
and tip-to-peg fusions were clearly observed irpalits of the colony.
Long hyaline hyphae having numerous lateral brametere growing
towards the adjacent roots and colonizing the satest(Fig. 9a).
Hyphal swelling and coiling forming a right angleabch called «T-
shaped branch» and giving rise to short appredsstiacture or
infection pegs, were observed on several pointthefroot surface
(Fig. 9b).

No formation of infection cushions was observederaft
inoculation during the whole experiment. The myaaliwas firmly
attached to the root surface. Subsequently, hypleetrated the
epidermal tissue and developed both inter- andaetiularly, parallel
to the root vertical axis (Fig. 9c). Necrosis oé ttoot hairs near the
infection points was the first sign of fungal damadlowever the
observations under bright-field light and scanningectron
microscopes did not reveal fungal infection via tlo®t hairs nor
fungal occupation in this root zone. Particularthe cryo-SEM
observations of the roots 6 days after inoculattowed hyphal
invasion of cortical cells. Total degradation ofl agtoplasm caused
by the pathogen was observed (Fig. 9e). Howevarideation of the
root tissue was not extended to the whole root esyst
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Undifferentiated aggregations of thick-walled métad cells called

bulbils, that represent the survival structures Ruf solanj were
observed after seven days of inoculation (Fig. 9diese structures
were observed mainly superficially (Fig. 9d) oreigéd attached to
the roots. The cryo-SEM observations twelve daysrahoculation
revealed severe damage to the entire root systemn Evhen the
cytoplasmic content of the root cells was totaljgchded at that time
(Fig. 9e), our observations showed well-preservell walls (.e.
without deformation or distortion in their struadr Fungal hyphae
were easily observed within the root cells (Fig) @ad in the
intercellular spaces. In addition, hyphae were imadigned with the
vertical root axis (Fig. 9f). The mycelium and adiai of R. solani
produced in the autotrophic culture system were &bkegrow and to

produce new bulbils.
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6. Discussion

The development of appropriaite vitro autotrophic plant cultivation
systems on which several fungi with different nelaships to root
cells (.e. obligate symbiont, non-obligate plant-beneficiahdy and
pathogen) can develop represents an important ttogtudy plant
micro-organisms interactions. Here, we successfutipnitored,
visualized and described the life cycleGlbmussp. MUCL 41833T.
harzianum MUCL 29707 andR. solani MUCL 49235 on potato
plantlets grownin vitro under autotrophic culture conditions. The
system allowed for easy visualization of the fung#&iuctures by
means of cryo-SEM analysis performed on root delidirect contact

with these fungi.

The life cycle ofGlomeromycotgSchufileret al, 2001) has
been described for several species (Fomin al, 2002). The
development of root organ culture (ROC) (see Deklet al, 2005)
improved significantly the description of the liégcle, among others
for the vesicles-formingslomusspecies (Chabatt al, 1992; Strullu
et al, 1997). However, the use of ROC to study AM furgyahbiosis
has some limitations, particularly the absence bbtpsynthetic
tissues necessary to have a normal hormone bataracphysiological
source-sink relationships (Fortiat al, 2002). To overcome this
limitation, Voetset al. (2005) developed a system in which the plant
roots were intimately associated to an AM fungus.this system

culture plant roots grew on a gelled medium undectsin vitro
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conditions, while the photosynthetic shoot devetbpeder open-air

conditions. Using this system we observed sporemigation,
appressorium formation, root colonization, and spproduction. In
addition, SEM observations of the root cells regdalfor the first
time, the inter and intraradical locations of hyphand arbuscules
development unden vitro conditions, supporting earlier observations

made orin vivo-based experiments (see Smith and Read, 2008).

Arbuscules have been acclaimed as the major sitethi®
exchange of minerals (in particular phosphorus) eartbohydrates
between both partners in the AM symbiosis (Rosewatral, 1999;
Rauschet al, 2001). Using a similain vitro autotrophic cultivation
system, Dupré de Bouloét al.(2006) demonstrated the transport of P
from a hyphal compartment to a root compartment sutsequently
to the plant shoot cells via the fungal interfacljle the transport of
carbohydrates from plant to the AM fungus was itigased by Voets
et al. (2008). However, strict attention was not paid ithex the
development or presence of arbuscules. Therefoeephservations in
our experiment of the presence, development angissence oArum
type arbuscule under cryo-SEM coupled with thegpant of P and C
observed by Dupré de Boulo#t al. (2006) and Voetet al. (2008),
respectively, supported the role of arbuscule asxahange interface
and the adequacy of the autotropimovitro culture system to sustain
this essential attribute of the symbiosis. The gmes of vesicles and
intraradical spores just behind the apex furthenalestrated that AM
fungi are able to penetrate the root at the apee £Bago and Cano,
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2005) and also that intraradical structures suclvesicles may be

located in this zone. These data supports the isalad the system

used here to study AM fungal symbiosis unideritro conditions.

The time-course monitoring of the life cycle Bf harzianum
showed that the development of this strain wasessfally completed
under in vitro autotrophic culture conditionsi.€. from conidium
germination to the formation of the reproductionrustures).
Numerous hyphae coiled around the roots and fiattigched to them
with the formation of several mature conidiophoedsng the root
system were observed. However, the scrupulous \odtsems of roots
under bright-field light microscope and cryo-SEMabysis on the root

samples did not reveal any sign of fungal invasiothe root cortex.

Several studies have shown that root associftiettoderma
strains resulted in increased levels of defensaeadlplant enzymes
(see Harmaet al, 2004). These studies have related this phenomenon
to the plant internal root colonization. Howeveurrently only two
reports have visualized the hyphal penetration lué toots by
Trichoderma strains (Yedidiaet al, 1999; Chacéret al, 2007).
Yedidia et al. (1999) studied the induced defense mechanisms in
cucumber plants Qucumis sativusL.) following contact with T.
harzianum T-203 (formerly re-described later ab. asperellum
(Kullnig et al, 2001). The electron microscopy analysis of utirat
sections fromTrichodermatreated roots revealed penetration Tof

asperellumhyphae into the roots mainly restricted to the epitds
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and outer cortex. However, in some localized argeshyphae were

observed also in the endodermis (Yediglial, 1999). Working with
T. harzianumCECT 2413 in tobaccoNjcotiana benthamiajaand
tomato plants Lycopersicum esculentymChacén et al. (2007)
demonstrated the ability of this fungus to coloniz®ts and to
stimulate plant growth in seedlings of both speci2sspite that our
observations did not reveal fungal penetration smvasion withT.
harzianumMUCL 29707 into the potato roots, our results aog in
contradictions with the studies of Yedidiaial. (1999) and Chacdet
al. (2007) since plants and fungal species/strain diféerent.
FurthermoreTrichodermaspecies are not obligate biotrophs of plants
but they are mostly saprotrophic on soil and ddadtpmaterial, but
can also be opportunistic plant root colonizersrfinet al, 2004).
Therefore, root colonization is not an essentialbatte of this group
of fungi. Nowadays, little is known about the meaisens which
govern this colonization. Further works should bierassed to study
the effects of different host on thesymbiotic behavioursef some
Trichodermastrains €.g. T. asperellurii-203,T. harzianunT-22 and
T-39) that are largely known to produce defens@aeses in plants
(Yedidia et al, 1999, 2003; Harmaret al, 2004) and also the

combination of both factors.

Studies of plant-pathogen interactions are oftemgexed by
difficulties in obtaining undisturbed internal viewf infected material
(Refshaugeet al, 2006). The traditional methods used to studytplan
pathogen interactions drastically damage the aemegts of plant
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and fungal cells (see Refshauggeal, 2006), particularly when highly

damaged tissue are sampled and prepared for migpsbservations
and analysis (Chi and Childers, 1964; Ruppel, 19r3yur study, the
life cycle of R. solaniassociated to potato plantlets was successful
monitored and described. The system used here edlofier easy
visualization of the spreading of the colony in gedled medium and
further monitoring of hyphae within roots. Hyphaeer& seen to
propagate into the roots cells mainly following thieection of the
root vertical axis. The same behaviour was eadescribed in the
root of cereals (Wenzel and McCully, 1991; Refsleaeigal, 2006).
These authors suggested that the propensity ofdeyph colonize
roots following the direction of the vertical axssthe result of a long,
tubular structure of the cortical cells that pravitie pathogen a lower
resistance pathway for infection. The detectiomyghae ofR. solani
inside and between potato root cells as early adags post-
inoculation were similar to the findings of Refspeet al. (2006) and
Hall (1987). These authors detected hypha®.o$olaniwithin roots

of wheat Triticum aestivum after six and seven days respectively.
Cryo-SEM analysis of highly damaged root cells eaudy the
necrophytic action oR. solanihelps to overcome the difficulties to

obtain good quality internal views of the delicedet system.

The autotrophicin vitro plant cultivation system and cryo-
SEM analysis are adequate and important toolsudysplant-fungi
interactions, either beneficial or pathogenic. ahdity to couple and
to integrate both tools offers the possibility oEegening our
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understanding on how soil-borne micro-organisms gladts behave

during their interactions, giving a complete pietwf the structural
arrangements of the fungal cells within the roesuie during their
whole life cycle. Hence, they are not limited te thtudy of plant-
fungi but could be extended to other soil-bornermimrganisms that
are largely known to develop beneficial and/or Hatrassociations
with plants or to interactions studies combiningltiple organisms

(beneficial or harmful) on the same host.
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V. CHAPTER 2

Fast track in vitro mycorrhization of potato
plantlets allows studies on gene expression

dynamics
Adapted from Mycorrhiza (2010) 20: 201-207

Gallou A., De Jaeger N., Cranenbrouck S. and Declerck S.
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1. Preface

As demonstrated in the first chapter, the HAM¥fPvitro culture
system is an adequate tool to study the fungatiitde. However, the
establishment of the AM symbiosise( development of extraradical
mycelium network and high-level of AM colonizatiory a process
that generallytakes several weeks as compared with the fungal
development off . harzianumandR. solani This difference in timing
of fungal growth may complicate the interactiondstuetween these
organisms. One reason for the slow developmerti@®M fungus is
attributed to the time needed for the AM fungal repto germinate,
grow, contact and colonize the root. Thus, the kgrmeent of a
system allowing the fast mycorrhization of seediiige. within a few
days) and rapid re-growth of AM mycelium from th@anize plants

is highly desirable.

In soil, persistent hyphal networks are the majaam by
which plants become colonized (Smith and Read, R@¥Bsed on this
observation, Voetgt al. (2009) developed a mycelium donor plant
(MDP) system for the fast and homogenous colororatif Medicago
truncatula seedlings. InChapter 2 we aimed to confirm the results
obtained by Voetet al. (2009) with potato plantlets and validadke
MDP in vitro culture system as a tool to study gene expreskiang

the process of AM fungal establishment.
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2. Summary

Root colonization by arbuscular mycorrhizal (AMnfi is a dynamic
process involving major changes in plant gene esgioa. Here, the
expression of a phosphate transporter géig)(and several defense
genes, already known to be involved in the varistegyes of AM
establishment, were monitored in the mycelium dgsiant (MDP)in
vitro culture system associating potato plantlets withA# fungus.
This system allows fast and homogenous mycorrioradf seedlings
at their early stage of development by growing pifentlets in active
mycelial networks, but has never been validatedgeme expression
analysis. Here, QRT-PCR analyses were conductgdrallel to pre-
(1 day), early (2 and 3 days), and late (6, 9, Hndays) stages of root
colonization. We observed the induction of a plgahe marker of
AM root colonization PT3 at the late stage and the induction of
MAPK andPAL genes at the early and late stages of root catioiz
We also demonstrated the inductiorPi®landPR2genes at pre- and
late stages and o6ST1 and Lox genes at a late stage of root
colonization. These results validated the MiDRvitro culture system
as an optimal tool to study gene expression arsmlysiing the AM
fungi establishment. This system further opened twor to
investigate gene networks associated with the gl#N fungi

symbiosis.

Keywords: gene expressiorGlomussp.,in vitro system, mycelium

network,Solanum tuberosum
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3. Introduction

Arbuscular mycorrhizal (AM) symbiosis represents umique
association between the mycelium of a soil-bormegfis and more
than 80% of higher plants. The fungus, an obliggéroph belonging
to the phylum Glomeromycota (Sdier et al, 2001), receives
carbohydrates required to complete its life cyetnf the host plant;
in exchange, it provides the plant with nutrierssch as phosphate.
The establishment of this successful mutualistgpeisittion develops
from a complex and dynamic process involving majbanges in
fungal and plant gene expression (Frankeral, 2007; Reinhardt,
2007). During this process, phosphate transporeesg (Liuet al,
1998) as well as transient defense-response geaextvated in the
host plant (Liuet al, 2003).

In the last few yeardn vitro cultivation systems associating
excised root organs with AM fungi have been usedvestigate gene
expression (Gonzélez-Guerreed al, 2005; Elfstrandet al, 2005;
Waschkeet al, 2006). These systems present several advantages,
among which are the absence of undesirable micanisms and the
possibility to nondestructively monitor the deveatognt of the fungal
colony. However, some limitations are also assediato these
systems, materialized by the absence of photosyothissues: a
normal hormonal balance and physiological sourn&-selationships
(Fortin et al, 2002). In addition, the roots used in these erpaTts

are, most often, genetically transformed organs.
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Recently, Voetset al. (2005) and Dupré de Bouloest al. (2006)

developed twoin vitro autotrophic culture systems associating,

respectively, potato anMedicago truncatulato root organ culture
(ROC) produced AM fungal spores. Mass productiorspres i(e.,
approximately 12,000 in 22 weeks) was obtained wpittato (Voetet
al., 2005), and the transport of C from the shooMoftruncatulato
the fungus (Voetst al, 2008) and of P and C from a root-free labeled
compartment to the shoot via the extraradical myoel(Dupré de
Bouloiset al, 2006) was demonstrated. However, with both system
high-level colonization took several weeks, and riyeéull-grown
mycorrhizal plants were produced before samplings Thay hinder
experiments on gene expression analysis in plantdeting the early
stages of root colonization. It is obvious that aggtem allowing the
fast and homogenous mycorrhization of seedlingkiwia few days is

highly desirable.

In nature, the AM fungal mycelium growing from cnired
roots represents an important source of inoculunttfe colonization
of neighboring plants due to the several hyphategpramifying from
the colony (Friese and Allen, 1991). Recently, $oet al. (2009)
have developed a newm vitro mycorrhization system adapted to
seedlings by using the symbiotic phase of the faragiinoculum for
fast and homogenous AM colonization. This mycelidonor plant
(MDP) in vitro culture system was successfully applied Nb
truncatula plants opening large perspectives to study varamspects
of the AM fungi and AM symbiosis.
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In this study, we validated the MOR vitro culture system of

Voetset al. (2009) for gene expression analysis. The expressia
phosphate transporter gerfeT@ and several defense genes, already
well known to be involved in the various stageAM establishment,
were analyzed at six time points correspondingnéogstablishment of
Glomussp. MUCL 41833 in roots of potato plantlets by combanin
the quantitative real-time-polymerase chain reacti@RT-PCR)

analyses with the assessment of intraradical rongzation.
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4. Materials and methods

4.1. Biological material
4.1.1. Propagation and maintenance of stock of pdaplantlets

Potato plantlets propagatdad vitro (Solanum tuberosunh., var.
Bintje) were supplied by the Station de Haute Bglgiin Libramont,
Belgium. Plantlets were micropropagated every Skeexes described
in Voetset al. (2005).

4.1.2. Culture, propagation, and maintenance ofGlomus sp.
MUCL 41833

A root organ culture oGlomussp. MUCL 41833, formerly identified
asGlomus intraradicesschenck and Smith and presently reclassified
into a clade contains the recently described sp&i@mus irregulare
Blaszk., Wubet, Renker and Buscot (Stockingéral, 2009) was
supplied by GINCO (http://www.mbla.ucl.ac.be/giniced. The
spores were extracted by solubilization of theageljel (Doner and
Becard, 1991) and approximately 100 were placatiemear vicinity
of actively growing transformed carroDducus carotal.) roots
(approximately 70 mm in length) on Petri plates (9@ in diameter)
containing the modified Strullu-Romand (MSR) medi(Declercket
al., 1998 modified from Strullu and Romand, 1986),idstied with
3 g ' Phytagel (Sigma-Aldrich, St. Louis, USA)(Cranenimbet al,

2005. The Petri plates were incubated for 3 monthdwéendark in an
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inverted position at 27°C, and several thousandespaere produced

during this period.
4.1.3.Medicagotruncatula seed disinfection

Seeds oM. truncatulaGaertn. cv. Jemalong A 17 (SARDI, Australia)
were surface-sterilized by immersion in sodium gfporite (8%
active chloride) for 12 min, rinsed three timesdeionized sterile
water and germinated in groups of 25 on Petri pld&) mm in
diameter) filled with 35 ml MSR medium without sase or vitamins,
and solidified with 3 g Phytagel (Sigma-Aldrich, St. Louis, USA).

Petri plates were incubated at 27°C in the dark.
4.2. Experimental design

Micropropagated potato plantlets were plated onvelgt growing
extraradical mycelium networks of AM fungi develogi in the
hyphal compartment (HC) of bi-compartmental Petlatgs (for
details, see Voetst al, 2009). The time course of gene expression

was analyzed during symbiotic establishment in tpataots.

Eight weeks after association, a dense extraradigalelium
bearing numerous spores developed in the HC. TingtHe of

mycelium was 6261 cnt 2367 and the number of spores,

19385 + 9710 (estimated following the method of Voetsal, 2005).
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Two new holes (2 mm diameter), separated by a 4.5 cm
distance from each other, were then made in the &ad the lid of the
Petri plates at the side of the HC. One ten-daypoli@to plantlet was
inserted in each hole following the same methodpldgscribed by
Voets et al. (2009) with their roots in direct contact with the
extraradical mycelium. The Petri plates were theaded carefully and
incubated in a growth chamber under controlled g, that is,
22/18°C (day/night), 70% relative humidity, photdpd of 16 h @,
and an average photosynthetic photon flux of @Bl m?s™.
Identically, two micropropagated potato plantletsrevplaced in the
HC of the control treatmenti.€., noninoculated 4-day-oldV.
truncatula seedlings) and grown under the same conditions as

described previously.

Twenty-four cultural systems were randomly dividetb 6
groups of four replicates. Roots were harveste@,13, 6, 9, and
15 days after contact (dac) with the extraradicat@lium network of
Glomussp. MUCL 41833. One control plant was also haeed#&ach
time. For each cultural system, the two potato tgés from the HC
were pooled to obtain sufficient material for ams#&y Half of the
material was then used to estimate intraradicél cotmnization while

the other half was used for gene expression amsalysi
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4.3. Intraradical root colonization

The intraradical root colonization was estimatediarma dissecting
microscope (Olympus SzZ40, Olympus Optical GmbH, Harg,
Germany) at x10 to x40 magnification, according/twGonigleet al.
(1990). Roots were cleared in 10% KOH at 50°C fom8n, rinsed
with distilled water, and stained with trypan blligo (Phillips and
Hayman, 1970) at 50°C for 60 min. Percentages of colonization
were subjected to one-way analysis of variance (XWPD Tukey's
Honest Significant Difference (HSD) was conducted itlentify
significant differencesp(< 0.05) between the groups. Data analysis
was performed with the SAS enterprise guide 4.1 $#stitute Inc.,
Cary, USA).

4. 4. RNA extraction

Total RNA was extracted from 50 to 100 mg frozenterial with
Trizol® reagent (Invitrogen, Carlsbad, USA) with audditional
chloroform purification step and then purified ugithe Purelink™
Micro-to-Midi total RNA purification system (Invitrgen, Carlsbad,
USA) according to the manufacturer's instructidrse total RNA was
subsequently treated with the TURBO DNA-free™ kitmbion,
Austin, USA) according to the manufacturer's instions.
Concentration and purity of total RNA were deteresinin a
NanoDrop®-ND 1000 UV-Vis Spectrophotometer (Nangbro
Technologies, Wilmington, USA) using a 2 pl aliquat the total
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RNA solutions. RNA purity was estimated from the 682A280

absorbance ratio.
4.5. Reverse transcription

Following total RNA extraction, reverse transcmypti(RT) of 500 ng
of RNA was performed with the Transcriptor High &lity cDNA
Synthesis Kit (Roche, Montreal, Canada) in a volurh&0 pl with
Oligo(dT)g primer at 55°C for 20 min according to the mantifear's
instructions. For each RNA sample, a reaction with®T was

performed as a control for contamination by genoDivA.
4.6. Primer design

Four reference genes: glyceraldehyde phosphate doedgnase
(GAPDH), ubiquitin conjugating enzyme-lik&Jpc), elongation factor
l-alpha EF1l-), and beta-tubulingtub) (Nicot et al. 2005 and
seven genes: gluthatiosdransferase 1GST), lipoxygenase L(0X),
MAP kinase MAPK), Pathogenesis Related PRJ), Pathogenesis
Related 2 PR2, phenylalanine ammonia lyaseAL), and phosphate
transporter 3RT3 were selected. Potato nucleotide sequences were
obtained from the GenBank database. Eleven pringers pvere
designed from these sequences (90-110-bp lengthjmalp
temperature of annealing at 60°C, GC% between 40868%) with
the LightCycler Probe Design Software 2.0 (Rochepniveal,
Canada).
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The forward and reverse primer sets and meltingpegatures (in
brackets) were as follows-eCAAGTAACCTCTTGCTAAATGC-

3 and 3CTGTCATATTCTCGTTCTCTAGG-3 forMAPK (79°C);

5-GCTTTGCTTACTTATTATTGGCG-3 and 5

GGAAGCAGCCTTAGTAGCATT-3 for PT3 (82°C); for the nine

other primer sets, see Galletial. (2009).

