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M.Sc. Plant Science

ABSTRACT

Luis Bamola

EVALUATION OF THE EFFICIENCY OF DIFFERENT
ARBUSCULAR MYCORRHIZAL FUNGI ON CORN (Zea mays L..)
AND PEPPER (Capsicum frutescens 1.) UNDER GREENHOUSE AND
FIELD CONDITIONS

The objective of this research was the sclection of the most efficient arbuscular
mycorrhizal (AM) fungus on pepper (Cupstcum frutescens L. cv. North star) and sweet
com (Ze mays L. cv. Bicolor) growing under controlled and field conditions. ‘The
inoculum treatments consisted of 9 different AM inocula and an autoclaved mix of
roots and sand used as a control Plants were inoculated and planted in a
pasteunized growth medium (greenhouse) and non-fumigated soil in 4 different
field locations for each crop. Ghmmus intraradices (GinA) and both the same strain
(GinA) and a mix of Sckrogysttrs rubrformms and G. fasaindatum (Stu+t) developed the
highest AM colonization in sweet com and pepper, respectively, under controlled
conditions. However, no significant increases in growth were found compared
with non-mycorrhizal plants. Only a mix of G. mirvagreggatum, G. mosseae and G.
Sasciczilatunr (Gmit+) produced a greater shoot dry mass compared with the control
treatment in sweet com under controlled conditons. None of the mycorrhizal
strams used in the field experiments increased the growth of sweet cormn or pepper

compared with non-inoculated plants under field conditons.



M.Sc. Phytotechnie
RESUME

Luis Bamola

EFFICACITE DE DIFFERENTS CHAMPIGNONS
ENDOMYCORHIZIENS SUR LE MAIS (Zea mays L) ET LE POIVRON
(Capsicum frutescens L) DANS DES CONDITIONS DE SERRE ET DE
CHAMP

Cette recherche avait pour objectif la sélection de souches de champignons
endomycorhiziens le plus efficace sur le poiveon (Capsicm frutesens 1. o North
star) et le mais (Zew mays L. cv Bicolor), poussant dans des conditions controlées ct
dans des champs. les traitements consistait en 9 différents souches de
champignons ct un mélange d'inoculum et sable sténlisé a I'autoclave utilis¢é comme
temoin. Les plantes éraient inoculées et plantées dans un milieu de crossance
pasteurisé 2 la vapeur (serrc) et un sol non-fumigé dans 4 sols agricoles différents
pour chaque espece végetal. Glmus intraradices (GinA) et 1a combmaison de la
méme variété (GinA) avec un mélange de Scrocysitis mbrformis and G. fasctcutatum
Srut) vnt déveluppd la colonisation endumycorhizien la plus Elevée sur le mais
sucré et le poivron, respectivement, dans des conditions contrdlées. Toutefois,
aucune augmentation de croissance significative n'a été constatée par comparaison
avec les plantes temoines. Seul le mélange de G. microagreggatum, G. mosseae et G.
Jasdudatum (Gmit) a produit une masse de pousses seches plus grande par
comparaison avec le temoin sur le mais sucré, dans des conditions contrdlées.
Aucune des différentes vanétés de champignons endomycorhiziens utlisées dans
les expénences dans les champs n'a augmenté la croissance du mais sucré et du
poivron par comparaison avec les plants non-inoculées dans des conditions de

champ.
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INTRODUCTION

The impact of conventional agnculture on the environment is assuming immensc
proportions. The intensive use of agro-chemicals is causing both on- and off farm cffects which
pollute rivers and lakes. Soil erosion, lack of organic matter, and a reduced stability due to a loss
of soil physical aggregation are also accelerated under high-input agnculture. As a consequence,
the soil—mistakenly considered as an incxhaustible resource—requires increasing amounts of
energy to keep a profitable ecconomic margin for the producer, but at a very high environmental
CosL

A sustainable future for agnculture ts under continuous debate, transcending issues of
economics, ecological panciples, stability of rural communites, and technology (Wilson and
Morren, 1990). From the agro-ccological perspective, the study and development of biologically
based systems of farming represents a large challenge for modem agaculture. More closed
chemical and biological cycles, as well as reduced impacts on soil structure are features that
should be encouraged. The biotic component of the soil plays an important role in alternatve
models of agrcultural resource management, but only 2 comprchensive approach will be
appropaate to interpret the unpredictable behaviour of such a compiex system as the "living
sotl".

Mycorrhizae are essential in rerrestrial ecosvstems. Many aspects of plant physiology are
intrinsically linked to the occurrence of mycorrhizal fung, which in tum connect the plant with
other plants and the surrounding soil. The flux of matter and energy mediated by this symbiosis
and its effects in natural ecosystems and cultivated land have not been fully elucidated. A delicate
balance underlies this symbiosis: The overall increase in the performance of the host plant due to
multiple factors mediated by the mycorrhizal fungi are counterbalanced with the investment of
carbon in fungal structures, which in tum supports a more diverse microflora and also enhances
soil stability. This equilibrium is disrupted by many practices associated with high-input
agnculture.

Very little 1s known about the conditions under which arbuscular mycorrhizal (AM) fungi elicit

particular responses in host plants. Competitive interactions between introduced AM fungal



strains and indigenous AM fungi account for this effect. A highly varable environment and the

occurrence of more aggressive AM fungi in the field are likely to interfere with the potential

positive effects of an inoculated AM fungal strain on a target host, when compared with the plant

response under controlled conditions, evaluated in the absence of competing micro-organisms

and other micorrhizal fungl. The selection of effective and competiive AM fungal strains

becomes a crucial step for mycorrhizal research, in order to allow the establishment of effective

management strategies that maintain beneficial AM populations in cultivated land.

The aim of this research is to evaluate different AM fungal strains isolated from both

agricultural fields and non-disturbed habitats that have the potential to enhance growth and yield

of two important crops of Eastern Canada, sweet com (Zes mays 1.) and pepper (Capsicam

Sfrutescens L). The following activities were pursued in order to carry out the experiments:

Inoculum production. Field collected and herbarium samples were used to produce AM
inoculum in pot cultures.

Screening for effectiveness of AM fungal isolates under greenhouse conditions.
Different AM fungal isolates were used to inoculate sweet com and pepper growing in
pasteurized soils ift pot experiments under controlled environment conditions. The extent
of mycorrhizal infection, plant growth, and phosphorus tissuc contents were used to evaluate
the effectveness of the AM isolates by companson with non-mycorrhizal control treatments.
Screening for competitive ability of these AM fungal isolates under field conditions.
The same AM fungal isolates were used to inoculate both crops in non fumigated soils with
different crop histores and at various locations. The extent of mycorrhizal infection, plant
growth, and crop yield were used to estmate mycorrhizal effectiveness and compentive
abilities of the considered strains by companson with autoclaved non-mycorrhizal inoculum

applied to the field sotls.
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Chapter 1

GENERAL ASPECTS OF ARBUSCULAR MYCORRHIZAE

A mycorrhiza is a mutualistic symbiosis between plants and fung and 1s localized 1n a root or
a root-like structure in which cnergy moves pamarly from plant to fungus and tnorganic
resources move from fungus to plant (Allen, 1991). Mycorrhizac are considered the most
important symbiosis on earth and the AM the primitive condition for plants (Allen, 1996).
Colonization of land by plants was facilitated by this murtualisic assocation as shown by the
fossil record (Pirozynski and Dalpé, 1989; Pirozynski and Malloch, 1975) and molecular evidence
indicates its appearance over 300 million years ago (Simon et al. 1993). AM are ubiquitous and
most of terrestral plant species form AM symbioses.

The importance of AM is crucial in determining plant community structure. This symbiosis
enhances competitiveness of colonized plants which in tum obwin more sod resources than
surrounding non-mycorrhizal neighbours (Allen, 1996). By the same token, the cffectve
applicaton of AM in the field largely depends on a better understanding of the complex
interactions between the biotic and abiotic components of the soil surrounding mycorrhizal
roots (Klironomos and Kendrick, 1993). At the same ume, it becomes necessary to elucidate the

range of conditions by which AM elicit specific responses (Allen, 1996).

L11 TAXONOMY

The order Glomales has been designated to include only fungt capable or presumed to be
capable of forming AM with plants; whether or not this is a valid character to define an order is
questionable (Walker, 1992). There is also an obwvious problem of definition since a mycorrhiza
is defined on a mutualistic functional basis which can not be proved in all cases (Allen, 1996).
Asbuscules are the most distinguishable characteristic of this association but also important is the
external matax of fungal mycelium which grows into the surrounding soil. Varous architectural
features of these hyphae suggest some spatial functionality among them (Allen, 1996).

3



Morphological attributes of fungal spores and/or sporocarps have been normally used to
charictenze 3 ditferent familics among the Glomales (Walker, 1992):

2) The Gigasporaceae includes the genus Gigagporu and Seutelbspora which characteristically do
not produce vesicles. The genus Gigagpora was thought to form zygospores but it was later
considered to form azygospores. It 15 now more convenient to designate thesc structures
simply as spores until their identity can be fully elucidated.

b) The Acaulosporaccae is formed by two different genera, .Alcanlospora and Entrophospora. The
former characteristically forms spores laterally on the proximal part of a sponferous saccule.

¢) The Glomaceae includes two genera: Sckmoysits and Glomms. The former only contains a
single species that deserves further reconsideration within this group. Gmms 1s a complex
and probably a polyphyletic group composed of species, some of which at least require

extensive review (Walker, 1992).

More than 150 AM fungal species have been described but only few of the old descriptions of
the Glomales have been re-described to match new concepts and terminology regarding AM
morphology. As a consequence it becomes extremely difficult to tdentfy some of these species
(Walker, 1992). However, the use of more advanced techniques like the polymerase chain
reaction (PCR), which amplifies small amounts of DNA, could represent powerful tools for the
development of mycorrhizal taxonomy, pamuculady for AM (Klironomos and Kendnck, 1993;
Piché et al,, 1994). The PCR technique has already been useful for showing the phylogenenc
relationships among twelve species of the main taxonomic groups of cndomycorrhizal fung
(Stmon et al., 1993).

1.1.2 SOME GENETIC ASPECTS OF ARBUSCULAR MYCORRHIZAE

The Glomales are thought to be asexual organisms and for this reason the interbreeding
approach for species definitton is not valid (Walker, 1992). Each fungal spore contains
thousands of nuclei and it is not clear at all if these are a single genotype; as a consequence, the

term clone can not be used even for pot cultures onginated from single spores (Walker, 1992).
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Although AM fungi cannot fully develop in the absence of a plant host they are actually capable
of DNA replication and the mycelium of a germinating spore exhibits migration of nucler and
nuclear division (Bonfante and Perotto, 1995).

Different sequences of ribosomal genes occuming in different nucler but in the same spore, as
described by the heterocaryote hypothesis, illustrate the pont that these spores might better be
considered populations than genetic individuals (Sanders et ak, 1996). When hyphac encounter
cach other in the soil they can fuse, potentially bringing new nuclear types together (Allen, 1991).
Whether there is an actual exchange of nuclei between different AM fungi or not is stll
unknown, but other genetic mechanisms, like molecular drive or gene tumover would also
explain the high genetic diversity and thus the high plasticity exhibited by the Glomales (Sanders
et al., 1996). A higher genetic variability among and within populatons of morphologically
identical spores collected from the field compared with the genetic consistency among spores
obtained from pot cultured material developed from isolated spores, suggests that there s some
mechanism that affects narural populations and promotes high genetic diversity (Sanders et al,,
1996).