4.7. Quantitative real-time PCR

QRT-PCR analysis was performed using the LightGy216 (Roche,
Montreal, Canada). A set of standard solutions gmexpp from RT
products was included in each run. Reactions wespgred in
capillaries using the following concentrations:IDfIPCR water, 4 pul
of 5x LightCycler® FastStart DNA Mastét’> SYBR Green | Mix
(Roche, Montreal, Canada), 2 pl of each forward mawtrse primer
(0.5 uM), and 5 pul of 1:10 diluted cDNA or standasdlution as
template (for LightCycler experimental run, seel@aét al. 2009). In
order to check PCR efficiency, standard curves @iogDNA dilution
versus G) using serial 10-fold dilution of cDNA were credtf®r each
pair of selected primers. To obtain good comparisand
normalization, PCR efficiency should range betw86% and 115%.
In this study, all the PCRs displayed efficiencetween 91% and
104%. For the mathematical model, it was necegsatgtermine the
crossing point (Cp) for each transcript, definedrees point at which
the fluorescence rises appreciably above the baakgrfluorescence.
The Fit point method was performed in the Light@ydoftware 4.1
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at which Cp was measured at a constant fluorescewd. The

combination of several reference genes smoothsnounalization
error due to the small variation in the expressiba single reference
gene (Vandesompelest al, 2002). We determined the best
combination of reference genes for normalizatiorg@fhe expression
by using the geNorm software
(http://medgen.ugent.bgvdesomp/geNorm). The most stable genes
expressed in the potato roots during symbiotic bdistament with
Glomus sp. MUCL 41833 weres-tub and EF1w. The pairwise
variation demonstrated that three reference geresf-tub, EFl,
and GAPDH) were sufficient to normalize gene expression otafo
plantlets grown in the extraradical mycelium netwvof Glomussp.
MUCL 41833 (data not shown). Normalization was aeld using
the geometric means of the three reference geéeesj-tub, EF1,
andGAPDH The data were analyzed statistically with sofeMBEST
2008 (relative expression software tool; Pfa#t al, 2002;
http://rerst.gene-quantification.info/). Signifiaan values were set at
P value < 0.05. P(H1): the probability of alternate hypothesis that
differentiates between sample and control groupslue only to

chance.
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5. Results

5.1. Time course of root colonization of potato pla ntlets
grown in the extraradical mycelium network of Glomus sp.
MUCL 41833

The intraradical root colonization of potato platdlwas assessed 1, 2,
3, 6, 9, and 15 dac of the root system with the fikgal extraradical
mycelium network (Table 3). No AM root colonizatieras observed
1 dac with the extraradical mycelium network. Thetftraces of AM
fungal root colonization were detected 2 dac (2.8%) and
increased slightly (9.% 7%) 3 dac. However, no significant
differences were observed between the values redoatl 1, 2, and
3 dac. Neither arbuscules nor vesicles were obdeatel, 2, and
3 dac. Six dac, the AM root colonization increasetarkedly
(24 + 24%), and the first arbuscules and vesicles weservbd. The
percentages of arbuscules and vesicles observed &€re 3.9 and
0.3, respectively. The AM root colonization estigtht9 dac was
48.2 + 14% and remained almost identical 15 dac (48.8%). The
values of AM root colonization were significantlyigher, 9 and

15 dac as compared with 1, 2, and 3 dac.
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Table 3Intraradical colonization of potato roots platedamtively growing extraradical mycelium networksGibmussp. MUCL 41833

Intraradical root colonization during the timeuceé

1 2 3 6 9 15
Colonization Total 0(*0)a 19(*3)a 99 (x7)ad (@24)ab 48.2(+14)b 49.9(x8)b
(%) Arbuscules 0 0 0 3.9 13.6 8.2
Vesicles 0 0 0 0.3 3.5 5.7

Values of colonization followed by different letsediffer significantly atp < 0.05 (one-way ANOVA and Tukey's HSD). The standard
deviations is shown in brackets (biological rephsa= 4)
®Days after contact of potato plantlets with thenek of Glomussp. MUCL 41833
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The 6 dac values recorded were intermediate betiemm® obtained

1, 2, 3dac and 9 and 15 dac. At 9 dac, the peaagestof arbuscules
and vesicles were 13.6 and 3.5, respectively. At dEe, the

percentages of arbuscules and vesicles were 8.3.@ntkspectively.

5.2. Expression of marker gene of AM root colonizat  ion of
potato plantlets grown in the extraradical mycelium
network of Glomus sp. MUCL 41833

The relative expression ratio d?T3 genes in potato roots was
assessed 1, 2, 3, 6, 9, and 15 dac with the edicatamycelium

network (Table 4). We observed an induction RF3 gene 9 and
15 dac with a maximum of 15 dac [65.30 dac (19.90-18 dac)].

5.3. Expression of defense response genes in potato
plantlets grown in the extraradical mycelium networ k of
Glomus sp. MUCL 41833

The relative expression ratio of the defense respgene§&ST1 Lox,
MAPK, PAL, PR], andPR2in potato roots was assessed 1, 2, 3, 6, 9,
and 15 dac with the extraradical mycelium netwdrél{e 4). For the
GST1lgene, the induction of 6, 9, and 15 dac was deteutith a
maximum of 15 dac [5.68 dac (4.20-8.76 dac)]. RerLbx gene, the
induction of 9 and 15 dac was detected with a marinof 15 dac
[6.12 (2.73-10.13)].
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Table 4 Relative expression ratio of seven genes (gluthatistransferase 1 GST), lipoxygenase L(ox), MAP kinase KMAPK),
Pathogenesis Related BRJ), Pathogenesis Related RR2, phenylalanine ammonia lyaseAL), and phosphate transporter BT@) in
potato roots plated on actively growing extraraiogicelium networks oGlomussp. MUCL 41833normalized by the geometric mean of
the three reference gené®( f-tub, EF1-w, andGAPDH)

Relative expression ratio during the time colirse

Gene name 1 2 3 6 9 15
PT3 1.86 0.24 1.81 0.28 5,51 65.30
[0.44-9.71] [0.08-0.94] [1.05-2.56] [0.05—4.00] [2.58-16.02] [19.90-191.08]
GST1 1.40 1.41 0.30 2.72 4.48 5.68
[1.01-2.14] [0.93-2.70] [0.19-0.46] [2.39-3.10] [2.93-7.47 [4.20-8.76]
Lox 1.00 0.63 0.62 1.80 3.38 6.12
[0.40-3.71] [0.10-2.08] [0.47-0.84] [1.02-4.51] [1.26-7.6Q [2.73-10.13]
MAPK 0.64 5.74 0.42 2.64 2.01 8.12
[0.17-2.09] [1.75-16.78] [0.32-0.56] [1.70-4.01] [1.30-3.95] [3.92-16.60]
PAL 1.95 7.82 3.88 12.10 3.06 28.55
[0.83-5.11] [3.22-21.04] [1.52-14.37] [5.32-30.22] [1.26-11.2% [11.40-60.85]
PR1 2.50 0.15 1.05 1.21 7.35 105.31
[1.60-4.79] [0.05-0.69] [0.70-1.63] [0.55-2.31] [1.40-57.06] [60.33-229.85]
PR2 3.94 1.63 1.80 13.39 10.51 159.94

[1.57-10.30] [0.67-3.47] [0.98-3.27] [6.07—29.52] [1.35-194.15] [85.56—330.10]

Data were analyzed statistically by the softwareSRE2008 (relative expression software tool; Pfaffl al. 2002; http://rerst.gene-
guantification.info/). Upregulated genda (talics) with significance values were setRivalue< 0.05 P(H1): the probability of alternate
hypothesis that differentiates between sample amdral groups is due only to chance). The standardr range is shown in brackets
(biological replicates = 4).

®Days after contact of potato plantlets with theansdical mycelium network @lomussp. MUCL 41833
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The MAPK andPAL genes were induced 2 dac, and an induction was
noted 6, 9, and 15 dac with a maximum of 15 dat28ac (3.92—
16.60 dac)] foMAPK and [28.55 (11.40 — 60.85)] f®AL For the

two Pathogen Related genés.(PR1andPR2, an induction of 1 dac
was detected, and respectively 9 and 15 dac withaaimum of

15 dac [105.31 dac (60.33 — 229.85 dac)] RR1 and 6, 9, and

15 dac with a maximum of 15 dac [159.94 (85.56 6.83)] forPR2
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6. Discussion

Root organ cultures have been considered as slitsjdtems to
investigate various aspects of the AM fungi and gyvhbiosis (Fortin
et al, 2002). Recently, autotrophic nontransformed ldrdve been
successfully culturech vitro in association with AM fungi (Voetst
al., 2005; Dupré de Bouloist al, 2006), and a fast-track vitro
mycorrhization systemi.¢., the MDPin vitro culture system) was
developed (Voetst al, 2009). This system opens large perspectives
for molecular studies but should be validated feneg expression
analysis. Here, the expression of a phosphatepiosies gene and six
defense genes were monitored by QRT-PCR and parchieth the
multistep process of potato AM fungal root colotiza. Gene
expression change could be observed in prestagirébeaoot
colonization, 1 dac), early stage (hyphal root naation before
arbuscule and vesicle formation, 2 and 3 dac), taedlate stage of
root colonization (intense root colonization withbascules and

vesicles formed, 6, 9, and 15 dac).

During the precolonization stage of the pot&twsmus sp.
MUCL 41833 interaction (1 dac), we observed theugiibn of PR1
and PR2 genes while no induction was noted during theofeihg 2
and 3 dac (early root colonization stage). Thisngeain gene
expression between pre- and early stages of AM ifurogpt
colonization was reported earlier by Kapulrék al. (1996), Ruiz-
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Lozanoet al. (1999), and Liuet al. (2003) and associated with a

transient level of defense-gene expression.

During the early stage of the pota@lemussp. MUCL 41833
interaction (2 and 3 dac), we observed the indaoctib the MAPK
gene (at 2 dac). This observation is consisterth Wie role of MAP
kinases in the signaling of plant abiotic stresd pathogen defense
(Nakagamiet al, 2005) and corroborates the findings of Deguathi
al. (2007). The early stage of root colonization wise aharacterized

by the induction oPAL gene as reported by Deguehial. (2007).

During the late stage of the pota@emussp. MUCL 41833
interaction (6, 9, and 15 dac), we observed an dtiol of PR1
(9 dac) andPR2 (6 dac) with a buildup in the level of induction,
paralleled thereafter with increased root colomatPR1 gene is a
PR protein with antifungal properties and an unkmomicrobial
target (Antoniwet al, 1980). This gene is known to respond to fungal
infection in potato (Galloet al, 2009).PR2gene is -1,3-glucanase
induced, among others, iM. truncatula roots colonized byG.
intraradicesandG. mosseaéuring the late stage of root colonization
(Hohnjecet al, 2005).

We noted the induction of lzox gene {.e., the first enzyme in
the biosynthesis pathway of JA gene) 9 dac. This &greement with
earlier results showing that, in roots of mycordhiplants, the levels

of JA were higher as compared with non mycorrhizahtrols
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(Meixner et al, 2005; Stumpest al, 2005; Hausest al, 2007). We
also observed a significant induction BAL gene 6, 9, and 15 dac

with increased percentages of arbuscules and essiti roots.
Harrison and Dixon (1994) have demonstrated thanstripts
encoding enzymes of the isoflavone biosynthetichyway, such as
PAL and chalcone synthase, are induced specificallycétls

containing arbuscules.

Glutathiones-transferase transcripts have been found to
accumulate in roots containing arbuscules (Watf al, 2003;
Brechenmacheet al, 2004). In our study, we observed the induction
of the GST1gene in the potato roots 6, 9, and 15 dac in lehnalth
the formation of the first arbuscules and vesicl&& also observed
the induction of atMAPK gene in the late stages of root colonization,
as reported by Weidmaret al. (2004) and Grunwaldt al. (2004) in

M. truncatularoots colonized b{s. mosseae.

During the late stage of the pota@emussp. MUCL 41833
interaction (6, 9, and 15 dac), we observed theudtidn of the
phosphate transporter geR&3 (9 dac) with a buildup in the level of
induction, 15 dac, paralleled with an increase antrcolonization.
Rauschet al. (2001) have identified the phosphate transporereg
StPT3in potato and localizeBT3 induction specifically in arbuscule-

containing cells.
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During this study on gene expression analysis atdifferent
stages of AM establishment with the MDPvitro culture system, we
observed the induction &T3gene at the late stage of potdBtemus
sp. MUCL 41833 interaction. Two PR gend*R( and PR2 were
induced prior to root colonization with a transiexjpression at 2, 3,
and 6 dac (foPRJ) followed by a continuous buildup in the level of
induction. We finally demonstrated the induction GST1 Lox,
MAPK, and PAL genes at different stages of potdtemus sp.
MUCL 41833 interaction. The result obtained for tA€3 gene (a
plant gene marker of AM root colonization) demoatsd that the
potato-Glomus sp. MUCL 41833 association was successfully
established and the mutualistic exchange betweentwo partners
was effective. The induction of defense genes, Wwabbwn to be
involved at different stages of the AM symbiosisnbnstrated that
the potatoGlomussp. MUCL 41833 establishment in the MD#
vitro culture system was suitable to study major changeant gene
expression and corroborated previous results ofivo studies. Our
study opened new avenues to investigate the maleeuknts or gene
networks associated with the plants—AM fungi symlsidy making it
possible to synchronize the development of AM fuingihe roots of
plants grown in an established non-perturbed myaehetwork under

rigorousin vitro culture conditions.
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Mycoparasitism of arbuscular mycorrhizal
fungi: a pathway for the entrance of

saprophytic fungi into roots
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1. Preface

Several authors have demonstrated parasitism ofuxidgal structure
(spores and extraradical hyphae)Trchodermasp. (Lee and Koske,
1994; Rousseaet al, 1996). The cytoplasmic continuity between
extra- and intraradical mycelium may present a\payhfor invasion
of mycoparasites. However, no studies have addiesse possible

parasitism of the mycelium within the roots.

To evaluate the impact df. harzianumon the AM fungi, we
developed twan vitro culture systems (seehapters 1and2). With
the MDPin vitro culture system we achieved the fast and homogenous
colonization of potato plantlets. After transfert@riresh medium in
the HAM-P in vitro culture system, the mycorrhized plantlets were
able to growth and reproduce the fungal life cy@ased on the
combination of both systems, we aimed to studyCimapter 3
whether the mycoparasitism ©f harzianums observed on the extra-
and intra-radical mycelium ofGlomus sp. and whether it may
represent a pathway for the entrance of the saypioir fungi into the

roots.
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2. Summary

Within the rhizosphere, arbuscular mycorrhizal (ARM)ngi interact
with a cohort of microorganisms, among which is thielogical
control agentTrichodermaspp. This fungus parasitizes a wide range
of phytopathogenic fungi, a phenomenon also redorie the
extraradical mycelium (ERM) of AM fungi. Here, weuegtion
whether the mycoparasitism of the ERM could be redeel to the
intraradical mycelium (IRM), thus representing ahpaay for the
entry of Trichoderma harzianumwithin the root. Microcosm
experiments allowing interactions betweBlomussp. MUCL 41833
placed in a clade that contains the recently desdrspecie$slomus
irregulare and T. harzianumwere set up unden vitro autotrophic
culture conditions using potato as a host. A micope camera-
imaging system, coupled with succinate dehydrogestaining, was
used to assess the mycoparasitism in the ERM akid TRchoderma
harzianumcolonized the ERM of the AM fungus and spread i@
IRM, before exiting into the root cells. Intrahyphgrowth of T.
harzianumcaused protoplasm degradation, decreasing the BRM
IRM viability. ERM of the AM fungus represented atpway for the
entry of T. harzianuminto the roots of potato. It further sets off the
debate on the susceptibility of the AM fungi of tgiinfected by

microorganisms from the rhizosphere.

Keywords: arbuscular mycorrhizal fungiTrichoderma harzianum

mycoparasitismin vitro culture, succinate dehydrogenase.
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3. Introduction

The use of beneficial microorganisms has become el@bte
alternative to reduce the application of pesticides modern
agriculture (Brimmer and Boland, 2003). Severaldss have
demonstrated the beneficial effects of plant grepribmoting
microorganisms d.g. arbuscular mycorrhizal (AM) fungi] and
biological control agentse(g. Trichodermaspp.) to improve plant
health and productivity (Harmaet al., 2004; Whipps, 2004; Avist
al., 2008) and soil quality (Schlotet al.,2003; Rillig and Mummey,
2006).

AM fungi are ubiquitous soil microorganisms thataroze the
roots of nearly 80% of terrestrial plants (SmithdaRead, 2008).
These fungi provide the plants with water and ewuts {.e. in
particular, phosphorus) in exchange for carbon {®nand Read,
2008). They promote plant growth and productivityd ehave been
shown to induce plant-defence responses againsbgets (reviewed
in Conrathet al, 2006). The species within tigichodermagenus are
free-living microorganisms, frequently isolated rfrosoil and plant
roots (Harmaret al, 2004). They establish a beneficial association
with plants (Harmaret al, 2004; Vinaleet al, 2007; Aviset al,
2008) and are able to colonize the root surfaceraate localized or
systemic plant defence responses (Yedidiaal, 1999). Fungal
antagonism via competition for nutrient and spaeatibiosis

production and fungal parasitism have been repogtgdnsively in
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the literature with these microorganisms (reviewedHarmanet al,
2004).

Both microorganismsi.e. AM fungi and Trichodermaspp.)
have been used independently to improve plant droavid/or to
control root pathogens (Harma al, 2004; Whipps, 2004). Several
studies have also considered the use of both migaosms as mixed
inoculants (Calvetet al, 1992; Siddiqui and Mahmood, 1996;
Vazquez et al, 2000). Even though positive effects have been
reported on plant growth and health (Calgetal, 1993; Linderman,
1994; Datnoffet al, 1995; Chandaniet al, 2005, 2009), a number of
studies also reported negative effects on the AMg#l root
colonization (Calveet al, 1993; Greeret al, 1999; Martinezt al,
2004) and a concomitant reduction in plant perforoea(.e. shoot
and root dry weights) (McAllisteet al, 1994a, b; Martinezt al,
2004). One hypothesis that could explain these thegaffects is the
antagonistic non target action bfichodermaspp. via mycoparasitism
on the development of AM fungi (Rousseetual, 1996; Harmaret
al.,, 2004; Vinaleet al, 2007). The mycoparasitism describes a
relationship in which one microorganism obtains rieats from
another, affecting host viability (Jeffries, 199Fousseauet al.
(1996) observed, undém vitro culture conditions, thatrichoderma
harzianumT-203 (redescribed agichoderma asperellunKullnig et
al., 2001) penetrated the thick host wall (i.e spaed hyphae) of
AM fungi through local hydrolysis of the wall polyars and colonized
all extraradical structures. However, such obsemat were not

-106-



Chapter 3
reported in the intraradical phase of the AM syrslid.e. developing

into roots), even though it could be suspected umxthe extraradical
and intraradical mycelia (ERM and IRM) are coenmalty

connected.

We hypothesized that the penetrationToharzianuminto the
ERM of Glomus sp. MUCL 41833 associated witlsolanum
tuberosumcould be extended into the IRM, and could affdu t
viability and development of both phases of the AMgi. In order to
demonstrate the parasitism in the extraradicaliamdradical phases
of this AM fungus, we used the autotroplicvitro culture system
developed by Voetset al. (2005, 2009). Direct microscopic
observations, coupled with staining and enzymat@lysis [.e.
succinate dehydrogenase activity (SDH)], were use() follow the
interaction betweef. harzianumand the AM fungus, (ii) quantify the
development of both microorganisms and (iii) eveduhe cytological

damage to both phases of the AM fungus.
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4. Materials and methods
4.1. Plant material propagation and maintenance
4.1.1.Potato plantlets stock

In vitro propagated potato plantleS. (tuberosunh., var. Bintje) were
supplied by the Station de Haute Belgique in Libwam Belgium.
Plantlets were micropropagated every 5-6 weeks laging nodal
cuttings in sterile culture boxes (90 x 60 x 50 n#@, cuttings per
box) containing 50 ml of Murashige and Skoog (MSkdmm
(Murashige and Skoog, 1962) following the methodglaescribed

by Voetset al. (2005). Plantlets were kept in a growth chamber at
22/18 °C (day/night) and illuminated for 16 h dayunder a
photosynthetic photon flux of 3Q0mol m?2s™,

4.1.2. Disinfection ofMedicagoseeds

Seeds oMedicago truncatula.., cv Jemalong strain A 17 (SARDI,
Australia) were surface-sterilized by immersion an solution of
sodium hypochlorite (8% active chloride) accordiogthe protocol
described by Dupré de Bouloét al. (2006). Seeds were germinated
in Petri plates (90 mm diameter) containing 40 rhitlee modified
Strullu-Romand (MSR) medium (Declerak al. (1998) modified
from Strullu and Romand, 1986) lacking sucrose wit@mins and
solidified with 3 g T* Phytagel (Sigma-Aldrich Inc., St. Louis) and
adjusted to pH 5.5 before sterilization (121°C 1& min). Twenty-
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five seeds were placed on the surface of each plate. The Petri

plates were incubated in the dark at 27°C. Seedsigated within 1—

2 days and were ready to use after 4 days.
4.2. Fungal strains and culture conditions
4.2.1. AM fungal culture

The AM fungus used wasslomus sp. MUCL 41833, formerly
identified asGlomus intraradicesSchenck and Smith and presently
reclassified into a clade that contains the regetdiscribed species
Glomus irregulareBtaszk., Wubet, Renker and Buscot (Stockingger
al., 2009). In vitro root organ cultures were purchased from the
Glomeromycota  in vitro collection (GINCO -
http://www.mbla.ucl.ac.be/ginco-bel). Cultures werevided in Petri
plates (90 mm diameter) on the MSR medium supplésdemvith
10 g I sucrose, adjusted to pH 5.5 before sterilizatioa solidified
with 3 g ' Phytagel' (Sigma-Aldrich Inc.) (Cranenbrouckt al,
2005). The Petri plates were incubated for 3 moimthtke dark in an
inverted position at 27°C. Several thousand spares an extensive

mycelium were produced within this period.
4.2.2. Trichoderma harzianumculture

A culture of Trichoderma harzianunRifai (MUCL 29707) was
supplied by the Mycothéque de I'Université cathaicde Louvain
(MUCL) (http://bccm.belspo.be/about/mucl.php) ontgto dextrose
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agar (PDA) (Scharlau Chemie S.A., Barcelona, Spding strain was

chosen because of its inability to penetrate tludsrof S. tuberosum
(Gallouet al, 2009; De Jaeget al, 2010b). A plug of gel containing
several conidia and mycelium was placed in a stegiass tube
(2.5 ml) filled with 0.4 mL of 1% sterile-distilledvater—peptone
(Duchefa, the Netherlands). The plug was swirledthia sterile-
distilled water—peptone using a vortex mixer for sl@nd the
suspension was serially diluted to 40From the 1T dilution, 50l

was spread on PDA. The Petri plates were incubatetie dark at

25°C for 4 days and subsequently maintained atu4ft€ needed.

4.3. In vitro mycorrhization of potato plantlets and co-

inoculation with T. harzianum

A mycelium donor plant (MDPin vitro culture system was set up for
the fast and homogenous mycorrhization of potaaotiedts following
the methodology described by Voetsal. (2009). The MDHn vitro
culture system consisted of bi-compartmented Pé&ites in which 4-
day-old M. truncatula seedlings were transferred to the root
compartment and inoculated with approximately 1Qfbres of
Glomus sp. MUCL 41833, extracted from the AM fungal cu#u
following solubilization of the MSR medium (Donend Bécard,
1991). The ERM, spreading in the hyphal compartn{et@), was
used as an inoculum to colonize young potato @&tin a short
period of time. Thirty MDPin vitro culture systems were selected
following the criteria described by Voets al. (2009) (.e. the number
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of spores and length of hyphae in the HC were 198&8¥10 and

6261 + 2367 cm, respectively). Two 10-day-old potafantlets were
introduced in the HC of each MDR vitro culture system. The roots
of the potato plantlets were in contact with the MERetwork
developing in the HC. The Petri plates were seaackfully and
incubated in a growth chamber set at 22/18°C (dglyth and
illuminated for 16 h day under a photosynthetic photon flux of
300pmol m?s ™. After 9 days of contact with the ERM network, the
potato plantlets were removed from the MDRitro culture systems
and transferred into thi@ vitro autotrophic culture system (Voed$
al., 2005),i.e. mono-compartmented Petri plates (90 mm diameter)
containing a thin layer (15 ml) of MSR medium lagkisucrose and
vitamins  solidified with 3 gT Phytagel. Profuse hyphal
proliferation growing out of the potato roots wadserved within 2—-3
days, showing that the plantlets had been colonszextessfully by
the AM fungus. After a period of 12 days, 24 plantye selected on
the basis of the number of spores and hyphal lemgtduced,
estimated under a dissecting microscope (Olympué0SDlympus
Optical GmbH, Hamburg, Germany) at magnification 6x7—40
following the methodology of Declerait al. (1996a) and Giovannetti
and Mosse (1980), respectively. The number of spoas 273 + 181
and the length of hyphae was 533.8 + 181.5 cm. Zzh@etri plates
were then divided into two homogenous groups ofPEZri plates
having the same mean hyphal length and numberaséspOne group
(the AMF-control treatment) only contain€@&omussp. MUCL 41833
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associated to the potato plantlets. The other gribp AMF-T

treatment) was inoculated with harzianum(a 4 mm diameter plug
of PDA medium containing several hyphae). The phag carefully
placed in the centre of the Petri plate in thenitgiof the roots and in
direct contact with the ERM of the AM fungus. Indétbn, 12 Petri
plates containing potato plantlets of the same agé,without AM
fungi, were inoculated withT. harzianum following the same
procedure as described above (T-control treatmdriie 36 Petri
plates were incubated horizontally in a growth chanset at 22/18°C
(day/night) and illuminated for 16hd&yunder a photosynthetic
photon flux of 30Qumol m2 s . One experimental unit consisted of a
potato plantlet inoculated with eithéBlomus sp. MUCL 41833
(AMF-control treatment) ofT. harzianum(T-control treatment) or

with both organisms (AMF-T treatment).
4.4. Non destructive microscopic observations

A study of hyphal interactions betwe&tomussp. MUCL 41833 and
T. harzianumwas performed through direct microscopic obseovesti
i.e. without disturbing the three-dimensional configioa of the
mycelia. The interaction region between both fumgs observed 1, 2,
3, 4, 7 and 15 days after inoculation ©f harzianum For each
subsample, 150 hyphal interactions were assesgede $roduction
by the AM fungus was assessed 7 and 15 days aftgroculation in
the AMF-T and AMF-control treatments. Colony growtites ofT.

harzianum in the AMF-T and the T-control treatments were
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determined by recording the radial developmentefdolony 1, 2, 3,

4, 7 and 15 days after inoculationTofharzianumConidia production
was assessed 15 days after inoculation by addingl 16f sterile
water to the MSR medium. The Petri plates were egiosntly shaken
for 5 min and a suspension was sampled using aopip=tte to
prepare serial dilutions (up to TR Suspensions that were suitable to
obtain quantifiable conidia production were plated PDA medium
(three Petri plates per dilution). After 24 h oftutbation, colonies

were counted as CFU/cfof medium.

All the measurements were conducted under a disgect
microscope (magnification x6.7—-40) and a compounighbfield
light microscope (magnification x50-250). Imagestioé different
stages of the fungal interactions were capturedguaidigital camera
(Leica DFC320; Leica Microsystems Imaging Solutiorgd,
Cambridge, UK) coupled to a compound bright-fietght microscope
(Olympus BH-2; Olympus Optical GmbH) and displayed a
computer using an image manager softwaeech iImM50, version 4.0;

Leica Microsystems Imaging Solutions Ltd).
4.5. Harvest and data collection

For each treatment, two groups of six Petri platese randomly
separated. One group was harvested 7 days afteulaion and the
other group 15 days after inoculation. Mycelia @itibfungi were

carefully extracted following solubilization of th®ISR medium
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(Doner and Bécard, 1991) in order to assess the ERbility and

mycoparasitism. In parallel, the root systems wdivéded into two
homogenous samples to estimate (1) the AM fungatl colonization

and (2) the IRM viability and mycoparasitism.

Root colonization was assessed by root stainingrdogy to
the protocol described by Philips and Hayman (397hd
colonization was estimated under a bright-fieldhiignicroscope at x
50-250 magnification, following the methodologyMéGonigleet al.
(1990). For each subsample, 150 root intersecti@re assessed.

In order to evaluate the mycoparasitism in the IRdot
samples i(e. cleaned from extraradical hyphae and spores) were
subjected to enzyme digestion following a modifimat of the
protocol described by van Aarét al. (2004) j.e. enzyme digestion
solution (0.2% cellulase frof. viride, 7.5 U mg*; Sigma, and 0.1%
pectinase fromRhizopussp. 451 U mg; Sigma)]. The root cortex
was separated from the central cylinder using msedhd forceps

under a stereo-microscope at x 6.7—40 magnification

The viability of the hyphae in the ERM and IRM diet AM
fungi was estimated using the SDH staining techmiffaito, 1995).
Samples of both phases were incubated overniglobat temperature
in the staining solution (Saito, 1995). Samples everashed with
deionized water for 15 min. The IRM was counterstdi by

immersion in 0.01% (w/v) acid fuchsin/lactoglycertr 15 min
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(Vierheilig et al, 2005), while the ERM was immersed in 0.1% (w/v)
acid fuchsin/lactic acid (Olssaat al, 2002) for 15 min. Samples were

mounted on slides in 100% glycerol. The mycopasasibbserved in
the stained AM fungal structures was visualized eundan
epifluorescence microscope (magnification x 50-2&@)ipped with
an excitation wavelength of 570 nm and a 590-nngrlgpass
fluorescence emission filter. The SDH activity wasinted using the
magnified intersects method (McGonigkt al, 1990). For each
subsample, 150 hyphae intersections were asseBsedntraradical
hyphae were classified into SDH-active and -inactittyphae,
corresponding to dark granular staining or withositaining,
respectively. The extraradical hyphae were idelyicdassified into
SDH-active and -inactive hyphae. In the SDH-inactiyyphae, a sub-
classification into three categories was performaatoplasm-filled
hyphae, but without SDH activityi.¢. segment with protoplasm),
septated hyphaei.¢. segments devoid of protoplasm and with
septation) and empty hyphaes(segments devoid of protoplasm and

without septation).

4.6. Statistical analysis

Data analysis was performed using the statisticdtware SAS
Enterprise Guide 4 (SAS Institute Inc., 2006). xatt were normally
distributed and had homogeneous variances wereetedj to an
ANOVA. The Tukey honest significant difference test wesed to

identify the significant differenceg € 0.05).
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5. Results

5.1. Fungal development in the plant system

The autotrophidn vitro culture system associating the potato plantlet
with Glomussp. MUCL 41833 (AMF-control) off. harzianum(T-
control) showed good development of both microoigas and the
differentiation of their classical structures. lhet AMF-control
treatment, spore, branched absorbing structuresramder hyphae
ramifying into secondary and lower order hyphae ewebserved,
while in the T-control treatment, highly branchegaline hyphae
bearing hundreds of conidiophores were observede Bame
structures were observed in the AMF-T treatmenth witermingled
and overlapped mycelia of both fungi. The hyphaeG&dmus sp.
MUCL 41833 andT. harzianumcould easily be distinguished. The
hyphae diameter of. harzianumis smaller and contains septa in
contrast to the coenocytic structuiiee (absence of septa in living

hyphae) of the AM mycelium.

5.2. Characterization of the interaction between Glomus sp.

MUCL 41833 and T. harzianum in the extraradical phase

Twenty-four hours post inoculation witi. harzianum the first
contacts with the ERM of the AM fungus were obsdrMdo tropism
(i.e. hyphal avoidance) was identified between hyphdeniging to
both fungi. The hyphae of. harzianumgrew alongside (Fig. 10al)

and/or coiled around the hyphae of the AM fungugy.(R0a2).
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Shortly after contact, a hyphal swelling forming'appressorium-like'

structure or a 'T-shaped branch' was observedvataeplaces on the
surface of the hyphae of the AM fungus. Penetraticas often
observed in the primary hyphaee( runner hyphae), rarely in lower
order branching hyphae and never in branched aiogpdbructures.
Trichoderma harzianunimyphae perforated the hyphal wall of alive
(i.e. hyphae with a bidirectional cytoplasmic flow; Figj0al) and
dead AM myceliumi(e. hyphae devoid of cytoplasm content and/or
septated), proliferated (Fig. 10b1l) and branchedha& AM hyphae
(Fig. 10b2). Several penetration points were vigadl on the same
AM hyphae (Fig. 10a2), although no changes in timedarphology
(size, shape) were observed. Near the penetraboe gat~80um
distance), protoplasm retraction was observed. HNewe this
phenomenon was never preceded by septa formatian, the
formation of empty hyphal segmenis(devoid of protoplasm). The
formation of septa was never observed in the closximity to
penetration points, but far beyond the zone ofrauigon between
both fungi, and could not be strictly attributeditdection because
septa were also observed in non infected hyphae.hiphae ofT.
harzianumwere able to perforate septa, and to grow thrabghdead
sections of AM hyphae (Fig. 10b2). After 72 h ofadture, the first
'T-shaped branch' hyphae were observed on the spoface of the
AM fungus (Fig. 10cl).
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Figure 10 Microscope observations of the interaction betwéeaichoderma
harzianumand the AM fungusGlomus sp. MUCL 41833 in association with
Solanum tuberosumar. 'Bintje'. (a, b1, c) Cytological observationistheERM of
the AM fungus. (b2, d) Microscope observation a&f BERM of the AM fungus after
SDH staining. (a) Recognition and contact betw&erharzianumand the AM
fungus, (al) Contact (empty arrow) betweBnharzianum(arrow) and the AM
fungus hyphae (double arrowhead). Note that AM kgphcontained a
cytoplasmic/protoplasmic flux at the contact paiith T. harzianunm(arrowhead) in
contrast to the inferior hyphae section, which wegtated (empty arrowhead), scale
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bar=10um. (a2)Trichoderma harzianumoiling (empty arrows) around the hyphae
of the AM fungus (double arrow), scale barzif). (b) Mycoparasitized hyphae of
the AM fungus, (b1) hyphal invasion @f. harzianum(arrow) in the AM fungus
hyphae (double arrowhead). Note thit harzianum continued the infection,
perforating the septa (empty arrow) and growingulgh the hyphal dead sections of
AM fungal hyphae, scale bar=10n. (b2) Trichoderma harzianumolonization and
ramification (arrow) in the main hyphae of the AMhfjus (double arrow). Note the
septum ofT. harzianum(empty arrows) and absence of SDH activity in tilgphae
of the AM fungus, scale bar=18n. (c) Spore mycoparasitism of the AM fungus,
(cl1) T-shaped branch hyphaeTofharzianum(arrows) over the spore surface of the
AM fungus, scale bar=70m. (c2) Spore disruption and release of the sponéetits
(double arrowhead) caused By harzianumspore wall penetration (arrow), scale
bar=70um. (d) Colonization of the subtending hyphae antepation into the spore
of the AM fungus by hyphae df. harzianum(arrow). Note the absence of SDH
activity in the subtending hyphae and the sporéhefAM fungus (double arrow),
scale bar=5@m. (e—h) Microscope observations of the IRM of & fungus after
SDH staining. (e)lrichoderma harzianurhyphae (arrow) within appressoria of the
AM fungus (double arrow), scale barg8. (f) Intraradical mycoparasitized hyphae
of the AM fungus, (f1)T. harzianum(arrow) colonization and ramification in IRM
of the AM fungus (double arrow). Note that the hgphof T. harzianumwere
positive to the SDH staining, suggesting a higlivégt scale bar=1Qm. (f2) Exit

of T. harzianumhyphae (arrow) from intraradical hypha of the Avh§us (double
arrow) into the root environment, scale barghd (g) SDH activity of the
mycoparasitized vesicles. Note the differences ha SDH staining ife. dark
granulation) between the uninfected lipid-filledsice (upper vesicle) (double
arrow) and the mycoparasitized vesicle (lower Je}idempty arrow) byT.
harzianum (arrows), scale bar=3dm. (h) Root infection extra- (arrow) and
intracellular (empty arrow) by peloton of hypha€elToharzianumscale bar=3Qm.

Single or multiple penetrations points occurrececlly through the
spore wall or via the subtending hyphae (Fig. 104ycoparasitism
was not linked with the spore age and size, becausmile and
mature spores were infected as well. Spore dismmind release of
the spore contents were always associated with sijme wall

penetration (Fig. 10c2).

No significant differences were observed in thaltatimber of
AM fungal spores produced in the AMF-T and the ARWntrol

treatments 7 and 15 days post-inoculation (Fig).1Afler 7 days, the
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number of spores produced ranged from 413 + 67han AMF-T

treatment to 412 + 111 in the AMF-control treatmand after 15 days
from 457 + 97 in the AMF-T treatment to 492 + 119the AMF-
control treatment. Conversely, the number of damagpores
increased significantly in the AMF-T treatment asnpared with the
AMF-control treatment both after 7 and 15 days (Rifja). After 7
days, the percentage of damaged spores in the AMEatment was
7.4 + 5.3%, while it was 0.4 = 0.3% in the AMF-cantttreatment.
After 15 days, the percentage of damaged sporethenAMF-T
treatment was 9.0 £ 4.8%, while it was 0.6 + 0.20%hie AMF-control

treatment.

The enzyme histochemical observation showed that
harzianumhyphae were positive to the SDH staining. Hyph&d'.o
harzianumshowed a high density of dark granules charatiend
this particular staining. For the AM fungi, the Kagranular staining
was irregularly distributed within hyphae. A sigoént decrease in
the viability of the AM fungus hyphae (SDH-activgyphae) was
observed in the AMF-T treatment as compared wiehAMF-control
treatment (Fig. 11b). After 7 days, the SDH acyivat the AM fungus
hyphae was 44.0 £ 3.8% in the AMF-T treatment a0 & 4.0% in
the AMF-control treatment, and after 15 days, thkies were 26.8 +
5.4% and 51.1 + 3.4%, respectively. In additiore thercentage of
mycoparasited hyphae of the AM fungus increaseh 20 + 0.9% to
3.9+ 1.6% 7 and 15 days pdstharzianumnoculation, respectively
(Fig. 11b).
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No significant differences were found in the petege of septated
hyphae between the AMF-T treatment and the AMF+obnt
treatment. Values were 31.0 = 6.7% in the AMF-Rtneent and 30.0
+ 4.6% in the AMF-control treatment after 7 daysl &8.8 + 8.3% in

the AMF-T treatment and 40.3 + 2.6% in the AMF-gohtreatment

after 15 days (Fig. 11b). On the other hand, thesgmce ofT.

harzianum significantly increased the percentage of AM hypha

devoid of protoplasm contenid. empty hyphae). After 7 days, the
percentage ranged from 0.4 + 0.8% in the AMF-cdrtheatment to
3.0 £ 2.2% in the AMF-T treatment, and after 15 sjayanged from
1.2 + 1.8% in the AMF-control treatment to 19.1.8% in the AMF-

T treatment.

The development off. harzianumwas not affected by the
presence of the AM fungus. The growth rate pergentaf T.
harzianum as indicated by the radius of its colony meastirea the
inoculation pointice. centre of the colony to the external edges), was
the same in the AMF-T treatment as in the T-contrehtment. The
mean values were 0.8 mm at 24 h, 18 mm at 48 I5 Bfin at 72 h
and 45 mm at 96 h post-inoculation. Four days afteculation, the
first conidiophores were observed in the centréhef colony on the
surface of the medium. Gradual changes in the cadbihe colony
from white to green and finally greyish-green, doling the
production and maturation of the conidia, were ole#® Contacts

with roots were observed, but the direct and sdoysuobservations
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of roots under a bright-field microscope did note& any structure

resembling appressorium ©r harzianunroot penetration.

Conidial density ofT. harzianumon the MSR medium of the
AMF-T treatment was similar to that of the Th-cahttreatment.
Fifteen days afteil. harzianuminoculation, the number of conidia
produced did not differ among the treatments. Tddaes ranged from
545 728 + 76 275 CFU cthin the AMF-T treatment to 573 760
65 834 CFU crif in the T-control treatment.

5.3. Characterization of the interaction between Glomus sp.
MUCL 41833 and T. harzianum in the intraradical phase

The direct observation under bright-field light maiscope of the roots
of S. tuberosumshowed the presence df. harzianumin the
appressoria and in the intraradical fungal stresuproduced by
Glomussp. MUCL 41833. Seven days aferharzianumnoculation,
hyphae were observed within the appressoria oAtfiefungus (Fig.
10e). Trichoderma harzianumvas growing and branching following
the hyphal branching architecture and structurghefAM fungus on
the root surface (Fig. 10e). At this time, the abagon of IRM
revealed the presence ®f harzianumwithin intraradical hyphae of
the AM fungus (Fig. 10f1). The intraradical AM paitized hyphae
were usually empty without any sign of viabilitye( no SDH activity)
and protoplasm content (Fig. 10f1). However, ndfgration of the

hyphal walls of AM hyphae was observed. Isolatidrthe infected
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zone by septa formation was never observed. Theepce ofT.

harzianumwas observed neither in arbuscules nor in vesitldays

post-inoculation.

After 15 days, the presence ®f harzianumwas observed
inside the vesicles (Fig. 10g), but not in the adumles. The
parasitized vesicles were usually empty, withoutHSBctivity, in
contrast to the uninfected lipid-filled vesiclesigF 10g). No
perforation of walls, disruption of vesicles andeese of lipid and
organelle contents or changes in the morphology gize and shape)
of the parasitized AM vesicles were observed. Thieraacopic
observation of parasitized hyphae of the AM funghewed the exit
of T. harzianum (Fig. 10f2) directly through the hyphal wall
colonizing the intercellular space and penetratirtg the root cells
(epidermis and cortical parenchyma)&ftuberosungFig. 10h). The
root infection byT. harzianumwas always in patches, where peloton
of hyphae were observed in root cells clos&—10 mm) to the
intraradical AM fungal structures (Fig. 10h). Tt cells in intimate
contact withT. harzianumdid not show any signs of necrosis. No
structures resembling conidiophores were obsenmvéke roots during

the entire experiment.

The enzyme histochemical observation showed a feignt
decrease of the intraradical hyphae viability Gbmus sp. MUCL
41833 (.e. SDH active hyphae) in the presence Tof harzianum
compared with the AMF-control treatment. After 7ygathe AM
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fungus hyphae viability was 87.7 + 4.4% in the ABRtrol treatment
and 69.9 £ 4.1% in the AMF-T treatment, and afterdays, the AM
fungus hyphae viability was 77.8 + 4.9% in the ANHtrol

treatment and 58.9 + 6.1% in the AMF-T treatment.

No differences in total colonization, arbusculad aresicular
colonization were observed between treatment anttraoduring the
experimental period (Table 5). The total root catation after 15
days ranged from 31.5 + 7.2% in the AMF-controatreent to 28.5 +
7.6% in the AMF-T treatment.

Table 5 Impact of Trichoderma harzianunon the percentage of root colonization
(total, arbuscular and vesicular) of the AM fung@fomus sp. MUCL 41833
associated with autotrophic potato plantl&sl@énum tuberosum

Time (days) 7 15
AMF-Control AMF-T AMF-Control AMF-T

Colonization 496,515 258+7.7a 315+7.2a 285+7.6a
total (%)
Arbuscular
colonization (%) 3.2+0.7a 6.8 +4.1a 57+25a 85z*15a
Vesicular

o 1.4+0.6a 3.0+0.6a 3.3+1.5a 43+1.7a
colonization (%)

Values in the same row, followed by identical lettend within the same time¢. 7
or 15 days) did not differ significantly pt< 0.05 (Tukey test). Data represent the
means of six replicates (meanzstandard deviations).
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Parasitized hyphae of the AM fungus representeti%®f the
examined hyphae. It was 0.006 £ 0.004% and 0.00D&3% after 7

and 15 days, respectively.