1.1.3 EARLY STAGES OF MYCORRHIZAL COLONIZATION

Appressona formation is the first morphological sign of a recognition process which takes
place between AM fung and the root of host plants. Symbiosts-specific plant genes seem to piay
an important role in the cady infection stages; these are also related with a more general spectra
of mechanisms in plant mediated-microbe interactions, as suggested by using myc and mod
mutants (Bonfante and Perotto, 1995; Gianinazzi-Pearson et al., 1996). Host plants show little or
no reaction at the cellular level when the appressorium connects the invading fungus with the
root (Gianinazzi-Pearson et al, 1996). This clearly contrasts with the enhanced metabolism of
host cells surrounding the branching hyphae during arbuscle formation, which can not be related
to any specific defence reactions (Gianinazzi-Pearson et al., 1996).

In the presence of the host, some root exudates (prinapally phenolic compounds) function as
biochemical signals that activate fungal genes related to the morphological integraton and

functional compatibility between both symbiotic parmers (Bonfante and Perotto, 1995;
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Gianinazz, 1991). Some reports have indicated that certain flavonoid compounds (especially
quercetin) are especially important for enhancing mycorrhizal establishment in 7z rifm systems
(Bécard and Piché, 1989; 1992; Chabot et al., 1992b; Tsat and Phillips, 1991) but flavonods are
not essential plant molecular signals since root-organ cultures form mycorrhizae in their absence
(Bécard et al., 1995). The penetration of the AM fungi into the root seems to be largely due to
mechanical force as shown by the low rate production of root-cell wall hydrolitic enzymes
(Bonfante and Perotto, 1995). However, control of fungal establishment and long term
regulation of arbuscule development are determined by an interplay between host rejection and
continual re-invasion by the fungus and thus, the system s never in cquiliboum (Allen, 1991;
Gianinazzi, 1991). After infection, changes take place in the root cells including an increase in

nuclei size (Bonfante and Perotto, 1995).

114 THE MYCORRHIZAL INTERFACE

The newly formed and highly complex interface zone is charactenistic of the symbiotic status
(Bonfante and Perotto, 1995). The plant membrane extends from the penpheral
plasmamembrane, around the fungal haustodum, whie the fungal partner remains in the
apoplast outside the plant protoplast (Smuth et al, 1994). Arbuscules are formed from
ntercellular hyphae which proliferate longitudinally (Smith et al., 1994) and one of these can be
defined as a highly complex and specialized apoplasuc compartment. These structures allow for
nutritional exchange between both partners (Bonfante-Fasolo, 1992). It was observed that the
macromolecular chitin organization of the fungus changes dramatically from fibnllar to
amorphous when forming the arbuscular cell wall (Arines etal., 1993).

Bi-directional transfer of nutnents takes place in functional mycorrhizae where carbohydrates
move from plant to fungus and mineral nutdents move from fungus to plant. The extent to
which this process occurs at the same interfaces is uncertain (Smith et al, 1994). It has been
proposed that arbuscules and intercellular hyphae can function as separated interfaces: P would
theoretically be released by arbuscule branches and be taken up by the highly energized
penarbuscular host membrane. Carbohydrates would be released from the cortical cells into the
wntercellular spaces and then be taken up by intercellular hyphae (Smith et al., 1994).
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1.1.5 NUTRIENT UPTAKE IN MYCORRHIZAL SYMBIOSES

Nutrients that are available to plants can be directly absorbed by them and this process
depends basically on their movement to the absorbing roots, the potennial nutdent supply of the
sotl, and the active absorption of these nutnents by cortical root cells (Chapin, 1980). The flux of
nutrients into the depletion zone surrounding the absorbing root depends on diffusion and/or
mass flux. Nutnients move through diffusion across a concentraton gradient perpendicular to
the root surface and from areas of higher concentration in soil solution into the depletion zone
surrounding the roots (Bolan, 1991). Mass flux is a convective process that occurs during plant
transpiration, in which nutrdents dissolved in soil water move into depletion zones (Bolan, 1991).

Diffusion ts frequently the limiting factor in nutnient absorption by root plants. Some low-
mobility nutrents, such as POs*, NH4*, K* and to a lesser extent NOs', have diffusion rates
much lower than the absorption rates required for optitnal plant growth, resulting in a depletion
zone of these nutrients around plant roots (Chapin, 1980; Hayman, 1983; Koide, 1991; Smith
and Gianinazzi-Pearson, 1988).

It 1s well known that the larger volume of soil explored by the extramatncal hyphae,
compared with the volume of soil explored by roots of a non-mycorrhizal plant, enhances the
uptake of phosphorus as well as other poorly mobile nutrients in sotl. Nutrent uptake efficiency
at a given infection level it is likely to be affected by the occurrence and physiology of arbuscules

as well as the physiological status of the external hyphae (Marshner and Dell, 1994).

LL5.1 Phosphorus uptake

[t has been suggested that the increase in phosphorus uptake by mycorrhizal plants 1s related
to the following mechanisms: Development of an extensive network of extramatrical hyphae in
soil which extends far away from the depletion zone facilitating nutdent movement across
depleted areas (Miller, 1987; Smith and Gianinazzi-Pearson, 1988), a notable increase in the root
absorption surface mediated by the external mycelium, which explores small soil pores where
root hairs do not have access (Bolan, 1991; Smith and Gianinazzi-Pearson, 1988), and a greater
affinity for soil P by fungal hyphae (Bolan, 1991; Smith and Gianinazzi-Pearson, 1988).
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Although expenimental evidence shows that mycorrhizal plants obtain labelled phosphorus
from the same source as nonmycorrhizal plants do (Bolan, 1991), a significant increase of aad
phosphatase activity by mycorrhizal hyphae suggests an AM-mediated release of P from organic
complexes in the soil (Kucey ct al, 1989; Marshner and Dell, 1994). However, there ts no
conclusive proof of the AM-mediated effect on the increased P uptake from non-soluble sources
since it is practically impossible to discriminate this form of uptake from other rhizosphere

activities (Smith and Gianinazzi-Pearson, 1988).

1.1.5.2 Other nutrients

'The increase in phosphorus uptake by mycorrhizal plants induces an overall improvement in
plant performance and thus, a notable increasc in the foliar concentration of some nutrients such
as copper, zinc, nickel, chlorides and sulphates (Kotde, 1991). However, mycorrhizal plants can
increase the direct uptake of the macronutrient K, minor nutrents such as Ca and SO47, and the
micronutgents Cu and Zn, which are transported to the roots through the external hyphae, but at
lower rates than P (Marshner and Dell, 1994).

Nitrogen 1s taken up as NHs* by mycorrhizal plants, which explains why these plants arc
dominant in some ecosystems where P does not limit plant production (Allen, 1996). This ion
moves very slowly in soil and it is transported through mycorrhizal hyphae as confirmed under

both controlled conditions (Ames et al., 1983) and field expenments (Barea etal,, 1987)

1.1.6 PHYTOHORMONE BALANCE

It 1s suggested that one of the factors that can regulate the intraradical colonization of the
fungus is the level of phytohormones, which in tum can modify the functioning of the plant
(Allen, 1996). Significant increases in cytokinin, abscisic acid and gibberellin-like substances have
been detected in mycorrhizal plants, but whether or not this is an effect of the improved nutrient
status of the host is not clear (Smith and Gianinazzi-Pearson, 1988). [lowever, the overall

control of the mycorrhizal root architecture (Hetrick, 1991), stomatal control and photosynthesis,



and water relations (Allen, 1996) are some of the plant processes that would be mediated by

phytohormone balance.

L1L7 DROUGHT RESISTANCE

Arbuscular mycorrhizae enhance the movement of water through fungal hyphac even during
times of increasing drought, when roots shrink and the soil root interface 1s filled with atr pockets
(Allen, 1996G). Some other plant features related to increased drought resistance mediated by the
AM symbiosis are the change in leaf elasticity, an improved leaf water turgor potennal, the
maintenance of stomatal opening and high transpiration rates, and increased rooting length and
depth (Sylvia and Williams, 1992). Nelson (1987) also noted that increased levels of tissue P also

increase drought resistance duc to changes in membrane permeability.

1.1.8 THE MYCORRHYZOSPHERE EFFECT

The mycorrhyzosphere is the soil surrounding the mycorrhizal roots. The soil mycoflora is
modified by an altered amount and quality of root cxudates as well as the presence of
extramatrical hyphae (Garbaye, 1991; Linderman, 1992, 1993). The importance of the transport
of carbon to microbial communities through the external hyphae, outside the influence of the
rhizosphere, 1s now widely accepted (Bethlenfalvay and Schiiep, 1994; Hamel, 1996). Seclecove
changes in the soil mycoflora are likely to affect the further development of hyphae in soil and
the absorption of metabolites produced by these microbial associates, but the implicit
mechanisms are virtually unknown (Linderman, 1992).

Synergistic effects between AM fungy and several microbial groups that can influence plant
growth and health have been experimentally demonstrated. Some of these groups of micro-
organisms, reviewed by Linderman (1992), include both nodule producing and free-living Na
fixing bactena, phosphate solubilizing bacteria (PSB), and plant growth promoting rhizobacteria
(PGPR).



1.1.9 PLANT DISEASE CONTROL

The scientfic literature contains plenty of examples supporting the hypothesis that the
mycorrhizal symbiosis leads to a suppression of root discases caused by pathogenic fungi and
nematodes (Linderman, 1992). However, some of these results arc controversial and many
different mechanisms have been proposed to explain how AM fungt mediate such a response,
which vares with the fungal and plant species as well as cultural and environmental conditions
(Varma, 1995). Increased production of phytoalexin compounds has been suggested to explain
the enhanced disease tolerance mechanisms in mycorrhizal plants (Varma, 1995). Some other
examples of biocontrol mediated by AM fung and their proposed mechanisms of action have
been reviewed elsewhere (Garbaye, 1991; Ingham and Molina, 1991; Jalali and Jalali, 1991;

Linderman, 1992).

1.1.10 SOIL STRUCTURE

The relevance of AM fung in soil aggregation has became an important focus of sustainable
agriculture research. It has been suggested that the extraccllular polysacchandes produced by
mycorrhizal hyphac attaches to soil microaggregates and binds them into stable macroaggregates
(Ttsdall, 1994). The exact mechanisms involved in this process are not known but the extraction
of water from small soil pores by AM hyphae is thought to stabilize soil aggregates (Schremer
and Bethlenfalvay, 1995).

The hierarchical theory proposes that floccules are composed of primary clay particles, held
together along with inorganic oxides and organic polymers, by electrostatic bonds (Schreiner and
Bethlenfalvay, 1995). These floccules encrust small particles of organic matter, forming small
aggregates, and then combine with small grains of sand to form microaggregates (Schreiner and
Bethlenfalvay, 1995). The physical entanglement pemmits the external hyphae to enmesh
microaggregates thereby creating larger aggregated units within the rhizosphere (Miller and
Jastrow, 1992a). The hierarchical theory may not apply for all soils due to different sized
microaggregate fractions and also the fact that organic matter is not the only binding matenial for
all soils (Tisdall, 1994).
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L1.11 PHOTOSYNTHETIC RATES AND CARBON USE

It is well documented that photosynthetic rates are higher in mycorrhizal than non-
mycorrhizal plants. It has been postulated that this effect ts caused by the increased below-
ground sink demand for C in mycorrhizal plants. Accumulation of sucrosc-6-P in leaf mesophyll
cells 1s the limiting step in photosynthesis as it binds up Pi in inactive pools. An increase in the C
sink of mycorrhizal roots allows a mobilization of starch pools stored in leaves whereas
ADP:ATP ratios decrease, resulting in higher photosynthetic rates (Firter, 1991; Harns and Paul,
1987; Ingham and Molina, 1991).

Plant carbohydrates that enter into the fungus are converted into lipid globules that can be
carried along concentration gradients by protoplasmic streaming. These lipids are accumulated
in vesicles and spores and can help maintain a carbohydrate concentration gradient towards the
fungus, facilitating the movement of reduced C from the plant (Harns and Paul, 1987).