The observation of the roots of the T-control tneext after
Trypan blue staining and SDH, coupled with Acidchis staining,

did not reveal the presenceTafharzianuminside the roots.
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6. Discussion

This study demonstrated that the mycelium of the fakgusGlomus
sp. MUCL 41833 acted as a channel for the entily. dfarzianumnto
the roots ofS. tuberosum This phenomenon occurred through a
multistep dynamic invasion process of the ERM.(extraradical
hyphae and spores) involving contact, surface lattent and
penetration, and its subsequent extension into tR& (i.e.
intraradical hyphae and vesicles) before exitinghia root cells (Fig.
12). Intrahyphal growth ofT. harzianum caused protoplasm
degradation, decreasing the ERM and IRM viability.

Our observations (in the Th-control treatment) amd recent
studies (Galloet al, 2009; De Jaeget al, 2010b) demonstrated that
T. harzianumMUCL 29707 is unable to penetrate the roots o&fmot
plantlets grownin vitro. Investigating plant-defence genes in potato
plants grown in the presence of this fungus, Gakoual. (2009)
observed a slight induction of the phenylalaninemamia lyase
(PAD. PAL gene activation and high-level concentration of th
enzyme within plant tissues has been strongly edlab induced
defence responses in plants against pathogens rasajootrophic
fungi (Guoet al, 2000; Yedidiaet al, 2003). The results obtained by
Gallou et al. (2009) were therefore attributed to the absenceof

cell penetration and colonization by the saprobe.
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Figure 12 Schematic drawing of the entry dfichoderma harzianunmto Solanum
tuberosumvar. 'Bintje' root.Trichoderma harzianungrowth alongside and/or coil
around the hyphae of the AM fung@omussp. MUCL 41833 before penetration
of hyphae and/or spores. The mycoparasitism oEfRM of the AM fungus led to
IRM invasion via the appressoria. Intra-hyphal giovef T. harzianumcaused
cytoplasm/protoplasm degradation, decreasing theM E&d IRM viability.
Trichoderma harzianurperforated the septa to join the living sectidrichoderma
harzianumexited the IRM to colonize the root in patchies. peloton of hyphae).

In addition, neither appressorium formation nortrpenetration and
subsequent colonization were observed using scgneiectron
microscopy and a bright-field microscope (De Jaegexl, 2010b). It
can be concluded that the presencel oharzianumMUCL 29707
within the potato roots was exclusively relatedtscentry via the AM
fungi Glomus sp. MUCL 41833. The coenocytic naturee.( the
absence of septa in living hyphae) of the AM mygalilinked to the
protoplasmic continuity between the extra- andittiearadical phase
of AM fungi (Smith and Read, 2008) may aid this qass and
represent a unique pathway for the entryTofharzianuminto the

roots.

Trichodermaspecies are free-living fungi that do not form
obligate associations with plants (Harman al, 2004). They are
mostly saprotrophic fungi in soil and dead plantemal, but they can
also be opportunistic plant root colonizers (Harmenal, 2004).
Some Trichodermastrains are able to colonize root surfaces and
penetrate below the epidermis (Yedidiaal, 1999; Harmaret al,
2004; Chacoret al, 2007). So far, only the study of Evaas al.
(2003) has reported the colonization of the vascsyatem of cocoa

by these fungii(e. T. harzianum, T. hamatum, T. virens, T. virada
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four undescribed species). To date, there is nornmdition on the

mechanisms that goveffrichodermaspp. root colonization (Rincon
et al, 2009). One study has reported tfat harzianumdevelops
penetration-specific morphological structures, sastappressoria and
papillae (Chacoret al, 2007). Once the fungus is inside the root, it
branches out extensively to form highly branchedskaria without
the disruption of root cells (Frankest al, 2002). The absence of a
detrimental effect on the plant, also observed unde experimental
conditions, is not in contradiction with other segl (Harmaret al,
2004; Vinaleet al, 2007) becausé&richodermaspp. is mostly used as
a biocontrol.

Modification of T. harzianumgrowth and development was
reported when the AM symbiosis was fully establis8t Arnaudet
al., 1995; Greeret al, 1999). This modification could be directly
caused by the AM fungii.é. hyphal exudates, competition for food
and space) or indirectly by modification of the pimyogical and
biochemical properties of the host plant followirfgM fungi
establishmenti . modification of root exudation) (Aviet al, 2008).

In our experiment, no antagonistic effects or modtions of the
growth of T. harzianumwere observed in the presence of the already
well-established AM fungal colony. This discrepancyay be
attributed to several factors, among which are éxperimental
conditions as well as the plants and fungal sp&ti@i used in the

interaction.
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Trichoderma harzianurwas able to extend and ramify in the

AM fungal hyphae without apparent modification ihet hyphae
structure. Despite being absent in living hyphaeGtdmeromycota,
septum formation is frequently observed in AM fures (1) a
mechanism to restrict damage in the mycelium causeghysical
stresses (de Souza and Declerck, 2003; de la Fmsimket al, 2005),
(2) a strategy to survive in the absence of a Bigithost (Logiet al.,
1998) and, more largely, (3) a mechanism associatddageing or
lytic events (Baget al, 1999). Under our experimental conditions, no
physical barrier €.g. septum formation to isolate infected segments)
was observed close to the appressoria formed. harzianunon the
hyphae ofGlomussp. MUCL 41833 and it is necessary to stress here
that no significant differences were observed arihmber of hyphae
with septa between the AMF-control treatment and WMF-T
treatment. Hence, one may suppose that septatemasisequence of
an ageing process rather than a response assowdte@d defence
mechanism triggered by the presencd& oharzianum Moreover, the
high percentage of empty hyphae in the AM fungabiep suggested

a rapid degradation of the hyphae content befopgasermation in
the living AM mycelium. Our results, combined witihhose obtained
by Rousseaet al. (1996), suggested th@t harzianuminvasion was
so rapid and aggressive that AM fungi did not haweugh time to
trigger eventual defence systems, such as septumafion. However,
this does not exclude that AM fungi may have dewetb defence

mechanisms to counteract fungal invasion.
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At present, little is known on the impact ©f harzianumon

the growth and development of AM fungi. This midhg because
most studies were conducted under greenhouse aldcionditions
and have addressed the plant performance (Dattofél, 1995;
Siddiqui and Mahmood, 1996) rather than the int&wacbetween
both fungi. In our studyT. harzianumhad no negative effect on the
AM root colonization or sporulation during the exipgent period (2
weeks). A decrease in root colonization by the AMdi was reported
by McAllister et al. (1994a) whefT. harzianumwas inoculated before
or at the same time as the AM fungrichoderma harzianuraffected
the AM root colonization by impacting the presynthiophase
(McAllister et al, 1994b). In contrast, wheff. harzianumwas
inoculated after the establishment of the AM symalsiopabsence of a
negative effect on AM root colonization was obsery®icAllister et
al., 1994b; Greeret al, 1999; Vazqueezt al, 2000), conditions that
were similar to those in our study. The absence égative impact of
T. harzianumon extraradical mycelium growth observed in oudgt

was also shown by Greemal. (1999) in a root-free soil experiment.

Although evidence of the mycoparasitism of the aedical
mycelium of AM fungi has been shown (Roussegal, 1996), there
have been very few studies that have demonstratedeievance of
this phenomenon. The present result showed cldaaty. harzianum
extended from the ERM to the IRM and decreasedithtality of the
AM fungi Glomus sp. MUCL 41833. The low presence 0f
harzianuminto IRM could possibly be explained by a protenti
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effect of the root. In addition, it must be stresdeat the access ot

harzianumto the IRM was exclusively via the extension ok th
mycoparasitism of the ERM and never via direct patien of the
root. The low percentage of mycoparasitism of Rl Isuggested that
the decrease in intraradical hyphae viability obsédris due to the
ERM-T. harzianuminteraction rather than the mycoparasitism of the
IRM. This is not in contrast to the results of Mtgter et al. (1994a),
who reported a decrease of the SDH activity asnseguence of AM
fungus—microorganism interaction. A decrease in Risbility may
affect the AM fungal growth and development in ldegn periods,
but may also modify the functioning of the AM sym&is (.e.
transport of nutrient, etc.). It has been suggetitatl to compensate
the negative effects caused by the mycoparasitfdvh,fungi could
modify the bidirectional transfer of nutrients, ieasing the carbon
transfer from plant to AM fungi and decreasing theil-derived
nutrient supply from the AM fungi to the plant, thmodifying the
plant relationship from mutualism to 'parasitistRuin and Rillig,
2008). A change in mycorrhizal functioning couldalexplain the
decrease of shoot and root dry plant weights. (fitness and
productivity) (McAllisteret al, 1994a; Klironomos, 2003; Lendzemo
et al, 2004; Martinezt al, 2004).

In conclusion, mycoparasitism By, harzianumwas observed
in all fungal structures of the ERN4. in hyphae and spores), and for
the first time, to our knowledge, within the IRMg( in intraradical
hyphae and vesicles) of the AM fung@omussp. MUCL 41833.
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This observation sets up the debate on the subdiptof AM fungi

of being infected by microorganismse( pathogens or biological
control agents) from the rhizosphere and to acd akannel for root
penetration. Further studies must be performed/atuate the impact
T. harzianumon the growth, functionality and survival of theMA
fungus and to assess the influence of the dualuiation on plant

performance.
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1. Preface

In Chapter 3, we demonstrated th@t harzianumwas able to feed on
the intraradical and extraradical mycelium of AMn@iL The
parasitism ofGlomussp. was followed by a rapid degradation of the
AM cytoplasmic content affecting its viability. Thiprocess may
possibly impact the capacity of the AM fungus tansport nutrients
from the soil to the plant, an essential functidtritauted to this
obligate symbiont. I'€hapter 4, we aimed to evaluate the effectTof
harzianumon the transport of P by the AM fungus and pardhe
observations with the SDH and ALP activities in teetraradical

mycelium.
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2. Summary

Trichodermasp. is a biocontrol agent active against plant pathegen
via mechanisms such as mycoparasitism. Recently wis
demonstrated thak. harzianumwas able to parasitize the mycelium
of an arbuscular mycorrhizal (AM) fungus thus afifleg its viability.
Here, we question whether this mycoparasitism meguce the
capacity ofGlomussp. to transport phosphorus (%3P) to its host plant
in anin vitro culture system>>P was measured in the plant and in the
fungal mycelium in presence/absenceTofharzianum The viability
and metabolic activity of the extraradical myceliwas measured via
succinate dehydrogenase and alkaline phosphatisengt Our study
demonstrated an increased uptake*# by the AM fungus in
presence off. harzianumpossibly related to a stress reaction caused
by mycoparasitism. In addition, the disruption oMAextraradical
hyphae in presence &. harzianumaffected the®P translocation
within the AM fungal mycelium and consequently trensfer of>*P

to the host plant. The effects ©f harzianunon Glomussp. may thus
impact the growth and function of AM fungi, andaladirectly plant
performance by influencing the source-sink relatfop between the
two partners of the symbiosis.

Key words: Arbuscular mycorrhizal fungiTrichoderma harzianum
Phosphorus, Radio-labelling, SDH and ALP mycorrhaivities, in

vitro.
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3. Introduction

Arbuscular mycorrhizal (AM) fungi and other benddicsoil-borne
microorganisms such a3richoderma spp. have been shown to
improve plant productivity and health, and are thoisparticular
interest for sustainable agriculture (Whipps, 206#rmanet al,
2004; Avis et al, 2008). Their combination has been reported in
several studies but with contrasting results. Sdvstudies have
demonstrated a positive effect of the dual inoeotaton plant
performance in presence as well as in absence aoit lathogens
(Datnoff et al, 1995; Siddiqui and Mahmood, 1996; Chandaatial,
2009), while other reported a reduction in planbathand root dry
weights (McAllister et al, 1994a, b; Martinezt al, 2004). One
hypothesis that could explain the later is the gonéstic non-target
action of Trichodermaspp. via mycoparasitism on the AM fungal
mycelium (Lee and Koske, 1994; Rousseaal, 1996; De Jaegest
al., 2010a).

Phosphorus is required by plants in relatively éaagnount but
is often poorly available. Low solubility and sladiffusion of P in
soil solution cause plants to become P deficiet mngrow poorly
(Smith and Read, 2008). To overcome this limitgtiptants have
developed several mechanisms of P acquisition, gmeinich the
association with AM fungi (Smith and Read, 2008)he3e
microorganisms form symbiotic associations with rlyea@80% of

terrestrial plants (Smith and Read, 2008). This lEg8iS is
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characterized by a reciprocal exchange of nutriggriacipally P) for

carbon (Smith and Read, 2008). To increase plaatdRisition, the
extraradical mycelium (ERM) of AM fungi extends anthe soil,

increasing significantly the absorptive area oftsowan der Heijden
et al, 2008). This indirect pathway of plant P acquisit{Smithet al.

2003) can be subdivided into three steps whichteaiptake of P by
the ERM, its translocation within the hyphae tovgatide intraradical
structures of the AM fungus and its transfer frdme fungal to the
plant (Cooper and Tinker, 1978; Jakobsanal, 1992; Smith and
Read, 2008).

The saprotrophic fungi from the genu&ichoderma are
opportunistic, avirulent plant colonizers, which yract as parasites
and antagonistsi.€. through competition for nutrient and space,
antibiosis production) of many plant pathogens (htaret al, 2004).
They have been shown to promote plant growth \ceesed nutrient
uptake, and to protect them against biotic and t&bistresses
(reviewed in Harmaret al, 2004; Vinaleet al, 2007; Aviset al,
2008). Mycoparasitism byrichodermaspp. has been reported as a
major mechanism to control plant fungal pathogdiss mechanism
was also observed on AM fungi in several studiese(and Koske,
1994; Rousseaat al, 1996; De Jaegest al, 2010a). Recently, De
Jaegeret al. (2010a) demonstrated that harzianumwas able to
parasitize the ERM of an AM fungus but also thehag developing
within the roots, thus affecting its viability. it therefore possible that
the AM functionality, including the capacity to tigport nutrients and

-140-



Chapter 4

carbon, may be affected, further resulting in adowerformance of

both partners of the symbiosis. However, the impauft
mycoparasitism on the capacity of AM fungi to traot P or to

acquire C from their host plants remains unknown.

Here we investigated the impact @t harzianumMUCL
29707 on the transport of P by the AM fung@kbmussp. MUCL
41833 to its host plang§olanum tuberosui. var Bintje. We adapted
a compartmentedh vitro culture system (Dupré de Bouloi al,
2009) allowing the AM fungal ERM to develop in &3abelled
compartment from which the mycorrhizal host rootsd athe
saprotrophic fungi were physically excludétP was measured in the
plant (shoot and roots) and in the fungal mycelium
presence/absence &f. harzianum Data were confronted to the
viability and metabolic activity of the extraradidgyphae of the AM
fungus measured via enzyme activities of the sateidehydrogenase
(SDH) and alkaline phosphatase (ALP), respectif€lissonet al,
2002).
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4. Material and methods

4.1. Potato plantlets stock

In vitro micro-propagated potato plantletSo{anum tuberosunh.,
var. Bintje) were supplied by the Station de Ha@elgique in
Libramont, Belgium. Plantlets were subcultured gv&i6 weeks by
placing nodal cuttings in sterile culture boxes ¥60 x 50 mm, 20
cuttings per box) containing 50 ml of Murashige-&¢MS) medium
(Murashige and Skoog, 1962) following the methodglaescribed

by Voetset al. (2005). Plantlets were kept in a growth chamber at
22/18°C (day/night) and illuminated for 16 Fd under a
photosynthetic photon flux (PPF) of 3ol m?s™.

4.2. Disinfection of Medicago seeds

Seeds oiMedicago truncatula_., cv Jemalong strain A 17 (SARDI,
Australia) were surface-disinfected by immersiom id min in a
solution of sodium hypochlorite (8% active chlopideccording to
Dupré de Bouloiset al. (2006). Seeds were then placed for
germination on Petri plates (90 mm diameter) coimai 40 ml of the
Modified Strullu-Romand (MSR) medium (Declerek al, 1998)
lacking sucrose and vitamins and solidified witlg 8* Phytagel™
(Sigma-Aldrich, Inc., St Louis, USA) and adjustedpH 5.5 before
sterilization (121°C for 15 min). Twenty-five seedgre placed on

each Petri plate. The Petri plates were incubatatie dark at 27°C.
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Seeds germinated within 1-2 days and plantlets wesdy to use

after 4 days.
4.3. Arbuscular mycorrhizal fungal culture

The AM fungus Glomus sp. MUCL 41833 was supplied by the
Glomeromycota  in vitro collection (GINCO -
http://www.mycorrhiza.be/ginco-bel) awot organ cultures (ROC) of
carrot QDaucus carotal.). The altures were provided in Petri plates
(90 mm diameter) on the MSR medium supplementeti Wi g T*
sucrose, adjusted to pH 5.5 before sterilizati@1{C for 15 min) and
solidified with 3 g I* Phytagel™ (Cranenbroucét al, 2005). The
Petri plates were incubated for 3 months in the&k daran inverted
position at 27°C. Several thousand spores wereupest within this

period.
4.4, Trichoderma harzianum culture

A culture of Trichoderma harzianumRifai MUCL 29707 was
supplied by the Mycothéque de I'Université catheigde Louvain
(MUCL) (http://bccm.belspo.be/about/mucl.php) ontgto dextrose
agar (PDA) medium (Scharlau Chemie S.A, Barcel@pain). A plug
of gel containing several conidia and mycelium vpdaced into a
sterile glass tube (1.5 ml) filled with 0.4 ml o%oclsterile distilled
water-peptone (SDWP, Duchefa, The Netherlands).pling was then
swirled in the SDWP with a vortex mixer for 15 gdahe suspension
was serially diluted to 18 From this dilution, 50 pl was spread on
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fresh PDA medium (25 ml) in a Petri plate (90 mrandeter). The
Petri plate was subsequently incubated 4 dayserdénk at 25°C and

afterwards at 4°C until needed.
4.5. Experimental set-up

A mycelium donor plant (MDPin vitro culture system was set up for
the fast and homogenous mycorrhization of potaami#ts following
the methodology described by Voetd al. (2009). Briefly, bi-
compartmented Petri plates (90 mm diameter) weed ts physically
separate a root compartment (RC) from a hyphal eotment (HC).
Both compartments were filled with 25 ml of MSR mad without
sucrose and vitamins and solidified with 3'gRhytagel™. Foudays
old M. truncatulaseedlings were transferred in the Rith their roots
placed on the surface of the MSR medium and thetshextending
outside the Petri plates. The seedlings wamneculated with
approximately 100 spores d@lomussp. MUCL 41833, extracted
from the AM fungal culture following solubilizatiomf the MSR
medium (Cranenbrouadt al, 2005).The Petri plates were then sealed
and incubated in a growth chamber set at 22/184y/fight) and
illuminated for 16 hd under a PPF of 30@molm?s® The
extraradical mycelium (ERM) developed profuselytire RC and
crossed the plastic barrierd¢pread in the HC. After 8 weeks, tem-
days old potato plantlets were introduced in the ¢(i@ach MDPin
vitro culture system with their roots in contact witle tBRM network

and their shoots extending outside the Petri plakbge Petri plates
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were sealed and incubated under the same condammabove. After

twelve days of contact with the ERM network, thegbo plantlets
were removed from the MDR vitro culture systems and transferred
into quadri-compartmented culture plates 12.4 x 8 (each
compartment 3.1 x 8.5 cm) (quadri-PERM, Greiner -Biuwe,
Kremsmunster, Austria) (Fig. 13). In these cultplates, only three
compartments were used. The plastic barrier sepgrtte first and
the second compartment was removed with a scalpés. enlarged
compartment (6.2 x 8.5 cm) was filled with 50 mIMSR medium
lacking sucrose and vitamins, adjusted to pH 5forbesterilization
(121°C for 15 min) and solidified with 3 g IPhytagel™. In this
compartment, one mycorrhized potato plantlet waxed with the
roots on the MSR medium and the shoots extendingidsui the
culture plate. This compartment was referred agdbecompartment
(RC). The other compartment was filled with 20 rhiMSR medium
lacking sucrose and vitamins, adjusted to pH 5forbesterilization
(121°C for 15 min) and solidified with 3 ¢'IPhytagel™. This
compartment was referred as the hyphal compartif@} and was

only accessible to the ERM of the AM fungus.
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AMF

2

HC

RC

Figure 13 Schematic representation of the quadri-compartndentgture system
(plate 12.4 x 8.5 cm) used to study the impacTrt¢hoderma harzianunMUCL
29707 on the transport &fP by the AM fungusGlomussp. MUCL 41833. Only
two compartments were used. An enlarged root commgent (RC; 6.2 x 8.5 cm)
consisting of two merged compartments following tienoval with a scalpel
(dashed line) of the plastic barrier separatingfits® and the second compartment.
Roots of anin vitro produced potato plantlet were associated to thefdhgus in
this compartment, whiléhe extraradical mycelium of the AM fungus was allowed
to spread in a second compartment, named the hyphgbardment (HC; 3.1 x 8.5
cm). T. harzianum(T) was inoculated in the RC in close vicinityttee roots and in
direct contact with the ERM of the AM fungus. Thaufth compartment (dashed
compartment) has been left empty.

The culture plates were wrapped with opaque plastic sheets and
transferred to a growth chamber under the sameditea conditions
as abovePotato roots crossing incidentally the plastic ieamvere cut
and removed using a scalpel and forceps. Five nil1I®R medium,
lacking sucrose and vitaminadjusted to pH 5.5 before sterilization
(121°C for 15 min) and solidified with 3 ¢ IPhytagel™was added
weekly to the RC to provide the plants with nuttgeand to maintain
the medium at the level of the top of the partitivall, facilitating
hyphae to cross from the RC to the HC. This medies cooled to
40°C in a water bath before addition to avoid daesag the roots and

AM fungus.
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After a period of 4 weeks, the medium in the HC wasgered

by a profuse mycelium. This medium (containing thghae) was
removed from the HC and replaced by 3 ml of fresBRvVimedium,
lacking sucrose and vitaminadjusted to pH 5.5 before sterilization
(121°C for 15 min)and solidified with 3 g1 Phytagel™ This
favoured a homogenous re-growth of the ERM in th@. After a
period of 10 days, 44 culture systems were selebtegkd of the
number of spores and hyphal length produced inRBeand in the
HC, estimated under a dissecting microscope (OhNM@Z40;
Olympus Optical GmbH, Hamburg, Germany) at x 6.7-40
magnification following the method of Declerek al. (1996a) and
Giovannetti and Mosse (1980), respectively. In H@, the surface
covered by the ERM was also evaluated by tracisgiutrface on a
transparent plastic sheet placed on the culturte pising a dissecting
microscope. The surface area was subsequentlyutubfahe sheet
and weighed. The surface of the HC covered by ERdd walculated
by comparing to the weight of a transparent plastieet representing
the full HC. The number of spores was 3171 + 35& the length of
hyphae was 2587 + 286 cm in the RC and 78 + 4%spand 1316 +
309 cm covering 23 + 4 cm? (91 + 15%) of the HBeTumber of

leaves of the potato plantlets was also evaluatédt 1 leaves.

The 44 culture systems were divided in two homogsno
groups of 22 systems based on the criteria abome.g®up (named
the AMF treatment) contained potato plantlets assed to the AM
fungus. The other group (named the AMF-T treatmalst) contained
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potato plantlets associated to the AM fungus butewadditionally

inoculated withT. harzianum@@ 4 mm diameter plug of PDA medium
containing several hyphae). The plug was carefplgced in the
upper part of the RC in the vicinity of the rootsdan direct contact
with the ERM of the AM fungus (Fig. 13). The Peplates were
incubated horizontally in a growth chamhgder the same conditions

as above

One experimental unite. one replicate, consisted on an
vitro potato culture system inoculated wittomussp. MUCL 41833
alone or with the AM fungus and harzianumMUCL 29707.

4.6. Experiment 1: Impact of T. harzianum on the transport
of **P by the AM fungus

Four days after the inoculation @ harzianumin the RC, 12 Petri
plates of each treatmente, AMF and AMF-T treatments) were
randomly selected among the two groups of 22 sysi@mil a source
of phosphorus (3P) was added to the HCs. The soofc3P was
orthophosphate in diluted hydrochloric acid (<0.18Dpplied by
PerkinElmer (Zaventem, Belgium). The radioactivduson was
filter-sterilized (Acrodisc Syringe filters, PALL dEporation, Ann
Arbor, MI, USA) and 100 pl was applied with a mipieette in each
system on the whole surface of the medium in theal@ving for a
better distribution of*P via diffusion (Nielseret al, 2002). The
activity of *P applied in each system was 49.99 KBg. A
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formaldehyde-control was also considered. In 4 esgst of each

treatment, formaldehyde (2% v/v) was introducethsnHC two days
before **P labelling in order to kill the AM fungus. Thislaed
determining whether the transport of 3P was medidby active
fungal processes. Thus eight systems were condiderethe AMF
and AMF-T treatments without formaldehyde and 4tesys for the
two treatments with formaldehyde. The 24 systemsewecubated in

a growth chambaunder the same controlled conditions as above

At harvest (e. 72 hours after labelling and 7 days affer
harzianuminoculation) the transport of 3P was assessélderfungal
biomass of the RC (consisting of hyphae from batigf in the AMF-
T treatment and AM fungus alone in the AMF treattheand HC
(consisting of hyphae from the AM fungus in the ANTFand AMF
treatments), in the medium of the RC and HC, inrtas and in the

shoots ofS. tuberosum

The shoots of the potato plantlets were harvesyezitiing the
stem at the level of the medium in the RC. Thegsawére removed
from the medium and cleaned-free with milliQ watieom the
remaining gel and external hyphae. The medium efRE and HC
containing the fungal biomass were dissolved iratst buffer
(Cranenbrouclket al, 2005 to separate the mycelium from the gel.
The fungal biomass was then rinsed in sterile degmshwater and
collected. Aliquots of 5 ml of dissolved mediumrirahe RC and HC

were considered forfP analyses.
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Shoot and root dry weights of plants were measafe three

days at 70°C. The plant and fungal materials wkes tdigested in
1 mL of HNG; (70%) and diluted to 10 ml with Milli Q water. An
aliquot of 5 ml of the digested samples was theseddo 15 ml of

liquid scintillation cocktail (Ultima Golt" AB, Packard BioScience,
Groningen, The Netherlands). Dissolved medium was added to
15 ml of liquid scintillation cocktail. Samples veethen counted for
33p activity on a Packard Tri-Carb 1600CA liquidngidlation counter

(Packard Instruments, Meriden, CT, USA).

4.7. Experiment 2: Impact of T. harzianum on hyphal metabolic

activity and viability of the AM fungus

The 10 experimental units remaining from each tneast were
randomly separated in two groups of 5 experimemtitis each. One
group was harvested 4 days afferharzianuminoculation and the
other group 7 days after inoculation (correspondmthe timeline of
%p Jabelling and harvest of Exp. 1, respectivelypfdde harvest,
hyphal interactions betweelomus sp. and T. harzianum was
assessed through direct observations under a 4rghtit light
microscope (Olympus BH-2, Olympus Optical GmbH) 5 X
magnification, i.e. without disturbing the three dimensional
configuration of the mycelium (De Jaegaral, 2010a). In addition,
the number of spores, hyphal length produced irR@eand in the HC
and the ERM covering the surface of the HC werenagéed following

the methods described above.
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Plants were harvested and root colonization waesassl by

staining according to the protocol described byliphiand Hayman
(1970). Colonization was estimated under a brigHtf light
microscope at x 50-250 magnification, following tmeethod of
McGonigle et al. (1990). For each subsample, at least 150 root
intersections were assessed.

The mycelium of both fungi was carefully extracfetlowing
solubilization of the medium (Cranenbrouekal, 2005) of the RC
and HC. The hyphae were stained for alkaline phatsge (ALP) and
succinate dehydrogenase (SDH) detection followhey grotocols of
Olssonet al. (2002) and Saito (1995), respectively. For ALFvatyt
a 0.1 M Tris/HCI buffer (pH 8.5) with 1.1 mg thla-naphthyl
phosphate Na salt (Sigma-Aldrich If@mbH, Steinheim, Germany)
and 1.0 mg mt fast blue RR (Sigma-Aldrich In6GmbH, Steinheim,
Germany) solution was used. Samples of myceliumewecubated
for 90 min at room temperature in the staining soiuand were
washed with deionized water for 15 min. The hyphaere
counterstained by immersion in 0.1% (w/v) acid &ioHactic acid for
15 min and transferred to lactoglycerol for storagel de-staining.
For SDH activity, samples of mycelium were incubateernight at
room temperature in a staining solution consisting.05 M Tris/HCI
buffer (pH 7.4), 0.5 mM MgG| 0.25 M sodium succinate and 1 mg
ml? Nitroblue tetrazolium (Sigma-Aldrich IndGmbH, Steinheim,
Germany). Samples were washed with deionized wated5 min.
The hyphae were counterstained by immersion in O(W%) acid

-151-



Chapter 4
fuchsin/lactic acid for 15 min and transferred #xtbglycerol for

storage and de-staining.

Mycelium samples stained for ALP or SDH activity rere
mounted on microscope slide with lactoglycerol. riar
precipitation of the samples was assessed withightbield light
microscope (Olympus BH-2, Olympus Optical GmbH) »at50
magnification. According to the magnified intersecmethod
(McGonigle et al, 1990), intersections of hyphae were classified as
active or non-active according to visualization a@franular
precipitation. For each sample, at least 150 hypttatsections were

observed.

4.8. Statistical analysis

Data analysis was performed with the statisticaltwsore SAS
Enterprise Guide 4. Data that were normally disteéd and had
homogeneous variances were subjected to an anaf/sigriance
(ANOVA). The Tukey HSD (honest significant diffexa) test was
used to identify the significant differencgs<0.05).
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5. Results

5.1. Experiment 1: Impact of T. harzianum on the transport
of *P by the AM fungus

At the end of the experiment, 87.1 + 2.7 and 22%2% of
the 33P initially supplied in the HC was taken ypthe AM fungus in
the AMF and AMF-T treatmentd.¢. 12.9 + 2.7% and 7.5 = 2.2%,
remained in the medium), respectively. This differe was significant
between treatments. The 33P activity measured & AM fungal
biomass in the HC represented 58.5 + 16.4 and $8%.4% of the
3P taken up by the AM hyphae in the HC of the Altkd AMF-T
treatments, respectively (Table 6). In the fungalrass in the RC
(consisting of AM mycelium in the AMF treatment anaycelium
belonging to both fungi in the AMF-T treatment)etiP content
represented 9.1 + 2.2 and 9.4 = 2.3% of 3P takerby the AM
hyphae in the HC, respectively (Table 6). No sigaifit difference in
the 33P activity or 33P specific activity of thenfyal biomass of the HC
and the RC were observed between the treatmemisla8y, the 3P
content of the roots did not differ among the tweatments and
represented 19.1 + 7.6 and 15.1 + 7.1% of 3P talebhy the AM
hyphae in the HC of the AMF and AMF-T treatmentspectively
(Table 6). No significant difference in 3P speciictivity in the roots

was observed between the treatments (Table 6).
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Table 6 Phosphorus activities (cpm: count per minute) gretiic activities measured on shoot and root$.ofuberosumfungal biomass
(i.e. hyphae from AM fungus in the AMF treatment andiirboth fungi in the AMF-T treatment) in the rootnggartment (RC), medium in

the root compartment, fungal biomags.(hyphae from the AM fungus in the AMF-T and AMFatments) in the hyphal compartment (HC)
and medium in the hyphal compartment (HC).

Activity measured (cpm) AMF AMF-T
Shoot 41779 + 25512b (8.5+3.0) 13096 + 3586a 128)
Roots 96221 + 26685a (19.1+£7.6) 71395 + 28739%a 5.1#7.1)
Fungal biomass (RC) 47312 + 11883a 9.1+2.2) a5561642a (9.4+£2.3)
Fungal biomass (HC) 312455 + 57497a (58.5+16.4) 14831 +57058a (68.7 £ 15.4)
Medium (RC) 22921 + 8224a (45+1,9) 18341 +7605a (3.8+1,4)
Medium (HC) 116102 + 21202b 81176 + 22873a
Specific activity AME AME-T
(cpm/mg)
Shoot 264 + 73a 76 £ 40b
Roots 3447 + 1538a 2223 + 1396a
Specific activity AME AME-T
(cpm/cm)
Fungal biomass (RC) 12 + 3a 12 + 3a
Fungal biomass (HC) 195+ 35a 218 + 39a

Activities in cpm z standard deviations € 8). Values in parenthesis correspond to the gmeages + the standard deviations of the
distribution of the 33P total uptake by the AM fuisgneasured in the AM fungal biomass(AM mycelium in the hyphal compartment
(HC) of the AMF and AMF-T treatments, AM mycelium the root compartment (RC) of the AMF- treatmemd & the fungal biomass of
both fungi in the root compartment (RC) of the AMRreatment), and in the potato roots and shogisciic activity in cpm * standard
deviations K = 8), estimated per mg of roots and shoots oftpgitantlet or estimated per cm of hyphal lengtiAbf fungal mycelium.For
each activity, values in the same line followeddmBntical letters do not differ significantly (TukélSD testp < 0.05).
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To the contrary, the 33P content measured in theotsh was
significantly higher in the AMF treatment as congziato the AMF-T

treatment and represented 8.5 + 3.0 and 2.8 + di8%F taken up by
the AM hyphae in the HC, respectively (Table 6).shynificant

difference in 3P specific activity in the shootsandentically observed
between the treatments (Table 6). The 3P releastttt RC medium
did not differ among the treatments and represeéteéd 1.9 and 3.8
+ 1.5 of 3P taken up by the AM hyphae in the H€tfee AMF and

AMF-T treatment, respectively (Table 6).

In the formaldehyde treatments, the 33P remainethéenHC
and was neither detected in the fungal biomasseatium of the RC

nor in the plant roots or shoots of the AMF and ANV Eeatments.

5.2. Experiment 2: Impact of T. harzianum on hyphal

metabolic activity and viability of the AM fungus

In the AMF-T treatment, intermingled and overlappsghae of both
fungi as well as mycoparasitisme( coiling and penetration of the
extraradical mycelium) of the AM fungal mycelium By harzianum

were observed in the RC (data not show).

The AM development in the RC and in the HC did not
significantly differ in presence or in absenceTofharzianum Four
days afterT. harzianuminoculation (at 33P labelling time), the AM
mycelium covered the whole surface of the H@.(25.2 cm?) in

presence as well as in absence of the saprotrdphg. In the RC,
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the number of spores was 4743 + 453 and 4632 zan85the length
of hyphae was 3316 + 374 cm and 3282 + 567 in assenm in
presence ofT. harzianum respectively. In the HC, the number of
spores was 125 + 35 and 90 * 54 and the lengtlypiide was 1485 +
286 cm and 1407 + 239 in absence or in presence bfarzianum

respectively. At harvest.€. 7 days posT. harzianumnoculation and
3 days post 33P labelling), in the RC, the numiiespores was 5208 +
351 and 5119 + 583 and the length of hyphae wa$ 38%.4 cm and
3703 = 545 cm in absence or in presence Tof harzianum
respectively. In the HC, the number of spores w5469 and 93 +
49 and the length of hyphae was 1598 + 236 cm &3® * 257 in

absence or in presenceTofharzianumrespectively.

The presence ofT. harzianum in the RC decreased
significantly the mycorrhizal viability (SDH staimg) in the RC and in
the HC (Fig. 14a). The proportion of AM viable hygehin the RC was
reduced by 28.5% and 51.7% in the AMF-T treatmentampared to
the AMF treatment 4 and 7 days after the inocutatibT. harzianum
respectively. In the HC, the proportion of AM viabhyphae was
reduced by 8.9% and 14.4% in the AMF-T treatmentamspared to
the AMF treatment 4 and 7 days aft€r harzianuminoculation

respectively.
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Figure 14 Proportion ofmetabolics activitiesletermined in the extraradical hyphaegsddmussp. MUCL 41833 in absence (AMF treatment)
or in presence of. harzianumMUCL 29707 (AMF-T treatment) (mean + standard déwns,n = 5) 4 and 7 days after inoculation of the
saprotrophic fungus. Analysis was conducted inrtwe compartment (RC — accessible to both fungd) layphal compartment (HC — only
accessible to the AM fungus)) Proportion of succinate dehydrogenase (SDH) agtikijt Proportion of alkaline phosphatase (ALP) activity.
Asterisks indicate a significant differenqe<{0.05, Tukey HSD test) between the treatments.
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Similarly, a significant difference was found in eth

mycorrhizal metabolic activity (ALP staining) betere the two
treatments (Fig. 14b). The presenceTofharzianumdecreased the
proportions of ALP-active hyphae in the RC but imothe HC, 4 days
after T. harzianuminoculation. In the RC, the proportion of ALP-
active hyphae of the AM fungus was reduced in tMFAT treatment
by 21.6 and 20.8% as compared to the AMF treatmesmid 7 days
afterT. harzianuninoculation, respectively. In the HC, the propamti
of ALP-active hyphae of the AM fungus was signifitdg different 7
days afterT. harzianuminoculation and was reduced in the AMF-T

treatment by 38.4% as compared to the AMF treatment

Table 7 Root colonization ofS. tuberosum(total, arbuscular and vesicular;
McGonigleet al, 1990) following inoculation by the AM fung@lomussp. MUCL
41833, 4 and 7 days after inoculation wittichoderma harzianunvilUCL 29707.
Time (days) 4 7
AMF AMF-T AMF AMF-T

56.5+8.2a 57.3+6.9a 62.6+12.4a 57.1+5.1a

Total colonization

(%)

Arbuscular

colonization (%)

Vesicular

colonization (%)
For each timeife. 4 or 7 days aftef. harzianuminoculation), values in the same
row followed by identical letters did not differgsiificantly atp < 0.05 (Tukey HSD
test). Data represent the means of five replidgesan + standard deviations).

21.3+3.2a 24.0+4.1a 28.9+9.9a 25.4+2.3a

5.8+2.0a 6.6+3.8a 10.1+3.4a 9.0+1.5a

No difference in total potato root colonizationbascular and
vesicular colonization were observed between thatiments during
the experimental period (Table 7). The total rambnization 7 days
afterT. harzianuminoculation ranged from 62.6 + 12.4% in the AMF
treatment to 57.1 + 5.1% in the AMF-T treatment.ribg the
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experimental study, the arbuscular colonizatiomeased from 21.3%
3.2% to 28.9 £ 9.% in absenceTafharzianumand from 24.0 £ 4.1 %

to 25.4 + 2.3% in presence of the saprotrophic ifufige vesicular
colonization raised from 5.8 + 2.0% to 10.1 + 3.4¥%absence of.
harzianum and from 6.6 + 3.6 to 9.0 + 1.5% in its presence.
Arbuscular and vesicular colonization were not gigantly different

between treatments.
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6. Discussion

The interactions between mycorrhizal fungi and os@l organisms
are complex. If beneficial interactions have baequdently mentioned
(Bonfante and Anca, 2009), several authors have atported
antagonistic interactions with bacteria, fungi amicroarthropods
which may affect the functioning of the AM symbiss@Varnocket

al., 1982; Linderman, 1988; Paulitz and Linderman,1)9%Recently,
De Jaegeret al. (2010a) demonstrated, under vitro controlled

conditions, thafl. harzianumwas able to impact the viability of AM
fungi by feeding on its intra and extraradical niyoa. Therefore, it
seemed conceivable that the disruption of this Biypbntinuum from
soil to plant could affect the bi-directional traost of C and P

between both partners of the AM symbiosis. In oxpegimental

conditions, ¥ was measured in hyphae, roots and shoots

demonstrating the capacity of the AM fungus to take translocate
and transfer P from a root-free compartment tchdst plant in the
absence as well as in the presencerl oharzianum However,the

amount of P transported was affected in presendbeofaprotroph.
More P was taken up by the AM fungus in presence. ¢farzianum

while less P accumulated in the shoots of the popdants. This
observation was paralleled with a reduction oftiadility (measured
via SDH staining) and metabolic activity (measuedALP staining)

of the AM extraradical hyphae in presenc& oharzianum.
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Radiotracer studies have demonstrated that phasphpake
by the extraradical mycelium of the AM fungus is trery first step in
the process of P transport to the plant (Jakoleseal, 1992). In the
extraradical hyphae, P enters the cytoplasm via-fjnity Pi:H"
symporters (Harrison and Van Buuren 1995; Maldordéndozaet
al. 2001; Javotet al. 2007) and is rapidly transferred to the fungal
vacuole where it is polymerized to form poly-phosgghchains (poly-
P) (Ezaweet al. 2001, 2004). The poly-P are then translocatedgalon
the hyphae to the intraradical mycelium and tramsteto the plant
cells (Harrisonet al, 2010). In our study, the proportion &P
remaining in the medium of the HC was significantbwer in
presence off. harzianumin the RC, a consequence of the higher
uptake by the AM extraradical mycelium in preseatthe saprotroph
spatially separated from tHéP source and AM mycelium in contact
with *3P. This enhanced uptake of P associated to an Ibl@naer
transport of P by the AM fungi to the host plané®ss contradictory
and exclude the uptake as being the cause folotir transport of P.
Purin and Rillig (2008) hypothesized that mycop#izzed AM fungi
(i.e. by T. harzianum may compensate metabolites loss or repair
damaged tissue by increasing nutrient uptake frioenenvironment
(i.,e. P, N uptake) or host plantg. C acquisition), and thus could
explain our observation. For instance, it couldsoggested that in
response to AM mycelium parasitism, the expressiomctivity of
phosphate transporters could be increased. RegulatiP transporter

gene expressioroding for a protein belonging to the Pi/kKo-
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transporters familyn the extraradical hyphae appears to be a rapid
and dynamic process, as indicated by the increadedacrease in P
transporter gene transcript levels in response rwdification in the
surrounding hyphal environment (Maldonado-Mendetaal, 2001,
Olssonet al, 2005) or in response to a signal from the hoantpl
(Benedettoet al, 2005). Maldonado-Mendozat al. (2001) also
demonstrated that a modification in the root cortipant may
regulate P uptake by the extraradical hyphae in Hyphal
compartment, suggesting communication between iffiereht parts
of the mycelium subject to the differing environrte@nconditions
(Hodge, 2010). Consequently, we hypothesizedTthaarzianunmay
impact the uptake of P by the AM fungus even imlisence in th&P
labelled compartment.

Due to parasitism of the extra and intraradical efiyen (De
Jaegeret al, 2010a), it could be expected that the impactTof
harzianumon P transport mainly concerned its translocatigiiin
the extra and intraradical hyphae. As demonstriayethe decrease of
AM viability and metabolic activity in presence tbfe saprotroph, the
parasitism of AM fungi resulted in a rapid degraoiatof the
extraradical cytoplasmic content as earlier memtibfRousseaet al,
1996; De Jaegeet al, 2010a) indicating thaf. harzianumwas
feeding on the AM fungus as reported by BenhamaluGimet (1997).
This behaviour could have led to the acquisitioriTbyarzianunof P
present in the cytoplasm of the AM fungus leadim@ tdecrease in P
reaching the host plant. Although tf@ activity in the biomass of the
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two fungi could not be separated, it seems reasertabassume that

T. harzianuntould have derived part of the P present in theainym

of the AM fungus.

The alteration of the integrity of the mycorrhizaétwork
could have another direct effect on the translocatof P and
subsequently on its transfer to plants. Indeed,isojating hyphal
sections and interrupting cytoplasm continuity withnd between the
extra and intraradical hyphae, the capacity of &M fungus to
translocate P would be reduced. In a previous stDdyJaegeet al.
(2010a) observed that. harzianumpreferentially penetrated and
colonized runner hyphae (~65% of damaged hyphahjle wower
order branching hyphae were less concerned. Aserutmyphae
represent conduits mobilizing the resourdes P, and C) from and to
lower order hyphae (Smith and Read, 2008), theragpsm may
partly block or slow down the translocation of Rvéwds and within
the intraradical hyphae of the AM fungus. Similasults were
obtained during interactions between fungal graaacsAM fungi. By
grazing on the extraradical mycelium of AM fungi,yeophage
animals such as Collembola affected the functibpabf AM
symbiosis (Hattinghet al, 1973, Warnocket al, 1982; Fitter and
Sanders, 1992; Fitter and Garbaye, 1994). FornostaWarnocket
al. (1982) reported a reduction in P inflow to roaisnfi 6.8 10 to
1.7 10 mol cm®s® due to the grazing of Collembola on the
extraradical mycelium of an AM fungus. Interestinglohnsoret al,
(2005) showed that Collembola could reduce by 328e t
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mycorrhizosphere respiration indicating that grgziso disrupted the

translocation of C towards the extraradical phals¢he AM fungi.
Although no measurement was made on C flow in masefT.
harzianumin our experiment, we may suspect a similar degrea
related to the disruption of the extra and intraxaldhyphae reported
above. It is to be noted that a lower translocatérC to the AM
extraradical mycelium could partly explain the dmse in AM
viability (SDH staining) and activity (ALP stainihgoted in presence
of T. harzianunin the RC and HC.