It has been suggested that the carbon cost to mantain the mycorrhizal symbiosis 1s equivalent
to the amount required to maintain the root system (Fitter, 1991). Fungal biomass may represent
between 5 to 10 %4 of the total root biomass but maintenance costs of the former are at least ten
times higher per unit weight than those of root biomass (Fitter, 1991). Despite of the fact that
respiration of the fungus may represent 30 to 40 %4 of the total photosynthate consumpton by
roots (Harns and Paul, 1987), the carbon cost required to construct fungal hyphae 15 lower per
unit length than that required to construct roodets (Fitter, 1991).

The carbon:phosphorus ratio has an important effect on mycorrhiza-mediated plant
responses. In very poor soils that only support sub-optimal growth rates and have low P
availability, the mycorrhizal symbiosis may be restricted by a limited carbon transport to fungal
structures as well as the inadequate level of P, allowing other soil micro-organisms to invade the
roots of plants growing under these conditons (Koide, 1991; Van Duin et al, 1991). On the
other hand, a drain of C to mycorrhizal roots in sotls with high fertlity and motsture, without the
benefit of an increased P status of the plant due to the symbiosis, might induce a depression of
growth (Allen, 1996; Harris and Paul, 1987; Hendrix et al., 1992; Koide, 1991). This effect may
induce what has been called the change from mutualism to parasitism (Hayman, 1987; Van Duin
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et al., 1991) but it has been suggested that C expenditure may be regulated by the host plant
(Graham and Eissenstat, 1994).

PRACTICAL USES OF AM IN AGRICULTURE

The conventional approach to evaluate the effect of AM in agnculture has emphasized the
potential increase in plant growth and yield denved from mycotrophy. As a consequence, the
soil nas never had the same pronty as the productivity of plant shoots (Bethlenfalvay and
Schiiep, 1994). The extent to which the natural environment has been modified to achieve a high
agricultural productivity has resulted in a degradation of natural resources, loss of topsoil, and the
contamination of surface and groundwater with fertilizers and pesticides that have promoted a
lack of profitability for farmers (Hesterman and Thorbum, 1994; Oberle, 1994). Soils must be
viewed not as a profitable resource but a complex, living, fragile svstem that must be protected to
ensure long-term productivity (Reganold et al,, 1990).

For all these reasons, a number of authors have commented on the potential of the AM
symbuosis to enhance crop productivity and soil conservation. This is especially important for
sustainable agnculture research, the principal goal of which is to minimize soil erosion while
maintaining soil fertility for ecological stability and long term agricultural productivity (sce Allen
et al., 1992; Bethlenfalvay and Schiiep, 1994; Douds et al., 1993; Jeffries and Barea, 1994; Jeffnes
and Dodd, 1991; Miller and jastrow, 1992a; Sieverding, 1991).

Equally important is the regulatory effect of mycorthizae at a lower level, promoting linkages
between the biotic and geochemical components of ecosystems which in tum are a determining
factor in their large scale behaviour (O'Neill et al., 1991). Moreover, a sustainable agncultural
system should resemble more mature ecosystems characterized by a rapid cycling of nutrients
within the biotic sub-system (Jeffdes and Barea, 1994). In conclusion, the ability of AM to
permeate the soil, picking up nutrients and directing them quickly to the host plant (Allen et al.,
1992) and the gain of C by the soil mediated by AM, which in turn enhances microbial activity
and 1ncreases soil organic matter content and soil stability, must play a critical role in a
conservationist set of agricultural practices to be implemented in order to ensure a more balanced

and stable life-supporting soil matrix (Bethlenfalvay and Schiiep, 1994).
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Very litle is known about the complexity of plant-soil-fungus interactions in agrcultural
conditions (Hamel, 1996). Therefore, it will be difficult to implement long term strategies to use
mycorrhizac in productive agroecosystems until we achieve a better understanding of AM

functioning and their long term effects.

1.2.1 AGRONOMIC STANDARDS FOR MYCORRHIZAL RESEARCH

The proper identification and assessment of AM isolates under field conditions is onc of the
main goals for mycorrhizal research. The 1solaton of AM spores from the field 1s not a good
indicator of fungal diversity since sporulation normally occurs after a threshold colonization level
and often field collected spores are difficult to identify (Morton and Benuvega, 1994). The
presence of non-sporulating fung, morphologically identical but different spore types,
differences between the collected number of spores and the actual ecological importance of the
considered species, and the fact that spore counting only reflects past events in the symbiosis
lead to erroneous conclusions and normally underestimate natural diversity (Sanders et al., 1996).

Early molecular methods used allozyme pattemns allowing the detection of single AM species
in roots. All new techniques, based on the polymerase chain reaction (PCR), arc promising but
require further refinement to develop more rehiable molecular markers (Sanders et al., 1996).
Diagnosis tests designed for AM quanufication are now being developed and include, among
others, PCR amplification of AM chitin synthase genes (Hamel, 1996) and the co-amplification
of PCR standards with root-derived AM fungal templates using known prmers (Sanders et al.,
1996).

A conventional method to assess the degree of reliability of a plant upon the mycorrhizal
symbiosis is the relative field mycorrhizal dependency (RFMD), which was defined by
Gerdemann (Plenchette et al., 1983). It expresses the difference between the dry weight of
mycorrhizal and non-mycorrhizal plants as a percentage of the dry weight of the mycorrhizal
plant at a known available P soil level (Plenchette et al,, 1983). The morphology of the roots was
related to mycorrhizal dependency and P absorption. Baylis (1975) described the magnolioid and
graminoid roots and the posiuve relanonship between the coarseness of the root and its

mycorrhizal dependency. Thus, magnolioid roots without well developed root hairs are more
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dependent upon mycorthizac for P uptake than graminoid roots, with abundant root hairs
(Baylis, 1975).

The ability of AM fungal strains to rapidly colonize a host depends largely on the formaton
of appressona or infection points (Giovannetti and Gianinazzi-Pearson, 1994). The soil
mycorrhizal potential, on the other hand, takes into constderation the number of AM propagules
and their ability to develop the symbiosis under the prevalent soil conditions (Plenchette and
Strullu, 1995). It is estimated with a bioassay using a mycorrhizal test plant growing in a
logarithmic series of diluton of the considered soil, although this method is quite labour
intensive to perform on a regular basis (Plenchette and Strully, 1995).

The parameters to be chosen for the cvaluation of mycorrhizal effectiveness depend on what
is expected from the symbiosis. They can be yield, a better growth ot survival of the host plant,
improved tolerance to biotic or abiotic stresses, improved nutrient transport, etc. (Gianinazz ct
al., 1989; Giovannetti and Gianinazzi-Pearson, 1994). Other authors have argued that soil
aggregate stability should be considered for the evaluation of effective AM isolates (Bethlenfalvay
and Schiep, 1994; Miller ct al., 1994; Schreiner and Bethlenfalvay, 1995). Thus, the improvement
of soil structure which reduces erosion in succeeding years and a decrease in P runoff are benefits
that cannot be calculated into the increased valuc of the crop but undoubtedly have to be

considered for the effectiveness concept Miller et al.,, 1994).

1.2.2 INTRASPECIFIC VARIATION OF ARBUSCULAR MYCORRHIZAE

Differences in host response to morphologically identical isolates of AM fungal species have
been reported by several authors (Le. Bethlenfalvay et al., 1989; Stahl and Chastensen, 1991; Stahl
et al, 1990; Sylvia et al., 1993). It was suggested that phenotypic plastaty, although present to
varying degrees in populations of AM endophytes, was not enough to explain the widespread
distnbution of species such as Glmmus mosseae (Stahl and Chastensen, 1991).

The use of molecular techniques has confirmed the high genetic vanability among
morphologically identical spores. The intemal transcribed spacers (ITS) of ten indistinguishable
spores of Glomus sp. were genetically different (Sanders et al,, 1995) and some AM isolates of
Glonmus mosseae, onginating from the same culture but kept in different laboratories for several
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years, have revealed genetc differences when their fingerprints were compared by the restrction
fragment length polymorphism (RAPD)-PCR method (Wyss and Bonfante, 1993).
Consequently, it has become cvident that developing a reliable method to properly identfy AM
isolates is of prime importance.

For practical reasons, if the objective of the research is to identify fungal isolates of the same
species (edaphotypes), which are effective in promoting plant growth in diverse host-soil
systems, it is necessary to asscss the edaphic and flogstic charactenstics of the natve site and the

goals of the prospective site of utlization (Bethlenfalvay et al., 1989).

1.2.3 SPECIFICITY OF ARBUSCULAR MYCORRHIZAE

Most of the cxpenmental evidence obtained under controlled conditions show that AM fungi
are generalists and display little specificity in their relationships with host plants. However,
ecological specificity and functional compatibility determines that the host plant may select for a
particular combination between symbionts (Allen et al., 1995; Bagyaraj, 1992; Molina et al., 1992;
Sanders and Fitter, 1992). As a consequence, AM fungi can be distributed within a community,
across any landscape in a shifting mosaic and associated with particular plant species but whether
these patches represent a single mycelium or multiple genotypes dispersed throughout the hyphal
network 1s not known (Allen, 1996).

The coexistence of different AM fungi in the same root has recently been corroborated using
molecular tracers. Clapp et al. (1995) developed the selective enichment of amplified DNA
(SEAD) methodology to confirm the simultaneous presence of three different genera of AM
fungt (Acalospora, Glomus, and Scutellospora) 1n a single root of bluebell (Hyatnthotdes ron-soipra).
The coexistence of different AM fungi in the same host may exert competitive interactions
among them and cause masking effects of some fungus over positive interactuons of the
coexisting isolates with host plants (Sanders et al., 1996).

Hepper et al. (1988) found that species of Glmmus can compete with each other and one
fungus toully exclude another from the root in a short period of time. It has been suggested that
the fastest AM fungus colonizing the host plant would have a competitive advantage over other
AM fungi (Abbott and Robson, 1984; Giovannett and Gianinazzi-Pearson, 1994; Hepper et al,,
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1988). On the other hand, AM fungj are rather promiscuous and attach to any compatble root,
forming bridges between plants that may transport resources between different organisms. Thus,
the controversy between the relative importance of competiion and shanng of resources in

mycorrhizal communities has never been elucidated (Allen, 1996).

1.2.4 OCCURRENCE OF AM IN CROPS

AM mediated enhanced growth has been observed in numerous crops after inoculation in
low P soils and it is possible to rank the mycorrhizal dependency of such crops at a known P
level (Hayman, 1987; Jeffries and Dodd, 1991; Plenchette et al., 1983).  Some tropical crops (Le.
Manihot esatlenta, Pueraria phaseolotdes, Sorghourm sp.) have shown enormous vield increases due to
inoculation (Jeffres and Dodd, 1991). Legumes are particularly responsive to mycorrhizal
inoculation, with the exception of Lupinus, a non-mycorrhizal genus (Hayman, 1987). Among
others, some plantation crops like coffe (Coffea arabrca), some woody species like Cérus spp., apple
(Malus spp.), sweetgum (LZguidambar styradftud), yellow poplac (Cuumbertree magnokia), and some
vegetables like Adium spp., peppers (Capsicum spp.), asparagus (Asparagus officinalis), carrot (Dasus
wrold), and cucumber (Cuaumis sativns) have also shown increased growth after AM inoculation
under field conditions (Hayman, 1987; Jeffres and Dodd, 1991).

A different plant response has been observed under high P ferulity. Mycorrhizal-induced
growth depression has been observed 1n different species of Citrus, rycgrass (Lodum sp.), fcms,
forage legumes, apple, tobacco (Niwtiana tabacuim) and Album spp. growing mn high P soils
(Graham and Eissenstat, 1994). In other cases, a positive effect of inoculation under high fertility
conditions is only obtained when the soil is fumigated before seeding, which can be explained by
a reduction on the incidence of highly competitive nanve AM fungi (Hamel, 1996). Diverse
agronomic practices and the selection of efficient AM isolates are likely to affect the practical
application of the AM symbiosis in agaculture (Hamel, 1996).