It is well known that arbuscules are the major $de the
transfer of minerals and carbohydrates between patiners of the
symbiosis (Smith and Read, 2008). Despite the impafc T.
harzianum on Glomus sp., no differences were observed in the
proportion of arbuscules, or of other intraradicdfuctures i(e.
vesicles) in the potato roots. This is possibly dweeause the AM
symbiosis was established prior to the introductibthe saprotrophic
fungus as earlier reported (McAllistet al, 1994b; Vasqueet al,
2000). In similar experimental conditions, De Jaegieal. (2010a)
demonstrated thaf. harzianumwas able to affect the intraradical
hyphae viability ofGlomus sp. without decreasing the AM fungal
development inside the roots. Smith and Dickso®{)%ave shown
that the number of SDH active arbuscules couldcefh surface area
for nutrient exchange between living symbionts atitrefore
symbiotic efficiency. Positive correlation betwearbuscules ALP
activity and the mycorrhizal responses was alsainbtl by Guillemin
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et al. (1995). Thus, a decrease of active arbusculesadiinee presence
of Trichodermasp. may affect the nutrient transfer from the funga
cells to the host cells, and interestingly the Quésition by the AM

fungus, hypothesis that should be considered urdutxperiments.

Taken together, the results obtained in this studjgested that
T. harzianumcould impact the functioning of the symbiosis by
decreasing the capacity of the AM fungus to trazetl® and transfer P
to its host plant. Given the importance of mycarahi mycelia
networks for the establishment, diversity, nutritend productivity of
plant communities (van der Heijdext al. 2008) their disruption by
soil microorganisms may have a wide range of aoli effects that
need to be investigated. In the case that AM exdliaal hyphae are
parasitized near to the root surface interrupthng tiyphal continuity
with the intraradical mycelium, relatively low ldseof hyphal
predation could have dramatic effects on mycorthimaction. As
suggested by Fitter and Sanders (1992) and Gar@ifi©)2the AM
intraradical structure would still receive carbammpounds from the
plant host but the reciprocal transactioa, the transport of nutrient to
the roots would be prevented. In this situatione trelationship
between the AM fungi and their host plant would drae parasitic
rather than mutualistic (Johnsenal, 1997), a condition that causes
reduction of plant growth and yield (Klironomos,03) Lendzemaet
al., 2004).
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In this study, we reported for the first time thepact of T.

harzianumon the transport of P by an AM fungus. An increlse
uptake was observed, as a possible stress reacaosed by
mycoparasitism of AM mycelium, while the transfdrRto the host
plant was significantly reduced. This reductiorplant P acquisition
could be explained by the disruption of the extermad internal
hyphae continuity and decrease in SDH and ALP #ietsy affecting
the P translocation within the AM fungal myceliuithe antagonistic
effects of T. harzianumon Glomus sp. may thus have important
effects on the growth and function of the AM fuagid also affect the
plant performance indirectly by decreasing the cewink

relationship between the AM fungi and its host plan
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1. Preface

In Chapter 3 and4 we focused on the effect @f harzianumon the
symbiotic phase of the AM fungi. We observed thatharzianum
affected the viability and the functionality of thé/ symbiosis when
the saprotrophic fungus was inoculated on AM eg&hbtd networks.
However, several studies demonstrated that theteftd saprotrophic
fungi on AM symbiosis may differ widely dependingn cthe
inoculation timing of both microorganisms (McAlkstet al, 1994Db).
Based on this assumption we evaluatedCimapter 5 whetherT.
harzianumaffected the AM establishment and fungal develagme
when both microorganisms were inoculated at theeséime. The
entrapment in alginate beads was chosen as a Isugalb-carrier as
earlier reported for several microorganisms ingigdl. harzianum
(Fravelet al, 1985) and AM fungi (Declerckt al, 1996b; Plenchette
and Strullu, 2003).
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2. Summary

Aims: This study was performed to explore the compétiband
applicability of beneficial microorganisms (i.eTrichoderma
harzianumMUCL 29707 andslomus spMUCL 41833) co-entrapped

in alginate beads.

Methods and Results: Spores ofGlomus sp.and conidia ofT.

harzianumwere immobilized in alginate beads and the impatthe
saprotrophic fungi on the pre-symbiotic and synibigthase of the
arbuscular mycorrhizal (AM) fungi evaluated undéfics in vitro

culture conditions. Our results demonstrated thpacidy of both
microorganisms in combination to re-growth outsithe calcium-
alginate coating. The presenceTofharzianundid not hinder the AM
fungal development but rather stimulate its sporedpction and
fitness.

Conclusions: The combination of. harzianum(MUCL 29707) with
Glomussp. MUCL 41833, in alginate beads may represaeliable
alternative inoculum formulation for application isustainable

agriculture.

Significance and Impact of the Study:The entrapment in alginate
beads of two fungi (i.e. a saprotroph and a syntpidraving
beneficial effects on plants, represents a promigmmulation for the

development of inoculanedapted to field application.
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3. Introduction

Microbes represent the unseen majority in soil afidence directly
and indirectly the biodiversity, productivity, cowgition of plant
communities and ecosystem functioning (van der dégijet al,
2008). In the last decades, soil microorganisms Haeen described,
characterized, and tested for their use as plawtbrpromoters and
biocontrol agents (Kaewchaiet al, 2009). Among these
microorganisms, an abundant literature has repattted beneficial
effects of arbuscular mycorrhizal (AM) fungi (vaerdHeijdenet al,
2008) and of saprotrophic fungi from the gefughoderma(Harman
et al, 2004), on plant growth and protection againstibistresses.
AM fungi which colonizes the roots of nearly 80%tefrestrial plants
(Smith and Read, 2008) have been shown to incrgaaat
performance and yield (van der Heijden, 2008), ngorove soil
quality (Rillig and Mummey, 2006) and to reduce tlanages caused
by soil-borne pathogens (Whipps, 2004). Identicallyichoderma
spp. have been reported to control a broad specwtinfungal
pathogens via the combination of several mechanamsng which
mycoparasitism and antibiosis (Harmaet al, 2004). Both
microorganisms in combination may thus representrelable
alternative to reduce the application of pesticides agro-
environments. However, their broad-scale field mapion
necessitates the development of adequate carritowiray their

advantageous combination (Bashan, 1998).
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Among the formulations frequently reported, the

immobilization of cells within beads has been frexfly mentioned
for agricultural and environmental applications e(seeview by

Bashan, 1998). Immobilization (encapsulation/entrapt) within

beads offers an excellent protection of cells agjamany biotic and
abiotic environmental constraints (Bashan, 1998) mcreases the
microbial survival and thus shelf life followingadnulation into the
field (Vassilevet al, 2001).

One of the most common materials used for the
immobilization of microorganisms is alginate, a urat,
biodegradable polymer (Bashan, 1998). Alginatesgmtrent methods
have been used for the immobilization of AM funDie€lercket al,
1996b) andTrichodermasp. (Fravekt al, 1985) alone but no studies

reported yet the co-entrapment of both microorgasitgether.

In the last years, several studies have mentidmedé¢neficial
effects of mixed non-entrapped inocula of both mucganisms on
plant growth (Calveet al, 1993) as well as on the control of various
plant diseases (Chandarmeal, 2009). Interestingly, De Jaegetr al.
(2010a) also reported mycoparasitismToichodermaspp. over AM
fungi. As a consequence, the compatibility of AMndu with
Trichodermaspp. within beads should first be evaluated torgiae

the successful application of the co-entrapmerirtelogy.
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Within this contextjn vitro culture systems provide useful and

powerful experimental tools to allow direct and #merturbed
microscopic observations of the interactions betwedécroorganisms
(De Jaegeret al, 2010a). Usingin vitro culture systems, the
interaction betweerGlomus sp. MUCL 41833 andTl. harzianum
MUCL 29707 co-entrapped in alginate beads was tigeted to
determine whether (i) the co-entrapment processaateg the pre-
symbiotic phase of AM fungand (ii) T. harzianuminfluences the

symbiotic AM fungal development.
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4. Materials and methods

4.1. Potato plantlets

In vitro propagated potato plantletSqlanum tuberosunt., var.
Bintje) were supplied by the Station de Haute Bglgiin Libramont,
Belgium. Plantlets were micro-propagated everyviée@ks by placing
nodal cuttings in sterile culture boxes (90 x 680xmm, 20 cuttings
per box) containing 50 ml of Murashige and SkoogSjMnedium
following the method described by Voeisal (2005). The plantlets
were kept in a growth chamber set at 21 °C with@tqperiod of 16 h
day* and a photosynthetic photon flux (PPF) of 3@l m2s™.

4.2. Arbuscular mycorrhizal fungi

The AM fungus Glomus sp. MUCL 41833 was supplied by the
Glomeromycota  in vitro collection (GINCO -
http://www.mbla.ucl.ac.be/ginco-bel) oot organ cultures (ROC) of
carrot Daucus carota..). The wltures were provided in Petri plates
(90 mm diameter) on the Modified Strullu-Romand @®)Smedium
supplemented with 10 §" sucrose, adjusted to pH 5.5 before
sterilization (121 °C for 15 min) and solidifiedtwi3 g I' Phytagel™
(Sigma-Aldrich, Inc., St Louis, USA) (Cranenbrowstkal. 2005). The
Petri plates were incubated during 3 months indiédudx in an inverted

position at 27 °C.
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4.3. Trichoderma harzianum

A culture of Trichoderma harzianumRifai MUCL 29707 was
supplied by the Mycothéque de I'Université cathoéigde Louvain
(MUCL - http://bccm.belspo.be/about/mucl.php) ortapo dextrose
agar (PDA) (Scharlau Chemie S.A, Barcelona, Sp#&mlug of gel
containing several conidia and mycelium was platgd a sterile
glass tube (1.5 ml) filled with 0.4 ml of 1% steritlistilled water-
peptone (SDWP) (Duchefa, The Netherlands). The plag swirled
in the SDWP with a vortex mixer for 15 seconds &ddul of the
suspension was spread on PDA. The Petri plates weubated four
days in the dark at 25°C and subsequently mairdaate4°C until

needed.

4.4. Entrapment process of the AM fungus and T.

harzianum in alginate beads

A solution of sodium alginate 20 @ (Sigma-Aldrich, Inc., St Louis,
USA) was prepared by dissolution at 60°C befor@aating for 15
min at 121°C.

Spores of the AM fungus were isolated from the RBYC
solubilization of the MSR medium (Donner and Bécd®l91). The
spores were subsequently maintained in deionizedlizatd water
(121°C for 15 min). Cluster of spores were sepdrateth sterile
needles under a dissecting microscope (Olympus SDA¥mpus
Optical GmbH, Hamburg, Germany) at 6.7-40x magatfan. The
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isolated spores were then re-suspended in the reodilginate

solution. The number of spores in the suspensianguantified under
a bright-field light microscope (Olympus BH-2, Olpos Optical
GmbH, Hamburg, Germany) at 50-250x magnificatiord gheir
concentration was adjusted to 300 individuals pérom sodium

alginate solution.

Conidia ofT. harzianumwere extracted from the PDA medium
by adding 10 ml of deionized sterilized water oe 8gurface of the
fungal culture. The Petri plates were gently sheddde 5 min and a
suspension was sampled with a micropipette. Cdrsdispension was
guantified in a Thoma chambeFigher Scientific, Pittsburg, USA
under a bright-field light microscope at 50-250x gmidication. A
fraction of the conidial suspension was added ¢osbdium alginate
solution under sterile conditions to obtain a finahcentration of 150

conidia per ml of the sodium alginate solution.

For the co-entrapment process, spores of the AMusrand
conidia of T. harzianumwere added to the same solution of sodium
alginate following the method described above twehan final
concentration 300 spores of the AM fungus and 16Qidia of T.

harzianumper ml of sodium alginate solution.

The sodium alginate solutions (10 ml) containingrsp of the
AM fungus, conidia ofT. harzianumor a combination of both

microorganisms were maintained under agitationasks. Droplets of
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33 ul were sampled with a micropipette (Gilson, 8d&don, USA)
and subsequently added into a 0.1 M solution afligeed (121 °C for

15 min) CaCl under constant agitation for polymerisation. Thadse

were maintained under agitation for 30 minutes (Erek et al,
1996b). The alginate beads were thereafter cotleote a 100 pm
sterilized nylon mesh, washed with deionized stemater and
maintained at 4° C in a Petri plate. Each algirdad contained an
approximate of 10 spores of the AM fungus (AMF-treent), 5
conidia of T. harzianum(T-treatment) or a mixture of 10 spores and 5
conidia of both fungi (AMF-T treatment).

4.5. Expriment 1: Evaluation of the percentage of
potentially infective beads (%PIB) following co-ent rapment

of both microorganisms

MSR medium lacking sucrose and vitamins (Vaattsal, 2005) was
sterilized at 121°C for 15 min and subsequentlyled a water bath
to approximately 35°C. The MSR medium was pouredhm Petri
plate (50 ml/plate) and five beads belonging eitteerthe AMF-
treatment, T-treatment or AMF-T treatment were eddleel into the
MSR medium before solidification. Petri plates wren incubated at
27 °C in the dark in a completely randomized blaldsign. Fifty

replicatesi(e. beads) were considered per treatment.

Beads containing either the two fungi (AMF-T treatit) or

one fungus (AMF-treatment and T-treatment) werereérad under a
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bright-field light microscope at 50-250x magnificats in order to

assess the percentage of potentially infective £e@dPIB). The
%PIB was originally developed by Declerekal. (1996b) to evaluate
the percentage of beads containing at least ormeigated spore of
AM fungi. This parameter was adapted in our stugewaluating the
percentage of beads in which, at least, one getatdnspore (%PIB-
AMF) or conidia (%PIB-T) crossed the calcium-aldmaoating. In
the case of bead containing both fungi, the %PIB walculated as
above for each organism individually (%PIB-AMF’ af@PIB-T’) as

well as for both organisms in combination (%PIB-ANIFin this case
the calcium alginate coating should be crossed di brganisms).
The %PIB AMF-T, %PIB-AMF, %PIB-AMF’, %PIB-T and %B}T’

were plotted against time at 2, 3, 6 and 14 days.

4.6. Experiment 2: Impact of T. harzianum on the AM

fungus life cycle.

Similarly to experiment 1, five beads belongingheitto the AMF-
treatment, T-treatment or AMF-T treatment were eddleel into the
MSR medium on a Petri plate. A ten-day-oidvitro produced potato
plantlet was subsequently inserted in the Petriepfallowing the
protocol described by Voett al. (2005). Petri plates were covered
with an opaque plastic bag and incubated horiziyntal a growth
chamber set at 20/16 °C (day/night) with 70% re&atiumidity, a 16
h photoperiod and a PPF of 3@Molm?s! in a completely

randomized block design. Ten ml of MSR medium lagksucrose
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and vitamins were added every three weeks in thd Pltes to
maintain an adequate level of the MSR medium anduaply the
plantlets with nutrients. Thirty five replicates.e( Petri plates
containing each 5 beads) were considered per tezatifoe. AMF,

AMF-T and T).

4.6.1. Evaluation of the %PIB in presence of potato  plantlet

Beads containing either the two fungi (AMF-T treatity or one
fungus (AMF-treatment and T-treatment) were assediavith potato
plantlets and examined for the percentage of piaigntinfective
beads (%PIB-T, %PIB-T’, %PIB-AMF, %PIB-AMF’, %PIBMF-T)

at 14 days, following the method described in expent 1. Ten
replicates per treatment were selected randomlyngntite 35 above.
One experimental unii,e. one replicate, consisted of a ten-day-old
potato plantlet inoculated with 5 beads contairboth fungi (AMF-T

treatment) or a single fungus (AMF-treatment ordatment).
4.6.2. Malthusian fitness

In order to measure the survival success and reptivé effort of the
AM fungus in presence df. harzianumthe Malthusian fitness (MF)
was calculated (Pringle and Taylor, 2002). The BB measure of the
instantaneous change in individual numbers ovee timrelation to

the starting number of individuals.
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It is measured by comparing the number of sporemnanitial time

(No), to the number of spores at a future timg @s follows:

MF = [In(N¢/No)]/t

The N is the number of spores contained in each Pette @athe
inoculation time €.9.5 alginate beads containing each 10 spores = 50
spores) and the Nt corresponded to the numberarespmeasured at

4, 8, 12, 16 and 20 weeks after alginate bead<sias®m to a potato

plantlet.

The number of newly-produced spores of the AM fungias
estimated under a dissecting microscope at 6.7m@gnifications
following the protocol described in Voets al. (2005). A grid of lines
was marked on the bottom of each Petri plate. Speare counted in
each cell formed by the grid and summed over thgeeRetri plate.
The evaluation of the MF was conducted on the daetg plates than

those used in section 4.6.1.

4.6.3. Root colonization and mycelium viability ass ~ essment

In the AMF-T and AMF treatments, the twenty-fivanaining Petri
plates were randomly divided into 5 groups of freplicates. Roots
and extraradical mycelium were harvested at 4,28, 16 and 20

weeks after alginate beads inoculation.
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Root colonization was assessed by staining acaprttinthe
protocol described by Phillips and Hayman (19703 anlonization
was estimated under the bright-field light micrgseofollowing the
method of McGoniglet al (1990).

For the assessment of the extraradical myceliunbilityg
hyphae of both fungi were carefully extracted faflog solubilisation
of the MSR medium (see above). The ERM viabilitysvestimated
using the succinate dehydrogenase (SDH) stainicigntgue (Saito,
1995). Samples were incubated overnight at roonpégature in the
staining solution, washed with deionised watermyi5 minutes and
immersed in 0.1% (w/v) acid fuchsin/lactic acid §&dnet al, 2002)
during 15 min. Hyphae were mounted on slides irta@ycerol. The
SDH activity was counted under a bright-field lighicroscope using
the magnified intersect method (McGonieleal, 1990). The hyphae
were classified in SDH active and SDH inactive hagh
corresponding to dark granular staining or withostaining,
respectively. This measure has been used to eealbatantagonistic

effect of T. harzianunon the AM fungi (De Jaeget al, 2010a).
4.6.4. Spore germination and continuous culture.

After 20 weeks, spores of the AM fungus isolateairfrfive Petri
plates of the AMF-T and AMF-treatments used inisest4.6.1 were

tested for their capacity to germinate and theilitglio reproduce the
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fungal life cycle following their association to tato plantlets under

in vitro culture conditions.

Fifty spores were extracted from the AMF-T and AMF-
treatments following solubilisation of the MSR meai and placed in
Petri plates i(e. ten isolated spores per Petri plate) containirg th
MSR medium lacking sucrose and vitamins and sulegtyu
associated to a ten-day old potato plantlet follmvihe protocol
described by De Jaegetral. (2010b).

In the AMF-T treatment, AM spores and conidia ©f
harzaniumwere both present in the solubilised medium. Agas not
possible to separate both fungi and isolate thefAhal spores from
the conidia ofT. harzianuma third treatment (AMF (+T) treatment)
was included to discriminate the effect of the iorigf the spore from
the influence ofT. harzianum This treatment associated extracted
spores sampled from the AMF treatment and congligpension of.
harzianum During the MSR medium solubilisation of AMF tresnt
a fraction of conidial suspension extracted from fingal culture on
PDA medium as described in section 2.4 was addebtain the same
concentration than measured with Thoma in the d@abon solution
of the AMF-T treatment. Fifty spores were associatgth potato

plantlet as described previously.

Petri plates were incubated under the same conditias

described above. Spores were examined under atdfiegrh light
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microscope at 50-250x magnifications for germinatet days 3, 7

and 11. Germination was considered when a hyplmd ®merging

through the lumen of the subtending hyphae wasrebde

For each treatment, thife cycle of the AM funguswas
followed during 6 weeks. At that time, root colaaiion was assessed

according to the method described above.

One experimental unit,e. one replicate, consisted of a ten-
day-old potato plantlet associated with each treatmrj.e. AMF,
AMF-T, AMF (+T) treatments). Five experimental umitwere

considered for each treatment.

4.7. Microscopic analysis

Images of the pre-symbiotic and symbiotic phasethefAM fungus
were captured with a digital camera (Leica DFC32Gica
Microsystems Itd) coupled to a compound brightefielight
microscope and displayed on a computer using amenmmanager
software (Leica IM50, version 4.0 Leica Microsystenmaging
solutions Ltd, Cambridge, United Kingdom).
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4.8. Statistical analysis

Data analysis was performed with the statisticaltwsre SAS
Enterprise Guide 4. Data that were normally disted and had
homogeneous variances were subjected to an anafsisriance
(ANOVA). The Tukey HSD (honest significant diffeie®) test was
used to identify the significant differencgs0.05).
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5. Results

5.1. Experiment 1: Evaluation of the percentage of
potentially infective beads following co-entrapment of both

microorganisms

Spores ofGlomus sp. MUCL 41833 and conidia of. harzianum
MUCL 29707 entrapped in alginate beads were abtgetminate and
to re-grow outside the calcium-alginate coatindhesitwhen grown

alone or in combination (Table 8).

Table 8. Percentage of potentially infective beads (%PIR), containing at least
one germinated spore (%PIB-AMF) or conidia (%PIB-Crpssing the calcium-
alginate coating. In the case of bead containirth hangi, the %PIB was calculated
as above for each organism individually (%PIB-AMifid %PIB-T’) as well as for
both organisms in combination (%PIB-AMF-T). The BFAMF-T, %PIB-AMF,

%PIB-AMF’, %PIB-T and %PIB-T' were plotted agairishe at 2, 3, 6 and 14 days.

Time (days) 2 3 6 14
%PIB-T 72.0t4.5a  86.0+3.5a 96.0+1.9a 96.0+1.9a

%PIB-AMF 0.0+0.0b  10.0+3.0b 68.0+4.7b 100.0£0.0a
%PIB-T’ 80.0+4.0a  82.0+2.5a 94.0+2.4a 94.0+2.4a

%PIB-AMF' 0.0£0.0b 14.0+3.5b 84.0+ 3.7c 98.0+1.4a

%PIB-AMF-T 0.0+0.0b 12.0+3.5b 86.0+3.7¢c 96.0+1.4a

Data represent means of ten replicatesa Petri plate containing five beads (mean
+ standard deviations). For each time of obseruafie. 2, 3, 6, 14 days following
entrapment), values in the same column followeddeytical letter did not differ
significantly (o < 0.05 Tukey test).

The first beads showing hyphal regrowth outside dlgnate coat
were observed at day 3 with the AM fungus (Fig.)l(Bapresence as
well as in absence of the saprotroph) and at deytl2 T. harzianum
(Fig. 15b) (in presence as well as in absenceeoA¥d fungus). In the
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co-entrapment treatment, overlapping hyphaerl ofharzianumand

Glomussp. were observed, but mycoparasitism by the samiuc
fungus on the AM fungus was never noted nor onsgi@es neither

on the hyphae.

Figure 15 a) Regrowth of mycelium off. harzianum(arrow) and germination of
spore of the AM fungus (double arrowhead) extendingof the alginate polymer
coating of the bead (empty arrowhead). Scale b&® gm.b) Focus of regrowth of
mycelium of T. harzianum(arrow) through the alginate polymer coating e bead

(empty arrowhead). Scale bar = 70 um.

The %PIB estimated on the entrapped conidi@.dfarzianum
was already high at day 2, reached a maximum abdayd remained
unchanged thereafter (i.e. %PIB-T and %PIB-T' — I&aB). In
contrast, the %PIB estimated on the entrapped spafr€lomussp.
remained low until day 3, increased markedly at @and reached a
maximum at day 14 (i.e. %PIB-AMF and %PIB-AMF —0la 8). A
similar trend was observed for the %PIB estimatedoth fungi in
the co-entrapment treatment (%PIB-AMF-T —Table @pnsidering
each fungus individually, no significant differesce the hyphal re-

growth of T. harzianunwas noted in absence (%PIB-T) or in presence
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of the AM fungus (%PIB-T") during the 14 days of s&lovation.
Similarly, the re-growth of hyphae of the AM fungdisl not differ in
absence (%PIB-AMF) or in presence (%PIB-AMF-T) df.

harzianum with the exception of day 6, where the hyphagreath

of the AM fungus was significantly higher in the -eotrapped
treatment (%PIB-AMF’) as compared to the treatnwein¢re the AM
fungus was entrapped alone (%PIB-AMF). Considedagcomitant
re-growth of both microorganisms (%PIB-AMF-T) we ted a
significant difference with the %PIB-T at day 2a8d 6. At day 6, the
%PIB-AMF was significant lower as compared to thBIBeAMF-T.
At day 14, no significant differences among theatiments (%PIB-
AMF, %PIB-AMF-T and %PIB-T) were observed (Table 8)

5.2. Experiment 2: Impact of T. harzianum on the AM

fungus life cycle

Following association with potato plantlets, thenidea of T.
harzianumentrapped in beads (i.e. AMF-T and T treatmertestex
to germinate and re-grow outside the calcium-algir@ating at day
one, while the spores of the AM fungus (i.e. AMFdaAMF-T
treatments) started to germinate within 2 daysandsed the alginate
coating after 3 days. No significant differences %PIB were
observed at day 14 between the treatments. Thevahanged from
98.0 + 2.4% in the AMF-T treatment to 100.0% in &MF treatment.
The %PIB-T also reached 96.0 + 1.9% and did ndedifrom the
%PIB in the AMF-T treatment (98.0 + 2.4%). The %PIBand
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%PIB-AMF’ in the co-entrapment treatment reached282.4% and

98.0 + 1.6%, respectively.

In the AMF and AMF-T treatments, the first contaloetween
the AM fungal hyphae and the potato roots were obsewiéin 6 to
14 days in absence as well as in presencé. dfarzianum After 4
weeks of culture, some AM hyphae developed in tr&RMmedium.
At week 8, a network of AM hyphae covered the whalgace of the
MSR medium. Runner hyphae (RH) ramifying into setaog and
lower order hyphae bearing hundreds of spores arahched

absorbing structures (BAS) were observed.

In the T and AMF-T treatmentg,. harzianumdeveloped a
network of highly branched and septated hyaline hgp bearing
hundreds of conidiophores covering the whole serfat the MSR
medium within 7 days. The presence of the AM fundidsnot impact

the development of the saprotroph.

In the AMF-T treatment, intermingled and overlappeycelia
of both fungi as well as mycoparasitism (i.e. emjland penetration of
the extraradical mycelium) of the AM fungal mycetiuwere
observedT. harzianumwas detected in the intraradical mycelium of
the AM fungus (i.e. hyphae and vesicles) and forrpetbton of

saprotrophic hyphae in the roots (Data not shown).

The percentage of SDH activity measured in the agpdf the
AM fungus decreased with time but did not diffegrsficantly in
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presence or in absence Bf harzianum(Fig. 16). In week 20, values
ranged from 55.7 + 4.6% in the AMF-T treatment &7+ 5.0% in
the AMF treatment.

o0

= ARF
AMF-T

o =1
= =
1

SDH active hyphae (%)
&
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&

4 ] 12 16 20
Time after beads inoculation (weeks)

Figure 16. Influence ofT. harzianumon the viability of the AM fungus measured
by the percentage of succinate dehydrogenase (8bti)e extraradical hyphae of
the AM fungi. AMF represents the AM fungus alonéyIiT represents the AM
fungus associated with. harzianum Data represent means of five replicates. The
bars indicate standard deviations.

Whatever the treatment (AMF and AMF-T), the AM fahg
spore production increased over time and the satonl dynamics
followed a sigmoidal curve (Fig. 17). No signifi¢afifference in the
spore production between the treatments was olibeiueng the first
eight weeks. Thereafter, a marked stimulation of AMgal spore
production was observed in presencd oharzianum Values ranged
from 2767 + 938 spores in the AMF treatment to PL¥B086 spores
in the AMF-T treatment at week 12 and from 6867584 spores in
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the AMF treatment to 24461 + 3306 spores in the AMfFeatment at
week 20.
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Figure 17 Dynamics of spore production of the AM fungus atsed to
autotrophic an potato plantletS( tuberosumcv. Bintje), in presence (AM-T
treatment) or in absence of (AM-treatment)Tofharzianum Data represent means
of ten replicates (mean + standard deviations).u@al followed by * differed
significantly between treatmentsga& 0.05 (Tukey test).

The total root colonization increased in both tmesatts (i.e.
AMF and AMF-T) over time (Fig. 18). A significanbhcérease of AM
fungal potato root colonisation was observed inAMF-T treatment
as compared with the AMF treatment at weeks 121&dvith values
ranging from 14.5 + 5.1% in the AMF treatment t098 5.4% in the
AMF-T treatment at weeks 12; and from 22.7 + 4.9%he AMF
treatment to 30.1 = 5.1% in the AMF-T treatmentweteks 16. At
weeks 20, no significant difference was observevben the AMF
and AMF-T treatment. No differences in arbuscules! aesicles
colonization were observed between both treatm(@ings 18).
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Figure 18 Influence of T. harzianumon the percentage of AM root colonization
(hyphal, arbuscules and vesicles) of autotrophitatpoplantlets $. tuberosum
AMF represents the AM fungus alone, AMF-T represeéhe AM fungus associated
with T. harzianum Data represent means of five replicates. The hatcate
standard deviations of total root colonization. @Woh followed by * differed
significantly between treatmentsgag 0.05 (Tukey test).

For both treatments (i.e. AMF and AMF-T), the evian of
the MF followed the same pattern (Fig. 19). Theugal increased
during the first 12 weeks (0.32 + 0.03 in the AMEatment and 0.45
+ 0.02 in the AMF-T treatment) and slowed down fraraek 12 to
week 20 (0.24 £ 0.01 in the AMF treatment and Qt30.06 in the
AMF-T treatment at week 20).
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Figure 19 Malthusian fitness measured on the sporulationadyos of the AM
fungus in presence (AMF-T treatment) or in absef&&IF-treatment) of T.
harzianum AMF represents the AM fungus alone, AMF-T reprgsethe AM
fungus associated with harzianumData represent means of ten replicates (mean +
standard deviations). Values followed by * differg@gnificantly between treatments
atp <0.05 (Tukey test).

Spores produced in presence/absencd.oharzianumwere
viable (Table 9). Germination of the spores waseolEd two days
after plating on the MSR medium. The dynamics @remermination
did not differ between the spores sampled fromAMF or AMF-T
treatments or in the AMF (+T) treatment (Table $)oreover,
whatever the treatment considered (i.e. AMF, AMBAd AMF (+T)

treatments), the spores had the same colonizatiampal.
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Table 9 Percentage of germination of the AM fungus in pree (AMF-T
treatment) or in absence (AMF-treatment)Tofharzianum measured 3, 7 and 11
days following entrapment in alginate beads.

Time (days) 3 7 11
AMF 78.0t15.7a  90.0+9.9a 94.0+7.1a
AMF-T 78.0+6.4a 86.0+7.9a 90.045.8a
AMF (+T) 86.0+9.3a 92.0+4.3a 96.043.6a

Data represent means of fifty replicates (mearatiddird deviations). For each time
of observationi(e. 3, 7 and 11 days following entrapment), valueghe same
column followed by identical letter did not diffsignificantly @ < 0.05, Tukey test).

The first contact between th&M fungal hyphae and the roots were
observed within 15 days. After 6 weeks, typical Adtraradical
structure were observed in both treatment and amge of 158 + 69
spores were produced in the AMF treatment and chfrgen 284 + 85
spores in the AMF-T treatment to 234 + 93 sporethenAMF (+T)
treatment. At that time, the total root colonizatimnged from 3.8 +
2.6% in the AMF treatment to 5.2 = 1.9% in AMF-Edatments and
5.1 +£2.3% in AMF (+T) treatment.
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6. Discussion

The application of beneficial microorganisms is aoays encouraged
in agriculture because of their potential to immroplant diseases
resistance and to increase crop production in anrammentally-
friendly way. Inoculum of AM fungi andTrichoderma sp. are
available commercially in a variety of forms rargifrom wettable
powders and granules to potting media (revieweldaawchaiet al,
2009). Among the carriers, algindieads have been extensively used
in laboratory studiesor inoculum formulation and are compatible
with industrial scaling-up (Bashan, 1998; Kaewatiaal, 2009).0One
important advantage for immobilized microbes is guwod storage
capacity for practical applications (Sansgalal, 2003; Plenchette and
Strullu, 2003). A number of studies have reportelgermination and
re-growth of spores of Glomus sp. and conidia off. harzianum
entrapped individually in alginate beads (Declertkal, 1996b;
Fravelet al, 1985) but none, to our knowledge, investigates db-
entrapment of both fungi. Here we demonstrated, thia¢ co-
entrapment of both microorganisms did not hindengeation and re-
growth of Glomussp. orT. harzianum The saprotropldid not affect
the AM symbiosis establishmemiut rather stimulatéhe extra and

intraradical AM fungal developmeand fitness.

In our study, the use of alginate beads as a caforethe
entrapment oin vitro produced spores of AM fungi and conidiaTof

harzianum resulted in a high infective potential of both @in
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entrapped individually as well as in combinationowéver, a

significantly higher %PIB was noted with harzianumas compared
to Glomussp. in the early days following entrapment (i.a@ysl2 to 6).
This could be attributed to the higher velocity gérmination and
mycelium growth rate off. harzianum Indeed, from earlier studies
conducted by De Jaeget al. (2010a, b) withT. harzianumand by
Giovanetti (2002) with various species of AM funigiwvas shown that
during the early phase of growth (i.e. 24h aftenid@ or spore
incubation),T. harzianumgrew between 1.64 and 10 time faster than
the AM fungi germ tubes. As a result, harzianumcrossed first the

alginate coating.

For the establishment of the AM symbiosis, the fey events
in the life cycle of AM fungi are propagule (i.ep®e in our case)
germination, germ tube elongation and contact wighroot surface of
a mycotrophic plant. During these first events gged in the pre-
symbiotic phase of AM fungal development), AM fungire
particularly sensitive to the presence of otherragoganisms (Jansa
and Gryndler, 2010). Synergistic as well as antegicninteractions
have been reported to impact the establishmertieoAM symbiosis
(McAllister et al, 1994a, b; Fracchiat al. 1998; Martinezet al,
2004). In the last decade, several studies haversnated the role of
soluble exudates and volatile substances produgedrichoderma
species to stimulate or inhibit the developmenthef AM fungal pre-
symbiotic phase (McAllisteet al, 1994a, Fracchiat al, 1998, 2004;
Martinez et al, 2004). Lee and Koske, (1994) and De Jaegeal.
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(2010a) further suggested that the mycoparasitidurea of

Trichodermasp. may represent an important component of thingdec

in AM fungal spore viability. Interestingly, in ougxperiment, no
mycoparasitism off. harzianumwas noted on the spores Gfomus
sp. in the alginate beads, suggesting their colmfigtito co-exist in a
close confined environment. As synergetic, antagjanior neutral
relationships between both fungi have all been ntepo(Gryndler,
2000), it was suggested thariation in the interaction between AM
andTrichodermasp. during the AM pre-symbiotic phase may be due

to differences between fungal species involved.

At present, little is known on the impact ©f harzianumon
the AM effectiveness, measured as the extent ajgudevelopment
and metabolic activity of the intra or extraradi¢ahgal structures
(Tisserantet al, 1993; Guillemiret al, 1995). This might be because
most studies were conducted under greenhouse alidcionditions
and have addressed the plant performance (Datiofdl, 1995;
Chandanieet al, 2009) rather than the interaction between botigitu
In our study, the presence Bf harzianundid not suppress, inhibit or
impede the establishment of the mycorrhizal symbioEhe potato
roots were colonized within 4 weeks. This contra@arlier studies
reporting thatTrichodermasp. was able to decrease the AM root
colonization when the saprotroph was inoculatedieedr at the same
time to the AM fungi (McAllisteret al, 1994b). The decrease of AM
root colonization was not attributed to a diredeef of T. harzianum
on the intraradical mycelium but to a negative dffen the AM pre-
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symbiotic development of the AM fungus (McAllisterr al. 1994b), a

mechanism that was not observed in our experiment.

Our results demonstrated a significant increaséMf intra
and extraradical mycelium length, in presencel oharzianum.The
mechanisms behind this observation remain unclear dpuld
potentially be attributed to exudates produced h®y saprotroph as
demonstrated by Fracchit al. (2004). These authors reported an
increase in the AM extra and/or intraradical fundakelopment in
presence of exudates producedTmichodermasp. The development
of the intraradical mycelium was modulated by ttliteads of the
saprotrophic fungi on the extraradical phase ofAMefungi. Similar
observations was made by Gresral. (1999) who demonstrated that
the presence of. harzianumrestricted to a root-free compartment,
was able to modulate the development of the intiegh phase of
Glomus sp. in cucumber roots. According to these studies,
communication between the different parts of the Alyicelium was
hypothesized (Hodget al, 2010). Interestingly, Duffyet al. (2003)
suggested that spore production was a stress mespagainst
parasitism. Similar results were obtained in preseof Collembola,
grazing on the AM mycelium (Hanlon, 1981). This taort
demonstrated that low level of predation could state the
production of mycelium and spores as a stressiogadn our study,
visual evidence of coiling of. harzianumaround AM host hyphae
and subsequent penetration of the extraradical iyeesupported
this hypothesis.
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The use of SDH has been proposed as a good method t

evaluate the effects of biotic or abiotic factors the AM fungal
viability (Tisserantet al, 1993; Guilleminet al, 1995). The very
limited decrease of AM fungal viability observed wur study
contrasted with earlier results reported by De daeg al. (2010a).
These authors demonstrated, urideritro culture conditions and with
the same isolates, a significant decrease of thefdhgal viability
due to the presence ®f harzianunwhen the saprotrophic fungus was
inoculated on an established AM fungal colony. A®vjpusly
demonstrated, competition for nutrient (i.e. carlaow nitrogen) and
space is an antagonistic mechanisnT oharzianum(Harmanet al,
2004). Moreover, mechanisms related to mycopasasitire strongly
induced by the sensing of the host (Rinebml, 2009) and/or when a
poorly assimilable carbon or nitrogen source isilalke (Rinconet
al., 2009). Consequently, it was suggested that theopgrasitism
process was expressed whe&n harzianumwas inoculated on an
established AM network. In contrast, in our expemtal study, the
inoculation at the same time coupled with the fasgcelium
development ofT. harzianumallowed the saprotrophic fungus to
access the resources and space before the AM fursisT.
harzianum colonized the substrate prior to the invasion bg t
extraradical mycelium oBlomussp., it was proposed that the absence
of the host de-repressed genes encoding for thesitiam. According
to these hypotheses, it was suggested that thgamséic effect ofT.

harzianumon the AM mycelium viability (i.e. SDH staining)ay be
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decreased when the saprotrophic fungus was coppetta and

inoculated at the same time @omussp.

Interestingly, our results suggested thaharzianumnincreased
the reproductive activity ofGlomus sp. as demonstrated by the
Malthusian fitness measure. The newly producedespaere able to
germinate, colonize a new host and reproduce thgalulife cycle.
Consequently, as spores represent a main sourc®aflum in soil
(Smith and Read, 2008), the presenceTofharzianumin mixed
inoculum may represent an adequate mean to inctbasgmoculum
potential of AM fungi in field.

In this study, we demonstrated that the co-entrapme
represents a promising formulation for the develeptrof inoculants
combining AM fungi with T. harzianum. Our results clearly
confirmed the capacity of both fungi in combinatitm re-growth
outside the calcium-alginate coating and to coleniz susceptible
plant. This corroborates earlier findings combinicgjls of the P-
solubilizing yeastyarrowia lipolyticaor Bradyrhizobium sp.a plant
growth promoting rhizobacteria with AM fungi (Vakesi et al, 2001,
Weberet al, 2005). Our study demonstrated a weak mycopasasiti
effect of T. harzianunthat did not impact the AM fungal development
but rather stimulate spore production. This studythe first that
clearly demonstrate that the presencd oharzianummodulates the
fitness of an AM fungusEven though thén vitro system is useful to

investigate AM fungal-saprotrophic fungal interaos, the
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extrapolation of these results to field conditisheuld be done to test

the reliability of this formulation under field cditions and to
understand how beneficial microorganisms interaith wtheir plant
host or respond to their environment.
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General discussion

Growing awareness on the environmental damage dause
chemicals used for the control of plant diseassadern agriculture
has raised the need for biological alternative aggnes. Among
these, the use of beneficial microorganisms imprgvplant health
and productivity and protecting the environment haseived
increased interest. Many soilborne microorganismeveh been
described, characterized, and tested for their agseplant growth
promoters and biocontrol agents and are nowadawysidered in
integrated pest and productivity management prest{@ntoun and
Prevost, 2005).

In non-perturbed soil systems, the rhizosphereessmts a
highly dynamic region governed by a complex mosdimteractions
between plants and microorganisms (Kennedy and e, L2004).
AM fungi interact with a wide range of other micrganisms at all
stages of their life cycle and these microbial camities tend to live
in relative harmony where all population generaiance each other
in their quest for food and space (Bélanger and A2002). In arable
soil (i.e. perturbed soil systems), crops are removed atigeof the
growing season before re-sowing of another cropdddnsuch
practice, the AM fungi continually have to re-edistb themselves
(Hodge, 2000). Other agricultural practicese.( pesticides and
fertilizer usage) also impact the natural balande soilborne
microorganisms which alter the microbial commurstyucture and
can lead to the loss of beneficial microbes (Aatisl, 2008). In these
situations, the rehabilitation (via inoculation) obeneficial
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microorganisms into productions systems appearsstaigable and
necessary practice. As a prerequisite to the agmic of
microorganisms, it is essential to ascertain tloegimpatibility (or
absence of antagonism) as well as their competitdtential with the

native microflora.

T. harzianumis nowadays broadly used for the control of
undesirable fungal plant pathogens in sustainabigicwture.
Identically, AM fungi are among the most widely dse
microorganisms for plant growth promotion and cohtof root
pathogens. The beneficial combination of both nibies has been
observed in several studies (Calwttal, 1993; Linderman, 1994;
Datnoff et al, 1995; Chandaniet al, 2005, 2009), but a number of
studies also report the reverse, emphasizing a-imigact of T.
harzianumon the non-target AM fungus (Roussesual, 1996; De
Jaegeet al, 2010a). AM mycelium represents a considerablenb&s
into the soil environment (Milleet al, 1995; Olssoret al,, 1999) and
may therefore be affected by the presence of myegjiz
microorganisms (Purin and Rillig, 2008) in a conpet

environment.

Using an experimental strictly controlled microcosnith
potato plants, we investigated the interaction betwl. harzianum
MUCL 27909 andGlomussp. MUCL 41833. We demonstrated that
the presence of the saprotrophic fungus impacted AN fungal

viability (Chapter 3) and functionality Chapter 4) when it was
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inoculated on an established network @lomus sp. The
mycoparasitism was observed both on the extra- iatrdradical

hyphae and spores suggesting that the saprotrdphgus used the
cell walls and cytoplasmic contents as nutritionadsources
(Benhamou and Chet, 1997). Mycoparasitism could tlepresent a
mechanism of control of the AM fungus By harzianumwhich does
not exclude the potential involvement of other natbms ie.

competition and antibiotics production) allowimigchodermaspecies

to be antagonists on AM fungi.