Low-input agncultural systems seem to increase mycorrhizal colonization and sporulation
compared with conventional agronomic systems (Douds et al, 1993) and select for different
groups of AM fungi (Douds et al., 1995). A low-input agricultural system resembles more a
natural ecosystem and it includes diverse sustainable practices like reduced soil tillage, mcreased

16



plant diversity, reduced chemical inputs, etc. (Hamel, 1996). An increased number of weeds n
the conversion from high to low-input systems was likely to promote higher root density and
higher colonized root length, and thus an increase in AM fungal spore populations in the low-
input area (Kurle and Pfleger, 1994).

1.2.5 ARBUSCULAR MYCORRHIZAE AND CULTURAL STRESS

Some agricultural practices have profound effects on quantitative and qualitative mycorrhizal
dynamics. The following briefly outlines the cultural stresses imposed in agricultural systems and
their effects on VAM fungal populations. An integral understanding of this information and the
development of reliable techniques to properly identify and quantify AM fung: wiil improve the

management of mycorrhizae as components of sustainable agriculture.

1.2.5.1 Fallowing and crop rotation

The long fallow disorder is the reduced growth of some crops planted after a long perod of
falow (Johnson and Pfleger, 1992). The mycorrhizal inoculum decline after a long period of
fallow can be the main cause of plant growth reduction (Bethlenfalvay, 1992; Johnson and
Pfleger, 1992). The accumulation of dead biomass in a fallow system could promote the
occurrence of some Glomales with saprophytc capabilines which could also account for the
growth reduction effect (Hamel, 1996). The inclusion of non-host plants also reduces
mycorrhizal inoculum densities but growth depression is normally greater when the land is kept
fallow (Johnson and Pfleger, 1992). Fallowing and the inclusion of non-mycorrhizal plants can
be good management strategics that could promote more diverse AM populations. This is
particularly true after the monoculture of cassava (Manihot esculentd), that promotes the occurrence
of non-effective AM isolates (Sieverding, 1989, 1991), or where the native AM mycoflora is
highly compettive (Hamel, 1996).

Crop rotation is known to optimize yield but the mechanisms respoasible for this effect are
not fully elucidated (Bethlenfalvay, 1992). It has been suggested that the most vigorous and

sporulating AM isolates, selected by monoculture systems, are not necessanly the best symbionts
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because these fungi could be more opportunistic than mutualistic (Johnson et al., 1992). A highly
diverse low-input system, consisting of at lcast 5 different crop species, resulted in a more diverse
AM population compared with a conventional management with only two crops (Douds et al,
1993). In conclusion, crop rotation could be useful in the management of AM fungal
communities as it favours the most beneficial fungal species (Johnson et al.,, 1992). Choosing for
the appropriate crop sequence which favours the mycorrhizal symbiosis should be taken into
account when designing the most efficient cropping system (Hamel, 1996; Hendnx et al., 1995).

1.2.5.2 Soil fertility

The importance of AM in the uptake and transport of nutrients has been already mentioned,
but an efficient recycling of nutrients mediated by mycorrhizac plays a particularly important role
in sustainable agriculture. Provided that nutrent transfer occurs through hyphal bridges under
adverse conditions, the absorption and re-distnbution of C and nutnents from senesang and
dving roots is greatly improved, allowing plants to cope with such stress by minimizing losses
from the system (Jeffries and Barea, 1994).

After excessive fertilizaton (considered to be a very widespread form of soil degradation),
agricultural soils are likely to develop reduced levels of mycorrhizal symbiosis (Hamel, 1996). It
is well documented that P-deficient roots show an increased rate of exudation of soluble sugars,
aminoacids, and carboxylic acids compared with well fed roots (Schwab et al., 1991). A high P
status in the plant host, in response to fertilization, is thought to decrease the amount of
carbohydrate allocated to root exudates. As a consequence, the propornon of AM fungal strains
that most rapidly acquire the available C (less beneficial strains) may be selected over less
aggressive but mutualist strains (Johnson, 1993).

The mycorrhizal symbiosis affects plant fitness over a long time scale; even if the fungus may
reduce plant growth during a short peniod of time, the association can stll remain mutualistc if
the symbiosis enhances plant fitness over the long run (Allen, 1991; Allen et al., 1992). For
example, the quality of soils increases due to the production of an extensive external mycelium

even if this is at the expense of the host plant growth (Bethlenfalvay and Barea, 1994; Hamel,

18



1996). This effect, in tum, represents an important factor affecting crop vield over the long term
(Bethlenfalvay and Schiiep, 1994).

In some cases high rates of fertilization do not reduce mycorrhizal actvity, especially 1f 1t is
estimated from root colonization, which is not a good ndicator of mycorrhizal cffectiveness
(Miller et al., 1995). Mycorrhizal dependency of the involved plant species would also explain the
high levels of mycorrhizal colonization in some fertile soils (FHamel, 1996).

The following variables are useful to predict mycorrhizal responses to P-fertilizaton. In
naturally infertile soils, mycorrhizal colonization is reduced after fertilization whereas in naturally
fertile soils there is little or not effect (Johnson and Pfleger, 1992). On the other hand, small
additions of fertlizer in extremely poor soils can stimulate mycorrhizal colonizaton and
sporulation but larger additions of fertilizer suppress this (Johnson and Pfleger, 1992). There is
also evidence that balanced fertilizaton (N-P-K) sumulates mycorrhizal colonizaton (Johnson
and Pfleger, 1992). Amending the soil with fresh organic matter in approprnate amounts could
protect mycorrhizal plants against Al toxicity in acid soils (Soedarjo and Habte, 1993).

1.2.5.3 Soil disturbance and dllage

Soil disturbance can affect the distnbution and abundance of arbuscular mycorrhizae by
changing the chemical, physical or biological characteristics of soils or by changing the botanical
composttion of a site (Abbott and Robson, 1991). The soil stable aggregates provide physical
protection, especially in arable systems, in which the nutdent reserve is afforded by inputs from
crop residues, organic amendments or fertilizers (Miller and Jastrow, 1992a). As a consequence,
the contnbution of the mycorrhizal association in creating both vegetation and soil heterogeneity
in disturbed landscapes is of vital imporance in restoration processes, in order to avoid a rapid
loss of organic matter and associated nutdents from soil through both mineralization and erosion
(Miller and Jastrow, 1992a, 1992b).

Soil erosion reduces yield and contributes to river and lake pollution. It can severely decrease
both the extent of AM development and the number of propagules; as a consequence, eroded
soils often have very low fertility levels (Abbott and Robson, 1991; Sylvia and Williams, 1992).
Compacted soil also reduces plant growth, as well as mycorrhizal colonization, due to a decrease
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in root growth, soil water content and soil aeraton (Sylvia and Williams, 1992). Land restoration,
helped by AM, can be categorized under different organizational levels that include the study of
soil aggregate formation due to extraradical hyphae, the influence of AM on the physiology of
the whole plant, the composition of succession scres, and AM populaton dynamics (Miller and
Jastrow, 1992b). The management of indigenous populations and inoculation with native
mycroflora have succeeded restonng degraded land (Le. Lumini et al., 1994).

Cultivation accclerates mincralization of the soil organic matter which induces a loss of water-
stable soil aggregates (Schreiner and Bethlenfalvay, 1995). Conventional tllage coasists on
mouldboard plow plus two or threc passes with secondary tillage equipment, which causes the
physical disruption of the AM hyphal network in the soil (Miller et al,, 1995). Alternatively,
maize plants grown on undisturbed soils have shown an increase in P absorption capacity during
carly growth (Miller ct al., 1995). It was suggested that the persistence of the mycelium (resting
hyphac) from the previous crop maintains its infectivity after the winter and s also functionally
capable of absorbing P and transporting it into new attached roots (Miller et al,, 1995). Tillage
could induce a strong selection pressure for more vigorous AM species (Flamel, 1996) or for
those that produce infective propagules most rapidly (Johnson and Pfleger, 1992). The
production of intraradical vesicles may be an important feature of these opportunist strains
(Johnson and Pfleger, 1992).

Tillage affects the vertcal distribution of AM spores (Smith, 1978) and AM hyphae (Kabir e
al, unpublished results). Tillage also influences biotic factors, especially the soil fauna, which are
vectors of VAM propagules (Johnson and Pfleger, 1992). Rabatin and Stinner (1989) found a
significantly higher proportion of invertebrates containing AM spores in no-tll systems
compared with conventional farming. These results promote a promising and almost

unexplored arca of research conceming AM and sustainable agriculture practices.

1.2.5.4 Biocides

Biocides may directly or indirectly affect AM fungi modifying either the complex host-soil
biota or the host plant (Bethlenfalvay, 1992). Mycorrhizal effects caused by pesticides may
induce a confusing cause and effect interpretation which could be partly explained because
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pesticides react differently under different cdapho-climatic conditions (Sicverding, 1991).
Harmful effects of some biocides on AM fungal populations could be reduced by testing them in
both controlled and field conditions pror to their marketng (Hamel, 1996).

Soil fumigants are used to reduce populations of pathogens and pests but their use normally
cradicates AM fungt as well as other beneficial organisms (Johnson and Pfleger, 1992; Sieverding,
1991). AM fungi are more sensitive to methyl-bromide than most soil micro-organisms, with its
potency depending on soil type, moisture level, temperature and method of application (Johnson
and Pfleger, 1992). Soil solarization has little or no detrimental effect on AM fungi and 1s mostly
used 1n tropical areas (Johnson and Pfleger, 1992).

The effect of fungicides on AM fungy 1s quite vanable and depends on the specific fungicide,
its mode of action and its interaction with the fungus in each soil type (Schreiner and
Bethlenfalvay, 1996). Denzimidazole fungicides (Benomyl) and substituted aromatic
hydrocarbons, used at recommended rates, are consistently detrimental to AM fungi while two
ant-oomycete fungicides frequently stimulate AM fungi (Johnson and Pfleger, 1992). A
reduction in the population of antagonists to AM fungt and an increased allocation of
carbohydrates into root exudates due to the fungicide are two alternative hypothesis suggested to
explan this beneficial effect on AM fungs (Johnson and Pfleger, 1992).

Many herbicides do not directly induce an adverse effect on AM fungi (Johnson and Pfleger,
1992). Since herbicides are used to control weed populations, AM host diversity 1s reduced after
their applicanon which results in a reduced support for native mycorrhizal fungs (Hamel, 1996).
Managing weed populations, especially where crop rotaton is not applicable, would increase soil
fertlity due to an increased diversity of AM fungj, favouring the occurrence of slow-growing but
beneficial fungal strains (Hamel, 1996). A synergistic effect on weed injury was observed when
the herbicide bentazon was applied to a mycorrhizal weed-crop associaton under controlled
conditions (Bethlenfalvay et al., 1996). The presence of AM hyphal bridges and a functional sink
driven transferring of nutnents from weeds into crop plants was suggested to explain this effect
but a direct hyphal transfer was not explicitly demonstrated (Bethlenfalvay et al., 1996).



1.2.5.5 Crop breeding

Conventional breeding programs that select for high-yielding crop vaneties, by choosing
genotypes that respond well to the recommended fertilization regimes, may have sclected
cultivars that are unresponsive to mycorrhizae (Hlamel, 1996; Johnson and Pfleger, 1992) or that
show growth depression at high P (Graham and Eissenstat, 1994; Hetrick et al., 1993). Hetnck et
al. (1995) have found concrete evidence of the hentability of mycorrhizal dependence by locating
the genes responsible for the reduced responsiveness to mycorrhizac in new vaneties of wheat
(Triticum aestivim).

An altemative approach of plant breeding would be selection of genotypes under stress
conditions and then evaluating the F1 generation under normal production conditions, has been
proposed to indirectly select for appropnate AM hosts (Hamel, 1996). This could require a
return to older vaneties of crop plants that may be able to stnke an optimum balance between
mycorrhizal responsiveness and a balanced ferulizer requirement (Jeffdes and Barea, 1994).
There is also a growing concem about the potential impact of pathogen-resistant transgenic
cultivars over non target organisms like AM fung; that could induce a notable decrease in their

susceptibility to mycorrhizal infection (Gianinazzi-Pearson et al., 1996; Jeffries and Barea, 1995).

1.2.6 MANAGEMENT OF ARBUSCULAR MYCORRHIZAL FUNGI

AM management refers to the manipulation of AM populations to enhance the benencial
effects of the symbiosis (Sieverding, 1991). The selection of appropriate agronomic practices
that enhance AM fungi is the only economically feasible way to increase farm productivity in
large areas of the world (Sieverding, 1991) and especially in P-deficient soils supporting a large
proportion of highly mycorrhizae dependent plants (Le. legumes) (Abbott et al, 1995). The
mndigenous AM population is an indispensable prerequisite for predicting the potential benefit
that can be achieved (Abbott et al., 1995).

[n order to design a truly sustainable agricultural system that enhances the AM symbiosis, a
holistic approach has to take into account the effect of native AM fungj, agrochemical inputs,

crop rotation, soil disturbance, crop varieties, and the selection of appropriate fungal isolates to
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be used as inoculants when necessary. Selective management of AM fungi can account for a
reduction in less beneficial strains, shifting to the relanve dominance of more efficient AM fung
(Abbott et al., 1994; Sieverding, 1991) and even favouring the establishment of AM fung
inoculated directly into the soil (Dodd and Thomson, 1994).

1.2.7 SELECTION OF ARBUSCULAR MYCORRHIZAL INOCULANTS

As mentioned above, conventional agricultural practces can sclect for non-efficent AM
fungt. The main goal of the agrcultural system to be designed will then determine the exact
meaning of "effective strain”. Mycorrhizal inoculation shows its greatest potential in areas where
indigenous mycorrhizal populatons have been reduced by human influence or natural
disturbance, such as minc sites, badly eroded soils, reforestation areas (Dodd and Thomson,
1994), fumigated soils or after a long fallow (FHamel, 1996). Equally important is the potential
benefit of AM inoculation on micropropagated plants (Varma and Schiep, 1995) and its effect
on shortening accimatizauon periods (Gianinazz et al., 1995).

Soil characterizaton, isolation of AM fungi and screening procedures to effectvely sclect and
evaluate AM fung from natural soils have been proposed by Dodd and Thomson (1994).

1.2.7.1 Site characterization

This implies the description of the edaphic and climatic conditions of the prospective site in
order to define the range of environmental stresses that are likely to affect the inoculated plants.
The use of indigenous fungi isolated from the same or a similar area is encouraged, to increase

the chance of compaubility between symbionts (Dodd and Thomson, 1994).
1.2.7.2 Collection and isolation of fungi

An adequate description of the native AM fungy should be developed from soil samples taken
from the rhizosphere of the representative vegetation at various developmental stages (Dodd and
Thomson, 1994). There is an increased effort to keep available AM fungal germ plasm listed
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both as on-line hypertext information INVAM, http://invam.caf wvu.edu/, Morton et al., 1993)
and off-line, in expert systems (BEG, http://kiwi.ukc.ac.uk/biolab/beg/index.html/, Dodd and
Rosendahl, 1996) through intemational collections of AM fungy.

1.2.7.3 Screening of fungi.

Dodd and Thomson (1994) suggested three steps to properly screen for approprate AM
fungt. Isolates should first be evaluated in stenle soil with saturating amounts of inoculum to
avoid differences in growth responses due to unequal distabution of inoculum. A further test
should be conducted in natural soil but under controlled conditions, in order to compare the
competitive ability with other AM fungi and soil mucro-organisms. Finally, field tests should be
carried out to evaluate the competitive ability of the selected fungal strains in a natural setting and
to verify their capacity to persist and spread on roots over the long run. A poor competitor, like
Glomus intraradices, 1s likely to persist in the field for only bne season after being introduced,
although this response is highly dependent on the natve AM fungi already present in the bulk
soil (Hadnikumar and Bagyaraj, 1996).

The conventional crteria for selecting good AM strains include improved P-absorption and
transfer to the plant, increased plant growth, fast root colonization after inoculation, and
formation of a large number of infective propagules (Abbott et al.,1992). Some other important
features include the ability to perform well on a wide range of plaat hosts, the rapid development
of the extramatnical hyphae (Dodd and Thomson, 1994; Hamel, 1996), and the production of
soil binding agents which may account for synergistic effects on soil stability (Schremner and
Bethlenfalvay, 1994).

AM symbioses are complex webs of interactions where neither the AM fungi, the soil, nor the
host plant can be considered as isolated factors in determining the ideal conditions for the
effective use of AM mycorrhizae in agriculture. Selection for plant-fungus combinatons and
their evaluation under targeted conditions is probably a preferable strategy to increase the
number and quality of AM fungt in agncultural soils (Hamel, 1996).
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1.2.8 PRODUCTION OF AM INOCULA

AM fungi are obligate biotrophs and must grow on hving roots. Pot culture inoculum
production is the standard procedure to obtain fresh material for AM inoculaton (Gianinazzi et
al, 1989; Severding, 1991). Root organ culture has also proven to be a reliable source of sterle
matenal with the advantage of being a controllable and reproducible system (Piché et al., 1994).
Initially, roots are genetically transformed with the Ri plasmid of _Agmébacteriun rbicogenes, then they
are inoculated with surface-steriized AM spores (Bécard and Piché, 1992). Rclatvely large
numbers of spores and extraradical hyphae of Gigaspora marganita (Diop ct al., 1992) and Glomms
intraradices (Chabot et al., 1992a, St-Amaud et al,, 1996) were produced using this culture system.

The use of AM spores as a source of inoculum in the field is questionable because spores
require several days to germinate and also show dormancy Sieverding, 1991). Furthermore, the
spore inoculum might not be able to compete with indigenous AM and other micro-organisms
due to slow spread of the initial infection (Sieverding, 1991). Miller et al. (1995) also suggest that
the source of infection in disturbed soils is through hyphae rather than spores. Multiplying AM
fungi 1n pot cultures, on the other hand, has the advantage of permanently monitoring AM
cultures by controlling the overall performance of the host plants while they grow (Gianinazzi et
al., 1989).

The production of mixed AM inocula containing more than oae isolate is a good alternative
because it may account for differential responses over a broader range of environmental
conditions, increasing the probability of a successful inoculaton (Dodd and Thomson, 1994,
Schreiner and Bethlenfalvay, 1995). Multiagent inoculants containing different micro-organisms
(.e. phosphate solubilizing bactena and fungi, symbiotic and free-living nitrogen-fixing
thizobactena, biocoatrol agents, and disease-suppressive fungy) promise to carry a broader

spectrum of potential benefits over a broader range of uses (Wood and Cummings, 1992).

12,9 POT CULTURES

Roots or soil can be used to inoculate roots of trap plants seeded in a sterilized substratum or

soil in order to obtain crude field pot culture isolates (Menge, 1984). A man disadvantage of
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pot-cultured AM inoculum is the concomitant risk of pathogen stimulation by adding fresh
organic material into the soil, which can be an attractive source of nutdents for natve micro-
organisms (Siverding, 1991). The large volume of AM-infected roots required for field
inoculation would represent a constraint for its large-scale use (Sieverding, 1991).

1.2.9.1 Selection of host plants

The success of a good pot-cultured noculum production largely depends on the host plant
and the environmental conditions of the greenhouse or growth chamber (Sieverding, 1991).
These plants should be a good host, have a fast growth rate and have no pathogens in common
with the final host (Menge, 1984). Sorghum and sudangrass arc widely used in temperate arcas
but the former have a stronger root system and its seedlings are much less subject to transplant

shock than sudangrass (Morton et al.,, 1993).

1.2.9.2 Growrh media

The growth medium is also an important aspect of AM pot culture inoculum production.
The standard growth medium is a coarse-textured low nutdent sandy soil with a high caton
exchange capacity to reduce P availability (Menge, 1984) but Morton et al. (1993) recommended a
sand-soil mix which is more versatile with increased aeration, water holding and cation exchange
capacitics. Fertilization should be kept to a mimmum and be applied only when plants show

signs of phosphorus or nitrogen deficiencies (Morton et al., 1993).

1.2.9.3 Other factors

Watenng conditions are likely to affect pot-cultured AM inoculum production and it is
preferable to under-water infected plants than to over-water them (Menge, 1984). Light intensity
and photopenod must be maximized, espectally duning the winter months, in order to produce
good mycorrhizal colonization and spore development in pot cultures (Menge, 1984). High

temperatures also increase AM colonization and spore production while pruning reduces
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mycorrhizal activity and should be avoided (Menge, 1984). Finally, it is desirable to produce AM
inoculum in large containers because host plant size and root biomass can be influenced by the

amount of available soil and the pot volume (Menge, 1984).

1.2.9.4 Quality control of AM pot-cultured inocula production

Quality control in pot culture AM noculum production is important in order to obtan
pathogen-free material. This inoculum must also be able to tolerate vanable conditions during
and after its preparaton (Dodd and Thomson, 1994). The following basic rules were proposed
by Menge (1984) to produce clean, pathogen-free AM inoculum under greenhouse condinons:

1. Use sterile pots and growth media.

2. Start the culture with clean inoculum obtained from surface-disinfected spores on asepucally
grown plants in petn plates or test tubes.

3. Test for non-target organisms and discard questionable cultures.

4. Alternate selected host plant species and always avoid using inoculum from one host species
to inoculate the same plant species.

5. Practice sanitary greenhouse procedures (Menge, 1984).

The infectivity of the mnoculum must be tested before its use. The simplest method s to
count the number of AM spores present in the substrate (Feldmann and Idczak, 1992). The
most probable number (MPN) method is a usetul tool to quantfy the number of infecuve
propagules in a given substrate. This bioassay consists of the cultivation of a host plant in
dilution series of the soil or the inoculum carrier (An et al, 1990). The choice of the host plant,
the length of the incubation penod, and the homogeneous distribution of propagules in the
successive dilutions exert a dramatic influence on the results of this bioassay (Feldmann and
Idczak, 1992).

The occurrence of common pests (Chytrdiacous fungi, Phytum-like fungus, nematodes, flies,
mites, spring tails, some insects, 2moeba, and bacteria) affect the overall performance of the host
plant and eventually affects directly the AM fungj and 1t is better to keep the plants free of them
(Menge, 1984). Keeping the cultures for a longer peniod of nme (more than 4-5 months),
excessive or sloppy handling of plants, and water splashing during irngation of the pots have

27



been identified as the main source of cross-contamination of AM cultures kept in the INVAM
collection (Morton et al., 1993).

1.2.10 ON-FARM AM INOCULUM PRODUCTION STRATEGIES

The following steps were suggested by Sieverding (1991) for a low cost on-farm inoculum

production system, suitable to small farmers and nurserymen:

1.

o

Prepare 25 m? of an infertile land which must be cleared by turning the soil over and
chopping it with a hoe to break up lumps.

Disinfect the soil with granular dazomet (Basamid at 50-60 g x m%). The soil should be
watered, covered with a sheet of plastic and sealed for 10-14 days. After soil stenlization a
small amount of mnorganic fertilizer is recommended.

After the complete evaporation of the soil fumigant (10 days after the soil is uncovered)
apply 5-10 g of mycorrhizal inoculum of an already selected AM isolate, pounng it in small
holes. Plantng distance depends on the choice of host plant; Brachiaria decaimbens 1s suggested
for tropical soils.