As demonstrated i€hapter 1, T. harzianumMUCL 29707 is
unable to penetrate the roots of potato plantlete/gin vitro (Gallou
et al, 2010). Consequently, it was suggested that theepice ofT.
harzianumwithin the potato roots was exclusively relatedtsoentry
via the parasitism of AM extraradical hypha€hépter 3). The
coenocytic naturei.g. the absence of septa in living hyphae) of the
AM mycelium linked to the protoplasmic continuityetveen the
extra- and the intraradical phase of AM fungi ($ndanhd Read, 2008)
may facilitate this process and represent a unpptbway for the
entry of T. harzianuminto the roots This observation opens the
debate on the susceptibility of AM fungi of beingfected by
microorganismsife. pathogens or biological control agents) from the

rhizosphere and to act as a channel for root pestitr

As previously demonstrated, som@ichodermastrains are

able to colonize root surfaces (Yedidia al, 1999; Harmaret al,
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2004; Chacoret al, 2007); but through chemical communication
factors they induce the plant to get rid of theaiding Trichoderma
hypha so that the saptrotrophic fungi is restrid¢tethe outer layer of
the root {.e. epidermis) (Yedidiaet al, 1999).So far, only the study
of Evanset al. (2003) has reported the colonization of the vaascul
system of cocoa by these fungie( T. harzianum, T. hamatum, T.
virens, T. virideand four undescribed species). By this colonizatio
Trichoderma spp. induces localized resistance to plant pathogen
attack, as well as systemic interaction within pent (Yedidiaet al,
1999, 2003; Harmart al, 2004; Shoresh and Harman, 2008). A
recent study showed that harzianumstrain 22 (T-22) interaction
with maize plant roots resulted in controlled aation of the
carbohydrate metabolic process as well as enhamtenoé
photosynthesis, providing the growing plant with ren@nergy and
carbon source for their growth (Shoresh and Harmap08).
According to these observations, the presencé&rimhodermaspp.
inside the root did not have detrimental effecttiom plant Chapter

3). Up-regulation of carbohydrate metabolism and istasce
responses may correspond to the enhanced growponss and
induced resistance, respectively, conferred byTtehodermaroot

colonization (Shoresh and Harman, 2008).

The disruption of the AM mycelium network by the
mycoparasiteT. harzianumhas impacted the capacity of the AM
fungus to transport RChapter 4) and to acquire C from the plant host
via a reduced viability and metabolic activity nbten the hyphae. By
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disrupting the continuity between extraradical hglpkections and
intraradical mycelium, the saprotrophic fungus nieave important
effects on the functioning of the AM fungus and tipdant
performance indirectly by decreasing the sourck-gielationship
between the AM fungus and its host plant. As suiggesthe AM
intraradical structure would still receive carbampounds from the
plant host but the reciprocal transactioa, the transport of nutrient to
the roots, would be prevented (Fitter and Sand&®92; Gange,
2000). In this situation, the relationship betweev fungi and their
host plant would become parasitic rather than nlistia(Johnsoret
al., 1997), a condition that causes reduction of ptmatvth and yield
(Klironomos, 2003; Lendzemet al, 2004).

Trichodermaspecies are considered necrotrophic parasite of
filamentous fungi, having a wide host range and-Eecific mode of
action (Jeffries, 1995; Viterbet al, 2007; Viterbo and Horwitz,
2010). However, there is no clear evidence of rtempbic or
biotrophic parasitism in AM fungi (Purin and Rillig2008). In
established AM mycelium networks, we observed hyphaasion,
rapid AM cytoplasm degradation followed by deadh# hyphae and
spores viability lossGhapter 3) supporting the hypothesis that
harzianumis an invasive necrotrophs (Jeffries, 1995). Coselg in
Chapter 5, both organisms were inoculated at the same timdetlae
impact of T. harzianumon the AM fungus more closely resembled
biotrophic mycoparasitism. The growth of the AM dus, its ability
to sporulate and general metabolism seemed nattaffesupporting
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earlier findings (Jeffries, 1995; Viterbet al, 2007; Viterbo and
Horwitz, 2010). According to these observationds isuggested that

there is a continuum of parasitic behaviorTof harzianumon AM

fungi ranging from biotrophic to necrotrophic.

AM fungi, as other fungi, have developed a range of
mechanisms to resist antagonism by saprotrophigifuPaulitz and
Menge (1984) suggested that spores exude substdmaesct as
repellants, preventing saprotrophic fungi to grow loealthy AM
fungal spores. Purin and Rillig (2007) further sestgd that glomalin,

a glycoprotein produced by AM fungi, may conferistance against
parasitism. The degree of melanization of the spuaf was also
reported to confer resistance to mycoparasitismeli&t al, 1977,
Daniels and Menge, 1980). White or light-coloredbrgs €.g9. G.
macrocarpumor Gi. candidg are more susceptible to parasitism than
dark-colored sporese(g. G. contrictumor Gi.gigantg (Ross and
Ruttencutter, 1977; Schenck and Nicholson, 197&h®h al, 1977,
Bhattacharjeeet al, 1982). Finally, septum formation was suggested
as a mechanism to isolate damaged sections in Mem&celium
caused by physical stresses (de Souza and Decl2@f3; de la
Providenciaet al, 2005). This mechanism of resistance to fungal
invasion was hypothesized @hapter 3 butno septum formation was
observed close to the appressoria formed blyarzianunon the AM
hyphae surface or following hyphae invasion and significant
differences were observed in the number of hyphath septa
between treatment with and witholitharzianumThis suggested that
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the mechanism of isolation of hyphal segments featjy reported in
the AM fungus to restrict cytoplasm leakage undeyspal stress
situations (de la Providencé al, 2005) was not operational under
harzianumpressure. One may hypothesize that the rapid imvasy

T. harzianumpreceded the formation of septa. Moreover, it was
suggested that AM septum was not an efficient eato prevent the
saprotrophic fungus to develop within the AM funghyphae
(Chapter 3).

Many examples of mycoparasitism, including on AMphge,
have been reported under laboratory conditions. é¥aw these
studies should be taken with caution and extended soil
environments  before generalization of the phenomeno
Mycoparasitism was reported on fossil of AM fungpbres from the
Lower Devonian Rhynie chert (400 million years otdiggesting an
early phenomenon in evolution (Hastsal, 1994). According to these
observations, it was suggested that mycoparasitias co-evolved
with mycorrhizal fungi (Jeffries, 1995). Some ewvides from field
work showed that a large number of AM fungal spoxesre
parasitized (Malengon, 1930; Lee and Koske, 1984 presence of
many fine radial canalg.€. penetration canals) in the wall of AM
spores (Malencon, 1930; Jeffries al, 1988) and the isolation of
potential fungal parasites inside perforated spdkee and Koske,
1994) supported this hypothesis. Several studiesodstrated that
parasitized AM spores have been healthy at the tifnecognition,
attachment and penetration of the host by the nresgite (Jeffries
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and Young, 1978; Lee and Koske, 1994), therebyuemfting

dynamics of fungal communities (Lee and Koske, 198% reducing

their inoculums potential in the field (Paulitz akténge, 1986; Lee
and Koske, 1994). Paulitz and Menge (1986) dematestr that
mycoparasitism activity thus indirectly affected tbrop yield as the

rate of root colonization was reduced.

In contrast to spore mycoparasitism, no study destnated the
parasitism of hyphae under field condition. Undexbdratory
controlled conditions, interactions studies werteofconducted with
pure mixed culture under adequate environmentaldition and
nutrient excess, while under field condition midedbcompetition
may evolve under more harsh environmental conditiéavorable to
competition via antagonistic relationships (Jefied995). Several
studies demonstrated that the parasitism behavidrichodermasp.
is expressed under nutrient-scarce environmeet nder depleted
carbon or nitrogen sources) (Benitszal, 1998; Loritoet al, 1998).
In this respect, the ability to parasitize and izgil other fungi as
nutrient source must confer an advantage, and ithisslikely that
mycoparasitism occurs more widely than is currentgported
(Jeffries, 1995).

On the other hand, unden vitro conditions, studies are
generally set up with a single plant-AM fungus-besal
microorganism considering a small number of plard fungal taxa,

and with little or no attention paid to the otheil iota with which

-212-



General discussion

microorganisms must interact (Hodge, 2000). Consetly, the
unique source to feed for the mycoparasite is thefdngus. Then at
reasonably high density we would expect to seetantkental effect
on the functioning of the symbiosi€liapter 4). Although there are
no doubts thatTrichoderma sp. are capable of parasitizing
mycorrhizal hyphae, in presence of fungal diverdityemain to be
tested ifTrichodermasp. will consistently parasitize on AM mycelium
in preference to other fungi and thus will decrethgefunctionality of
the AM symbiosis.

The significance of mycoparasitism in natural eowiments is
certainly underrated, possibly because of theddiffy in making field
observations (Jeffries, 1995). By parasitizingek&a and intraradical
mycelium, the parasite might potentially reduce tability of
mycorrhizal fungi to supply limiting soil resource® its host
(Warnocket al, 1982; Fitter and Sanders, 1992; Fitter and Garpay
1994) and might shift the mycorrhizal symbiosis revether toward
parasitism (Johnsoet al, 1997), and consequently causes reduction
of plant growth and yield (Klironomos, 2003; Lendreet al, 2004).

In natural condition, Handelsman and Stabb (1996pested
that antagonistic microorganism are thought to texedy limited
pressure on the host since they operate in miessithere only a
fraction of the target community is exposed duarghort period of its
life cycle. Thus, it was expected that parasitistarea relatively low

pressure on host population. Nevertheless, if @adge AM fungi
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species in a resident community are affected bagigsm, this could
lead to the relative predominance of AM fungi spscwith greater
resistance (Purin and Rillig, 2008g.g. interfungal parasitic
relationships are likely to play an important riéhe development of
AM fungi community structure (Jeffries, 1995). Cegsently,

changes in AM fungal communities may impact thenplgrowth

(Maherali and Klironomos, 2007) and plant commurmitymposition
(van der Heijdert al, 1998).

In cultural systems, the parasitic effects on AMndal
inoculum may reduce the benefit conferred to plamgth
considerable economic consequences, as AM fungiculom
production is a growing worldwide industry (Gianzzaand Vosatka,
2004; Schwatet al, 2006). In sustainable agriculture, the appligatio
of biocontrol agents such &8s harzianumthat may impact the non
target AM fungi, may result in a disadvantage far host plant due to

decreased mycorrhizal efficiency (Purin and Ril2§08).

The fact thafTrichodermasp. is a parasite of AM fungi is not
entirely supported by the literature. Accordingthe results obtained
in Chapter 5, numerous studies reported an absence of antagafism
Trichodermasp. on AM fungi (Paulitz and Linderman, 1991; Greén
al.,, 1999; Vazquezet al, 2000). Moreover, some authors
demonstrated a synergetic interaction betw&sohodermasp. and
AM fungi (Calvetet al, 1993; Chandaniet al, 2009). Beneficial

effects of the introduction of combination of thes&roorganisms on
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plant growth have been reported for numerous ciogsding citrus,
cucumber, tomato (Campruleit al, 1995; Chandaniet al, 2009;
Srivastaveet al, 2010). Consequently, the combined effects ofehes

interactions may be exploited for the benefit aftainable agriculture.

Producing microbial inoculants for agriculture iscamplex
procedure that involves not only the developmenthaf necessary
biotechnological expertise, but also the ability respond to the
specifically related legal, ethical, educationalhdacommercial
requirements (Gianinazzi and Vosatka, 2004). Irexttsl have to be
designed to provide a dependable source of beakfiicroorganisms
in an adequate carrier that could be stored withasinhg viability and
distributed under a wide range of field conditidm.recent years the
method of immobilizing living cells has addressedvide range of
applications (Cassidet al, 1996; Bashan, 1998). Entrapment of
microbial cells for soil application provides a ganof advantages
such as ease of application in the soil, reducdesite drifting,
(Vassilevet al. 2001b) and protection of cells from environmental
stress including antagonistic fundCHapter 5). Results obtained in
Chapter 5 have confirmed the effectiveness of the co-entexgm
process to be use as potential inoculant, as eghdot different AM-
microbial combinations (Vassileat al, 2001b; Webeet al, 2005) or
plant growth-promoting bacteriBrichoderma(El-Katatny, 2010). As
mixed inoculation of biocontrol microorganisms iom efficient in
controlling pathogens than the use of single-stiaimculants, the
inclusion of other beneficial microorganisms inéhgl phosphate-
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solubilizing bacteria or/and plant growth-promotiigobacteria with
the AM fungi and Trichodermasp. in alginate beads could be
beneficial to different applications in the fielddlevertheless, a
prerequisite for the successful and consistent @uatibn of
beneficial microorganisms is to ascertain the cdibpi#y of the
inoculated microorganisms. Moreover it is importamtevaluate the
compatibility of the microbial inoculants with tharget environment
(Estauret al. 2002; Vosatka and Dodd 2002; Requenal. 1996).
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Conclusions

Interactions betweeifirichodermasp. and AM fungi have not been
extensively explored so far, partly due to theiclifity to grow both

organisms under rigorous controlled conditiogg(in vitro).

Here we investigated the impact ©f harzianumon an AM fungus
and its consequent effects on the AM fungal phggipl Three

central questions were addressed:

1. Is it possible to extend the classitalitro culture systems
used with single microbes, to multiple microbes AM fungi
andT. harzianunr?

The autotrophidn vitro culture system (HAM-P) developed by
Voetset al. (2005) is an important tools to study plant-fungi
interactions, either obligate symbionte( Glomussp.), non-
obligate plant-beneficial fungiT( harzianum or pathogenic
(R. Solan). This system present several advantages, among
which are the presence of a photosynthetic platit ainormal
hormonal balance and physiological source-sinkticriahips
(Fortin et al, 2002) and the absence of undesirable
microorganisms. Moreover, the use of synthetic mn@di
allows direct observation of the fungal developmeantd
interactions with the plant. An adaptation of th&N#P in
vitro culture system allowed a fast and homogenous
mycorrhization of seedlings within a few days byngsthe

symbiotic phase of the fungus as inoculum (Vetsl, 2009).
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The ability to couple and to integrate the vitro culture
systems with different tools.€. cryo-SEM analysisGhapter
1), gene expression analysi@hapter 2)) opens the door to
increase our understanding on how soilborne migamsms
and plants behave, including gene expression duifiregy
interactions, giving a more complete picture of fhlants-

fungal cells interaction.

2. How doT. harzianumaffect the AM symbiosis?

It was demonstrated inrChapter 3 that T. harzianum
mycoparasitizedslomussp. when it was inoculated on AM
established mycelium networks. This phenomenon roedu
through a multistep dynamic invasion process ofgRM (i.e.
extraradical hyphae and spores) involving contaciface
attachment and penetration, and its subsequemsateinto
the IRM (.e. intraradical hyphae and vesicles) before exiting
in the root cells. Intrahyphal growth d@f. harzianumwas
followed by a rapid degradation of the AM cytoplasm
content, decreasing viabilitfChapter 3 and4) and metabolic
activity (Chapter 4) of AM fungal hyphae. By disrupting the
AM mycelium network, the mycoparasitd. harzianum
impacted the capacity of the AM fungus to transpBrt
(Chapter 4). Taken together, this suggested thaharzianum
could impede a functional symbiosis. In additions a
demonstrated inrChapter 3, the ERM of the AM fungus
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represented a pathway for the entryTofharzianuminto the
roots of potato. This observation opens the delvatethe
susceptibility of AM fungi of being infected by

microorganisms and to act as a channel for roottpation.

3. Does co-entrapment Glomussp. withT. harzianunfungi
within the same alginate inoculum affect the geation and

establishment of the AM symbiosis?

Alginate co-entrapment process represents a pnogisi
approach for the development of microbial inocwdant
containing both AM fungi andl. harzianum Our results
(Chapter 5) demonstrated that co-entrapment did not modify
the inoculum potential of each microorganism. Bonant
within beads offers an excellent protection of AMoges
against many biotic and abiotic environmental oaists
including the anatogonistic fungil. harzianum As T.
harzianumincreased the AM inoculums potentiak( spores),
dual inoculation with an AM fungus an@. harzianumco-
entrapped in alginate may represent an interestowulant for

field application.

The largest part of knowledge on AM symbiosis desivirom
microcosm experiments using a small number of pemd fungal
taxa, and with little or no attention paid to thémer soil biota with

which they come into contact. The purpose of thesis was to focus
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on the interactions between the AM fungus and #gratrophicT.
harzianumon potato plants and the implication of theseradgons
for mycorrhizal development and functioning in @do develop an
inoculums formulation. We clearly demonstrated thatharzianum
infected the AM fungus affecting the viability atite functionality of
the symbiont. Howevers, when both fungi were coapged in the
same alginate bead, the alginate coat conferredtaqgtion to the AM
fungal spores and limited mycoparasitism was notéader these
conditions, we observed a promotion effect of thprstrophic fungi
on the development dBlomussp. which may represent an added-
value for the application of both microorganism®a-&htrapment in
alginate beads of an AM fungus with harzianummay represent an

interesting inoculum for application in agro-envinoents.
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As stated by Gange (2000), there is an intriguiagagox in AM
fungal ecology. Although numerous Ilaboratory stadidave
demonstrated a vast panel of responses in microsmga-AM fungal
interactions, only occasionally were these obs@mattransposed to
natural situations. It is thus necessary to combinedamental
approaches under strict-controlled conditions witkitu observations
to ascertain that the mechanisms prevailing undetrglled culture
conditions are similar in the field and have ecalahmeaning and

applicability.

Given the complexity of the soil system, it is nesay to
design microcosm experimental systems that aregiallly realistic.
A number of conditions should be met to conclusividmonstrate the
occurrence and impact of parasitism on AM fungfigid condition.
This could be partly achieved with the HAM#Pvitro culture system
used in our study combining a photosynthetic aqgpieet grown on a
sugar-free medium with and AM fungusGlomus sp. and a
saprotrophic fungiT. harzianum With this system, the mechanisms
of mycoparasitism could be extended to complexiatataction-rich
associations with ecologically realistic combina®f AM fungi and

non AM fungi.

For instance, in the last decade, a number of esutiave
separated the AM fungi in r and K strategists. Kastrategists are
organisms that evolved traits to enhance survivalsiable and

predictable environments where competition is highstrategists
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principally allocate resources to growth and enkdrsurvival. To the
contrary, the r-strategists invest their energyntyain the production
of many offspring, and evolved traits that are fareal in instable
environments. Their survival strategy differs malligevia, among
other, different hyphal healing mechanisms devealdjgeresist stress
situations. The interaction of a population of daf strategists, an
obvious situation in soil, withT. harzianum would thus vyield
important results on the dynamics of AM fungal plagions both in
natural (non-perturbed) conditions and in systerusec to agro-
environments. The HAM-P systems offer a unique ipdgg to

investigate such complex interactions and furtleenumnderstand the

impact of multi-faceted AM fungi on nutrierg.g.P) transport.

An additional challenge is to identify the AM furige history
stage that is the most prone to be infected byrtheoparasite and to
evaluate the effects of such phenomenon. If sp@earasitized, the
guestion about the establishment of the symbiasisdispersal of the
species may be addressed. If AM mycelium is aftgcte will be
necessary to evaluate the effect of the disrugifadhe network on the

AM symbiotic efficiency and plant community.

An alternative view is that AM fungi are not highsdysceptible
to mycoparasites under field condition. If suchhe case, it will be
necessary to study the defence strategies thatercoapparent
resistance to parasites in a high-level interactwironment like

rhizosphere. Based on the mechanisms developedahy pathogens
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in response to antagonism, we could focus on tlwelymtion of
secondary metabolites by the AM myceliune.(melanin, glomalin),
and on the deposit of compounds.(crystals or others) on the hyphal

surface.

Further questions should also be addressed regatigénrole
of AM fungi as a pathway for the entranceTofharzianuminto the
roots of potato and by extension other plants. Thechanism was
demonstrated in our work but its ecological sigrafice remains to be
evaluated. This observation also opens the delmatieeosusceptibility
of the AM fungi to be infected by other microorgams from the

rhizosphere.

Finally, the AM fungus seems not affected by thespnce of
parasite microorganism lik&. harzianumin its asymbiotic phase
when it was entrapped in alginate bead. Thus, dhebmation of both
beneficial organisms may represent an alternativpessticides (and
fertilizers) in agro-environments. A key differenbetween chemical
and biological control is that antagonistic micigamisms are capable
to adapt their responses to changes in pathogenlgimms. Co-
evolution favor the equilibrium between organisniseve the level of
control remains relatively stable (Holt and Hoclthet997). In this
respect, the development and testing of consoftimioroorganisms
exhibiting multiple beneficial and complementary ananisms of

action seems a realistic strategy to control pathegand thus may
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represent a sustainable alternative or complemerdagproach to

chemical uses under field condition.
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Coupling autotrophién vitro plant cultivation system to scanning
electron microscope to study plant-fungal inte@wi Spanish
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track in vitro mycorrhization of potato plantlets allow studias o

gene expression dynamikl/corrhiza 20: 201-207.
Posters

1. De Jaeger N Declerck S and de la Providencia IE.
Mycoparasitism of arbuscular mycorrhizal fungi: athway for
the entrance of saprophytic fungi into the roof8.ifternational
conference on Mycorrhizeae (ICOM 6). Belo Horizo(Beazil).

2. De Jaeger N Dupré H, Declerck S, de la Providencia IE. Effet
Trichoderma sur la symbiose mycorhizienne.®™ Journée
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Teaching and student supervision

1. Manikak O. (Septembre 2009). R6le du champignonartyzien
a arbuscules dans le contr6le de la bactérie pathot
Pectobacterium carotovorunssp carotovorum (faculté des
Sciences, Biologie, UCL).

2. Doat A. (Septembre 2010). Effet des champignonsoniyziens a
arbuscules sur la croissance et le rendement deriétés de
pommes de terre andines. (Faculté de sciences agignes et
d’ingéniorie biologique, UCL)

Scientific trainings

1. International Training onin vitro Culture of Arbuscular
Mycorrhizal Fungi: Plant-systemdraining. Louvain la Neuve,
Belgium.

2. International Training onin vitro Culture of Arbuscular
Mycorrhizal Fungi: ROC systentraining. Louvain la Neuve,
Belgium.
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