Water when necessary and clip flowers to prevent seed contamination of the inoculum.

After 4-6 months the host plant is harvested at the ground level. The soil substrate up to a
20 cm depth (including roots) is used as biofertilizer (Sieverding, 1991).



Chapter 2

MATERIALS AND METHODS

2.1 POT INOCULUM PRODUCTION

Eight different AM fungal isolates and a commercial inoculum source (Table 1) were cultured
with suitable host plants in order to produce a mix of roots, spores, and sand to be used as a
source of inoculum for both greenhouse and subsequent field expeniments. Leek (Aliam porrum)
infected roots of pure cultures of Glomms intraradices Schenck & Smith (GinN), G. aggregatum
Schenck & Smith emend. Koske (GagN), and G. ezunicatum Becker & Gerdemann (GetN) were
provided by Yolande Dalpé from the Natonal Herbarium (Ottawa, Canada) and were originally
collected from native soils (NAT). Different Quebec agncultural sampled soils (AGR) were
collected by Chantal Hamel and used as raw inoculum for the pot culture production. Only
spores of G. fasialatnm (Thaxter) Gerd. & Trappe emend. Walker & Koske (GfaA) and G.
mosseae (Nicol. & Gerd.) Gerdeman & Trappe (GmoA) were respectively found and identfied by
Y. Dalpé in two different soil samples. In order to evaluate the effect of different AM species in
the same treatment, G. dggregatum Schenck & Smith emend. Koske (Gagt), G. mricroaggregatum
Koske, Gemma & Olexia (Gmi+), and Scleroaistis rubiforntis (Stu+) consisted of a mix of different
fungal strains (Table 1).

A first set of pot cultures was started with surface sterlized (1 min in 70 ® ethanol and 10
min in 30 % Hz02) sorghum seeds (Sorghum 1ufgare) sown on clean 15 cm plastic pots using
autoclaved sand (126°C twice for 20 min). Later on, a similar set of pots was started using
surface stenilized (1 min in 70% ethanol and 4 min in 30 % H202) mangold seeds (Tagetes erecta L.)
to overcome the severe damage caused by several pests on sorghum seedlings. Another set of
pots was arranged 1n 1996 using colonized pepper roots, obtained from the 1995 greenhouse
expeniment, to inoculate surface sterilized (1 min in 70 % ethanol and 10 min in 30 % H202)
sorghum seeds. This was done in order to check the infectivity and punty of the AM isolates.
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The inoculum, which consisted of 1 g of colonized roots with sand and soil, from cach one of

the above mentioned AM strains, was placed 5 cm below the seeds. Pots were carefully watered.
A low P modified Hoagland's nutrient solution (Hamel, 1991) was added weekly. Fach week
plants were carefully washed with Safer soap (Safer Ltd., Scaraborough, ON MLB 2K4) to avoid

the development of thrips, white flies and other common greenhouse pests. Plants were grown

for 4 months and then allowed to dry pror to harvest. A mix of sand and chopped roots from

the pots of this work was used as source of inoculum for subsequent experiments.

Table L List of AM strains obtained from: natural (NAT) and agricultural (AGR) soils.

Code AM species Source
GagN G. aggregatum NAT #2279 (Y. Dalp¢)
GinN G. intraradices NAT #3089 (Y. Dalpé)
GetN G. etunicatnm NAT (Y. Dalpé)
GfaA G. fasaadatum AGR (C. Hamcl)
GmoA . mosseae AGR (C. Hamel)
Gag+ G. aggregatnm mixed with AGR (C. Hamel)

G. geosporum
Gmit+ G. mricroaggregatum mixed with AGR (C. Hamel)

G. mosseae and G. fasdculatum
Srut+ S. rubiformis mixed with AGR (C. Hamel)

G. fasdculatum
GinA G. intraradices AGR (Premier Tech)

2.2 GREENHOUSE EXPERIMENTS

Both sweet com (Zea mays L. cv. Bicolor) and pepper (Capsicum frutescens L. cv. North Star)
were each inoculated with one of the 9 AM strains (Table 1). A non-mycorrhizal control, which

received autoclaved (126°C for 20 min) marigold roots was also included. The growth medium

for the 1995 experiment consisted of a mix of 4 parts pasteurized soil (30 min at 72°C)

30



(Thompson, 1990), and 1 part autoclaved sand (126°C twice for 20 min). This substratum
contained, on average, 16.1 mg of P and 45.3 mg of K per kg of growth medium (Mehlich 3).
The initial pH (water) was 6.0 and the organic matter content (Walkley-Black) was 20.31 0. The
growth medium for the 1996 experiment consisted of a pasteurized sandy soil (30 min at 72°C)
which contained, on average, 152 mg of P and 108.9 mg of K per kg of sample (Mcchlich 3).
This soil was sampled from an agrcultural field which explains its higher nutrent content
compared with the 1995 growth medium. The mitial pH (water) was 6.2. Average temperature
was 25°C and a 15 hour-photoperiod was supplemented with 400 Waet high pressure sodium
lamps. These experiments were carred at the Macdonald Campus of McGill university
greenhouse facilities duning 1995 and 1996.

For each crop species, the experiment consisted on a randomized complete block design with
5 and 2 blocks in the 1995 and 1996 experiments, respectively. Blocks were arranged on two
separate benches in the greenhouse. Each block had 1 and 2 replicates of cach treatment for the
1996 and 1995 experiments, respectively. In 1995, plants were inoculated with colonized roots
and sand from the marigold pot cultures for each one of the 8 mycornzal strains plus the
commercial inoculum of G. intrarudices (Premuer Peat Ltd., C.P. 2600, G5R 4C9 Canada), which
was onginally cultured from an agncultural field isolate (AGR). In 1996, plants were inoculated
with colonized roots obtained from each one of the treatments from the 1995 greenhouse
pepper expenment, including a non-mycorrhizal control treatment. Pots were re-randomized
weekly within each block. Sweet com was sown on May 05 and june 14, and harvested on
August 11 and September 11 for the 1995 and 1996 experiments, respectively. Pepper scedlings
were transplanted into pots on July 17 and July 08, and harvested on October 23 and September
26 for the 1995 and 1996 experiments, respectively. The first set of sweet com plants of 1995 (7
weeks after sowing) was harvested and roots were used to supplement the colonized mangold

roots used as the inoculum source for subsequent experiments.

2.2.1 Plant macenial

Corn seeds were surface stenlized (1 min in 70 %% ethanol and 10 min i 30 °o H202) and 5
seeds were sown in 10 L plastic pots. One gram of the inoculum was placed 5 cm below the
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seeds that were later thinned to one plant per pot. Surface stenlized pepper sceds (1 min in 70 °%
ethanol and 10 min in 30 % H202) were sown scveral days before transplanting in plastic trays in
a very low P peat moss growth medium (SB-mix, Premier Peat Ltd)). The tnoculum source was
uniformly spread beneath the pepper seeds. Uniform seedlings were later transplanted into 15
cm clean plastic pots and also used in the field expenment In order to equalize microbial
populations in all the non-mycorrhizal control treatments, 100 ml of a solution of filtered (37 um
mesh) inoculum washing was added to cach onc of the pots. All plants were carefully watered
and nutdents were added weekly or when plants showed deficiency symptoms using a low P
modified Hoagland's solution (Flamel, 1991).

2.2.2 Sampling methodology

The height of the plants was measured as the distance from cotyledons to terminal buds, and
the distance from the ground to the terminal extreme of the longest fully extended leaf, for
pepper and swecet com, respectively.  Plant height was recorded weekly until the plants were
harvested, 11 weeks after sowing (sweet com) and the 13 weceks after transplanting (pepper). At
the final harvest, fruits (f present) and the remaining aboveground material were separated for
each pot, dred (65 °C for 48 hours) and weighed. Shoot P levels in wet digested material
(Thomas ¢f al, 1967) obtained from mature leaf blades with petioles and ear leaf blades of pepper
and sweet comn, respectively, were measured at the final harvest by coloametry (Murphy and
Riley, 1962). In 1995, the first set of pepper plants (5 wecks after transplanting) was harvested for
AM colonization assessment. A sub-sample of each root system was taken at each harvest,
washed free of soil, and kept in 50 % ethanol unul processing. These roots were later cleared at
126 °C for 15 min. in 10 % KOH and stained with acid fushin (Brundrett, 1994). Percentage of
root mycorrhizal colonization was determined by the grid intersect method observing 100 root
intersections under a dissecting microscope (x 50) (Giovanett and Mosse, 1980). The relative
mycorrhizal dependency (RMD) is the difference between the dry mass of inoculated plants and
the dry mass of non-mycorrhizal plants expressed as a percentage of the dry mass of the
mycorrhizal plant and was calculated as described by Plenchette er a/ (1983).
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2.2.3 Statistical analysis

For each crop species, analysis of vanance was conducted to test the effects of different AM
isolates. Means werc compared using the least significant difference multiple comparisons test
(I.SDogs) at a 95 " confidence level. Prior to staostical analysis, normality assumption was tested.
Percentage root mycorrhizal colonization data were arc sine-transformed, which prevents the
vaniance from being a function of the mean (Gomez and Gomez, 1984). For each crop species,
1995 and 1996 data were pooled to test for differences between years. Due to differences in the
number of blocks, homogeneity of vanances was carefully checked prdor to analyses and a
loganthmic transformation was applied whenever necessary (Gomez and Gomez, 1984).
Orthogonal contrasts were performed by partitioning the sum of squares according to a selected
pair of group comparisons (Winer ef 44, 1991). This was done in order to test for differences in
plant growth between particular treatments. The repeated measures statistical analysis was used
to evaluate height data as a time senes (Crowder and Hand, 1990). Analyses were performed
with SAS (SAS, 1988).

2.3 FIELD EXPERIMENTS

Both sweet comn and pepper were inoculated in non-fumnigated soils with the 9 different AM
fungal isolates listed in Table 1 and a non-mycorrhizal treatment contamning a mix of autoclaved
(126°C for 20 min) marigold and sweet com roots. Expermental fields were located in 4
different sites at the Horticultural Research Center and the Emile Lods Agrcultural Research
Center, both of McGill University (Ste-Anne-de-Bellevue, Québec). All sites were < 5 Km from
each other. Figure 1 shows the monthly average precipitaton (1995) and the normal
precipitation estimated for the 1961-1990 peniod and measured at the Montréal Internanonal

airport (Dorval), located at less than 20 km from the field expeniments.
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2.3.1 Experimental design

For each crop species, the experimental design was a 4 by 10 factorial experiment arranged in
a randomized complete block design with 4 blocks and 1 replicate per block. Four different sites
for each crop species were selected depending on the previous crop and various soil chemical

charactenstics (Table 2).

Table 2. Soil vanables and cropping history of the expenmental study sites.

Crop Site  pH? P K Organic  Cropping history
# (mgkg)® (mgkg') matter (i)

Corn 1 6.7 217 728 4.7 Com

Com 2 7.1 177.7 162.7 33 Com

Com 3 74 187.9 2353 5.7 Fallow

Com 4 7.0 384.8 235.7 3.0 Lupin

Pepper 5 6.9 4241 263.8 3.2 Raspberry and buckwheat

Pepper 6 7.0 384.8 235.7 3.0 Lupin

Pepper 7 7.2 195.5 2241 5.5 Com

Pepper 8 75 167.6 215.0 3.1 Fallow

1Soil pH (water)

vSoil available phosphorus (Mehlich 3)
Soil organic marter (Walkey-Black)

2.3.1.1 Sweer Com. Site 1 was a Chicot fine sandy loam soil with a pH (water) of 6.7 and a 4.7
%% organic matter content (Walkey-Black); com was the previous crop. The soil contained 21.7
mg of P and 72.8 mg of K (Mehlich 3) per kg of soil. Sites 2 and 3 were both a Chateauguay clay
loam. Com was the previous crop for site 2, which contained 177.7 mg of P and 162.7 mg of K
(Mehlich 3) per kg of soil. Soil pH (water) was 7.1 and organic matter content was 3.3 %
(Walkey-Black). Site 3 was fallow the year before and the soil contained 187.9 mg of P and 235.3
mg of K (Mehlich 3) per kg of soil. Soil pH (water) was 7.4 and organic matter content was 5.68
" (Walkey-Black). Site 4 was a St Bemard sandy loam under organic management (no
agrochemicals applied) and planted with lupine the year before. The soil contained 384.8 mg of P
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and 235.7 mg of K (Mehlich 3) per kg of soil. Soil pH (water) was 7.0 and organic matter was 3
% (Walkey-Black).

Fertilization rates for sweet com werc those recommended by the Conseil des Productions
Végétales du Québec (Anonymous, 1994) and were adjusted for each site. Site 1 recetved 210 kg
ha'! and 95 kg ha'!, site 2 received 30 kg ha! and 65 kg ha'!, and site 3 received 30 kg ha! and 40
kg ha! of P2Os and KO, respectively. The applied N rate was 120 kg ha! for these three sites.
Only N (blood meal) was applied in site 4 at the recommended rate of 120 kg ha-!.
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Fig. 1. Monthly (#) precipitation in 1995 and the 30-year average precipitaton (1961-1990) at
the Montréal Intemativnal arport (Dorval).

The experimental field at each site was 20 m x 22.5 m in total. Each plot was 4 m x 225 m
and consisted on 2 non-inoculated border rows and 1 inoculated row in the center with an inter-
row distance of 0.75 m and an inter-plant distance of 0.20 cm. Weeds at sites 1, 2, and 3 were
controlled with Round-up (Glyphosate isopropylammonium), a non-selective postemergence
herbicide (Monsanto, Mississaugua, ON, Canada). Inoculated rows were planted manually and 1
g of inoculum was placed 5 cm under each sced. Non-inoculated rows were planted
mechanically. Supplementary weed control, between rows, was performed by hoeing and
rototlling,
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2.3.1.2 Pepper. Site 5 was on a St. Bernard clay loam soil planted with raspberry and buckwheat
the year before. Soil pH (water) was 6.9 and organic matter content (Walkey-Black) 3.2 *o. The
soil contained 424.1 mg of P and 263.8 mg of K (Mehlich 3) per kg of soil. Site 6 was on a St
Bemard sandy loam under organic management (no agrochemicals applied) and planted with
lupine the year before. The soil contained 384.8 mg of P and 235.7 mg of K (Mehlich 3) per kg
of soil. Soil pH (water) was 7.0 and organic matter content was 3.0 ®o (Walkey-Black). Sites 7
and 8 were both on a Chateauguay clay loam. Site 7 was planted with comn the year before and
the soil contained 195.5 mg of P and 224.1 mg of K (Mehlich 3) per kg of soil. Soil pH (water)
was 7.2 and organic matter content was 5.5 %o (Walkey-Black). Site 8 was fallow the year before
and the soil contained 167.6 mg of P and 215 mg of K (Mehlich 3) per kg of soil. Soil pH
(water) was 7.5 and organic marter content was 3.1 % (Walkey-Black).

Fertlization rates for pepper followed those recommended by the Conseil des Productions
Végétales du Québec (Anonymous, 1994) and were adjusted for cach site. Site 5 received 80 kg
ha! of N-P-K 19-19-19 in the carly spring. Site 6 was amended with blood meal at a rate of 70
kg ha!'. Sites 7 and 8 received 40 kg hal, 80 kg ha'l, and 70 kg ha'! of P20s, K20, and N,
respectively.

The experimental field in each site was 20 m x 8 m in total. Each plot was 2 m x 1.6 m and
consisted on 2 inoculated rows with an inter-row distance of 0.45 m and the inter-plant distance
was 0.45 m containing 7 plants per plot. The fertilizer was broadcast on the soil surface and the
land was rototilled prior to laying a black embossed plastic mulch (Plastitech, St-Remi, Québec).
A dop imigation line was installed beneath the mulch and uniform pre-inoculated pepper
seedlings were transplanted mto the field. The irfigaton regime was, in general, 6 hours every 4
days but changed somewhat with thc amount of rainfall. Weed control between rows was

performed by combination of hand hoeing and rototilling,

2.3.2 Sampling methodology

2.3.2.1 Sweet com. Sweet com plants were grown for 11 weeks in 1995. Stte 4 was discarded
since no seed germinated, probably due to the presence of a pathogenic fungi in this soil. At site

1, a furst root harvest was conducted 6 weeks after sowing and 9 weeks after sowing at sites 2 and
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3. Ten random samples were taker: on inoculated rows with a fine soil core. The second and
final root harvest was done by excavating 5 plants and taking samples from the root systems.
Roots were separated, washed free of soil, and kept in 50 *%o ethanol unul processing. A sub-
sample was taken and roots were cleared at 126 °C for 15 min. in 10 * KOH and stained with
acid fushin (Brundrett, 1994). Percentage of root mycorrhizal colonizaton was determined by
the grid intersect method observing 100 root intersections under a dissecting microscope (x 50)
(Giovanett and Mosse, 1980). Plant height was measured as the distance from the ground to the
uppermost exposed ligule. This was recorded weekly until the tasseling stage by measunng 5
plants randomly chosen from each plot. Ear leaf blades were randomly sampled at the tasseling
stage (5™ weck for site 1 and 10% week for sites 2 and 3), dried at 65 °C for 48 hours, and milled
for colorimetric shoot P determinanon (Murphy and Riley, 1962) in wet digested matenial
(Thomas ef al, 1967). Com ears and the remaining aboveground matenal from 5 consecutive
plants, randomly sampled in cach plot, were separated, dried (65 °C for 48 hours) and weighed.
Sweet com yield (kg plant!) and shoot dry mass per plant (g) were measured at the final harvest,
11 weceks after sowing. A mixed sample of soil from each non-mycorrhizal control trearment
was taken by site at the end of the growth season in order to idenufy the AM species present in
the bulk soil (native fungy).

2.3.2.2 Pepper. Pepper plants were grown in the ficld for 12 weeks in 1995. A first root harvest
was carried out 6 weeks after transplanting by taking 10 random samples on the inoculated row
with a fine soil core. The second and final root harvest was done by excavanng 5 plants and
taking samples from their root systems. These roots were washed free of soil and kept in 50 %%
ethanol unal processing. Percentage of root mycorrhizal colonization was determined by the
gnd intersect method, observing 100 root intersections under a dissecting microscope (x 50)
(Giovanetn and Mosse, 1980) after clearing and staining with acid fushin (Brundrett, 1994).
Pepper height was measured as the distance from cotyledons to terminal buds and was
determined weekly in 5 random plants per plot unul the plants reached a stable size. Mature leaf
blades were randomly collected at the 15% week, dred at 65 °C for 48 hours and milled for
colornimetric P determinanon (Murphy and Riley, 1962) in wet digested matenal (Thomas e¢f 4,
1967). Fruits and the remaining aboveground matenal from the whole plot were separated, dned
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(65 °C for 48 hours) and weghed. Pepper yield (kg plant!) and shoot dry mass per plant (g)
were measured at the final harvest, 19 weeks after sowing, A mixed sample of soil from each
non-mycorrhizal control treatment was taken by site at the end of the growth season in order to

identfy the AM species present in the bulk soil (native fungy).

2.3.3 Stadstical analysis

For each crop species, analysis of vanance was used to test the effects of different AM isolates
by site. The number of plants per plot was recorded for each site and crop for use as a possible
covarate in the analysis of yield and shoot dry mass. Means were compared using the least
significant difference multiple compansons test (LSDoos) at a 95 % confidence level. Pror to
statistical analysis, the normuality assumption was tested. Percentage of root mycorrhizal
colonization was arc sine-transformed transformed, which prevents the vadance from being a
function of the mean (Gomez and Gomez, 1984). For each crop, results from different sites
were pooled in order to estimate the range of adaptability of AM strains. Homogeneity of
vanances was carefully checked using the chi-square (Bartlett's) test pdor to analyses and the
loganthmic transformation was applied whenever it was necessary (Gomez and Gomez, 1984).
The repeated measures statisucal analysis was used to evaluate height data as a time serics

(Crowder and Hand, 1990). Analyses were performed with SAS (SAS, 1988).
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Chapter 3

RESULTS AND DISCUSSION

3.1 POT INOCULUM PRODUCTION

The G. etunicatum (GetN) isolate obtained from a natural soil developed the largest percentage
of mycorrhizal colonizaton in mangold plants (Table 3). Very few spores were detected in the
marigold pot cultures which prevented checking the punty of AM isolates. A very low
percentage of mycorrhizal colonization on pepper scedlings (Table 3) probably reflects the lag
phasc, which consists of a slow initial establishment of the infection when the growing root
encounters an approprate mycorrhizal propagule in the soil (Mosse ct al,, 1981). A mix of G.
aggregatum and G. geosporum developed the largest percentage of mycorrhizal colonization in
sorghum plants inoculated with colonized pepper roots dunng the 1995 greenhouse expenment
(Table 3). Number of AM infective propagules were not counted for any of the pot cultures
included in this study.

3.2 GREENHOUSE EXPERIMENTS

3.2.1 Sweet com

The inoculum source explained a significant amount of the vadance in AM colonizaton for
the 1995 (P < 0.001) and 1996 (P < 0.05) sweet com expenments (Table 4). Plants inoculated
with the commercial inoculum of G. intraradices (GinA), formerly isolated from an agricultural
soil, developed the largest AM colonization in both years (Fig. 2a, b). G. mosseae (GmoA) and the
G. intraradices strain isolated from a natural soil (GinN) also had a high proportion of AM
colonization although less than the commercial G. /nfraradices inoculum (Fig. 2a, b). Interestingly,
the proportion of colonized roots in plants inoculated with the G. Znfruradices stran from a natural
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soil (GinN) was significantly lower than the corresponding values in plants inoculated with the
other strain of the same species (GinA) for the 1995 expedament. (Fig. 2a).

Table 3. Percentage mycorrhizal colonization of margold, pepper seedlings, and sorghum roots
inoculated with 9 different AM strains under controlled conditions.

Mycorrhizal colonization (°)

Code Inoculum source  Marigold*  Pepper”  Sorghum¢
GagN G. aggregatum 54 1 19
GinN G. intraradices 68 2 39
GetN G. etunicatum 74 9 35
GfaA G. fasdculatnm 44 1 23
GmoA G. mosseae 28 0 46
Gag+ G. aggregatum mixed with G. geosporum 19 0 57
Gmit  G. micraggregatm mixed with G. mosseae and G. 65 3 32
Jfasctculalum
Sru+ S. rubiformis mixed with G. fasgadatum 42 0 33
GinA G. intraradices n.a 0 58

*Marigold roots (1995) inoculated with the original source of inoculum

b74 week old inoculated pepper seedlings (1995) transplanted into the field

<Sorghum roots (1996) inoculated with colonized pepper roots obtamed from the 1995
greenhouse expenment

At harvest in the 1995 experiment, the inoculum source accounted for a significant amount of
the vanance in height (P < 0.01) and the log. transformed shoot dry mass (P < 0.001) (Table 4).
In the same year, heights of plants inoculated with G. intraradices (GinA) were the largest,
although not significantly higher than non-mycorrhizal plants (Fig. 3a). A lack of growth
response 1 sweet corn height to AM inoculation was also found by Olsen ¢f </ (1996) in plants
noculated with a mix of G. msseae and G. aggregatum at different P rates. On the other hand, in
this experiment, the height of sweet com plants inoculated with G. intraradices (GinN) and G.
aggregatum (GagN) was significantly smaller than the height of nor-mycorrhizal control plants and
those inoculated with G. intraradices (GinA) (Fig. 3a).
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Table 4. F ranos from the MANOVA approach of the ume repeated measures (TRM) on
height and the ANOVA test for inoculum effects on sweet com shoot dry mass, shoot P, height
at harvest, relative mycorrhizal dependency RMD), and AM colonization for the 1995 and 1996
experiments under controlled conditions.

Source of vanance

Main effects Intcractions

Response vanable Inoculum Time Time*inoculum
Sweet corn 1996

AM colonization (final harv.) 4.74*

Shoot dry mass 237

Shoot P {final harv.) 8.42**

Height at barvest 0.68

Height (TRM) until final harv.? 0.96 1185.07*** 1.00

Rel. myc. Dependency (RMD) 231
Sweet corn 1995

AM colonization (final harv.) 10.23%*

Shoot dry mass 6.76***

Height at harvest 3.70**

Height (TRM) until final harv.* 2.72%** 2646.30*** 2.742%+*

Rel. myc. Dependency (RMD) 6.83***

** o*, indicate that F ranos were significant at P £.05, .01, and .001, respecnvely
3f” equivalent value from the Wilks' Lambda staustics of the MANOV A approach of the ame
repeated measures

In 1995, the shoot dry mass of plants inoculated with a mix of G. miroaggregatum, G. mosseae,
and G. fasagawatmm (Gmi+) was the lrgest (Fig. 3b). The same trend, but not significantly
different, was observed in 1996 when plants inoculated with the same mix of AM species
(Gmit) weighed more than the other treatments (data not shown). The occurrence of several
species and hence, a more diverse temporal pattern of colonization in roots could be related to
the phosphorus requirements of sweet com, accounting for the observed increase in shoot dry
mass in plants moculated with Gmi+. The use of mixed AM inocula under ficld conditions may
also enhance the persistence of the tntroduced strains and this is especially important in
revegetation and rehabilitation studies (Dodd and Thomson, 1994).

There was a depression of shoot dry mass for plants inoculated with G. Zntraradices (GinN) and
G. aggregatum (GagN) in the same year compared with non-mycorrhizal control plants (Fig. 3b).
Reductions of com shoot dry mass has been reported previously, especially at high and
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moderate P levels (Hetrick ez g/, 1984, Olsen ¢f af, 1996). Additionally, shoot dry mass for plants
in this expeniment. inoculated with G. intraradices (GinA) in the same vear, was significantly greater
than the corresponding values of plants inoculated with the other strain of the same species
(GinN) (Fig. 3b).

The inoculum source accounted for a significant amount of the vanance in shoot P (P < 0.01)
in the 1996 sweet com expeniment (Table 4). In 1995, the incidence of several pests caused
severe damage on corn leaf tissue at harvest which prevented shoot P measurement. In 1996, the
orthogonal contrast for shoot P between the effect of all the mycorrhizal strains and the non-
mycorrhizal control treatment was significant (P < 0.05). Plants inoculated with a mix of G.
rricroaggregatum, G. mosseae, and G. fasdculatum (Gmit) had the largest amount of shoot P levels
(Fig. 4). As mentoned above, height and shoot dry mass were the highest, but not significanty
different, in sweet com plants inoculated with the same mix of AM species (Gmi+) in 1996 (data
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not shown). Olsen et al. (1996) also found that a higher shoot P for sweet com, inoculated with
a mix of G. musseae and G. etunicatum, was not associated with a significant increase of shoot dry
mass, even at a low P rate. [t is interesting to note that inoculation in this experiment with both
strains of G. intruradices only caused a shght increase in shoot P, which was not significantly
different from non-mycorrhizal plants (Fig. 4). At the same time, AM colonization was the
highest in plants inoculated with both strains in 1996 (Fig. 2b).

The woculum source accounted for a significant amount of the vanance for sweet com
relative to mycorrhizal dependency for the 1995 expenment (P < 0.001) (Table 4). A mixed
inoculum of G. mivroaggregatum, G. mosseae, and G. fasdcnlatum (Gmi+) resulted in the greatest
increase in shoot dry mass compared with the non-mycorrhizal control in 1995. As a
consequence, this inoculum source (Gmi+) showed the highest RMD on noculated plants in
1995 (Table 5). Negative RMD values corresponded to a lower shoot dry mass of inoculated
plants than the corresponding value for non-mycorrhizal plants. Thus, this was indicatve of a
detnmental effect on sweet corn growth due to the effect of the respective mycorrhizal strains.
A significant difference in the RMD of sweet com, between plants growing at the same P level
and noculated with different fungal strains, indicated that different AM species, and even
geographical 1solates, exerted a differential response on the degree to which sweet com depended
upon the mycorrhizal association, measured under these experimental conditions.

The temporal repeated measures on height for the 1996 experiment showed no effect of the
inoculum source on the growth rate of sweet com plants (Table 4). In 1995, the inoculum

source accounted for a significant amount of the vanance in plant height (P < 0.001) and the

interaction between time and inoculum source (P < 0.001) (Table 4). Thus, the effect of different
AM strains on height varied with time and non-mycorrhizal plants were the shortest untl the 7
week (Fig. 5 a,b). All the treatments displayed a sigmotidal response curve and 7 weeks after
transplanting, the growth rate of control plants increased significantly compared with plants
inoculated with G. intraradices (GinN) and G. aggregamm (GagN) (Fig. 5b). This could indicate a
drain of C to fungal structures and a reduction in growth of plants inoculated with these strains,
especially duning sweet com reproductive stages.

Significant differences were found between sweet com plants inoculated with both strains of
G. intraradices (GinA and GinN). Orthogonal contrasts showed that in 1995, plants inoculated
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Table 5. Relative mycorrhizal dependency (RMD) of sweet comn and pepper inoculated with 9
different mycorrhizal strains, under controlled conditions in 1995 and 1996.

Sweet com Pepper
Code Inoculum source ~ 1995¢ 1996¢ 1995b 1996
Gmi+ G. microaggregatum mixed with G, 17.44a —4.24 -17.89 -25.20
mosseae and G. fascilatzm
GetN G. etuntcatum  15.11ab —84.17 -17.76 -13.31
GfaA G. fasaculatums 14.47ab -4.64 -4,72 -20.02
GunA G. intraradices ' 12.29ab —57.43 -23.58 -41.94
Gagt  G. dgregatum mixed with G. geogpornm 11.23abc -21.65 -17.83 -18.90
GmoA G. mosseae. —1.03bc 1.26 -17.31 ~-47.54
Seut 8. rubiformis muxed with G. fasaadatum —608cd = ~24.78 -23.12 -5.68
GagN G. aggregatum -20.69d -19.16 -16.67 -20.92
GinN G. intrarudices -25.26d ~ -63.04  -15.81 -11.40

3Means followed by different letters differ at .05 level
bData represent average values of 5 plants
<Data represent average values of 2 plants

with the isolate formeidy collected from an agricultural soil (GinA), developed a greater AM
colonization (P < 0.001), were taller (P < 0.001), weighted more (P < 0.001), and shown a higher

RMD (P < 0.001) compared with plants inoculated with the isolate from a natural soil (GinN).
The same trend, although not significantly different, was observed in 1996 for AM colonization,
shoot dry mass, shoot P, and RMD. These differences could be due either to changes in the
amount and quality of the used tnoculum or indicate an inherently different mutualisnc capacity
of the compared strains. Fertilizing low nutrdent soils 15 thought to favour the proliferation of
inferior AM mutualists (Johnson, 1993). There is also evidence that AM isolates obtained from
low P soils are more beneficial for plant growth than isolates obtatned in richer soils (Le. Henkel
¢t al, 1989, Louts and Lim, 1987). In this experiment, a more beneficial effect of GinA compared



with GinN, is difficult to explain since the exact locanon and soil charactenstcs where the strains
were obtained are unknown.

The commercial inoculum of G. intraradices (GinA) used in the 1995 experiment was a
preparation which consisted on a peat moss-based matenal containing spores and colonized
roots. On the other hand, the same treatment (GinA) used in 1996 consisted of colonized
pepper roots and sand obtained from the preceding year's greenhouse experiment. The
commercial inoculum (GinA) may have had a higher number of infective propagules compared
with the other strain (GinN) in 1995, which consisted of colonized marigold roots. This, in tum,
could explain why GinA caused the highest mycorrhizal colonization in sweet corn and a better
plant response to inoculation than GinN. The advantages of using carriers other than the bulk
soil for infective mycorrhizal structures (roots, hyphae, spores), have encouraged the
development of alternative inoculum production systems. Morcover, the use of peat and
expanded clay as carriers increases the viability and infectivity of AM propagules for a very long
time (Dehne and Backhaus, 1986).

When pooling the data from the 1995 and 1996 expenments, the year effect accounted for a
significant amount of the vanance in plant height at harvest (P < 0.001), shoot dry mass (P <
0.001), AM colonization (P < 0.01), and RMD (P < 0.01). A significantly higher overall shoot dry
mass, plant height, and mycorrhizal colonization were measured in 1996 (Table 6). Nutnent
levels of the growth medium in 1996 (152 and 108 mg kg'! for P and K, respectively) were higher
than those measured in 1995 (16.1 and 45.3 mg kg! for P and K, respectively) which can explan
the better growth response of sweet com. The overal RMD, on the other hand, was significantly
higher in 1995 (Table 6) when the growth medium contained a much lower P level. This could
be indicative of a better plant growth response to moculation in a lower P level. Moreover, a
higher overall AM colonization in 1996 did not represent a more beneficial effect on sweet com
growth response in colonized plants since the relative increase in shoot dry mass due to
inoculation, compared with non-inoculated plants (RMD), was higher in 1995 at a lower
mycorrhizal colonization (Table 6).
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. Table 6. Sweet com and pepper overall response to inoculaton for the 1995 and 1996
experiments under controlled conditions. Values with different letters, in the same row and
within each crop species differ at the .05 level.

Sweet com Pepper
Response vadable 1995# 1996 1995 19960
Height at harvest (cm) 180.05b 209.49a 35.09 38.26
Shoot dry mass (g) 37.63b 91.80a 11.88a 7.66b
Fruit dry mass (g) 6.86a 3.30b
AM colonization (Vo) 43.76b 64.12a 51.83 46.54
Shoot P (ug mil) 0.90b 3.72a
RMD (%) 1.94a -30.87b -17.19 -22.77

3Data represent average values of 45 plants
bData represent average values of 18 plants

3.2.2 Pepper

‘The inoculum source accounted for a significant amount of the vanance in AM colonization
for 1996 (P < 0.001) and both harvests duning the 1995 pepper expenment (P < 0.001) (Table 7).
In 1995, the percentage of colonized roots was higher at the second harvest (13 weeks after
transplanung) than values measured at the ficst hacvest (S week) (Fig. 6ab). This can be
expluned by the lag phase, when roots become colonized at a slow rate, depending on the
amount of mycorrhizal inoculum present in the soil (Mosse et al., 1981). In the same year, G.
intraradices (GinA) developed the largest mycorrhizal colonization on roots at the first harvest
(Fig. 6a). At the same time, both the same strain (GinA) and the mix of S. nbiformis and G.
Jasdculatum (Stut) induced the greatest AM colonization at the second harvest (Fig. 6b). In 1996,
the same mix of S. mbgfornis and G. fastculatum (Srut) developed the largest mycorrhizal
colonization on roots of inoculated plants (Fig. 7).

The G. fasdculatum (GfaA) treatment developed a remarkably low level of mycorrhizal
colonization. The orthogonal contrast of AM colonization in plants inoculated with this strain
(GfaA), compared with the effect of the rest of the fungal isolates, was significant in 1996
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Table 7. F ratos from the MANOVA approach of the ume repeated measures (IRM) on
height and the ANOVA test for inoculum effects on pepper shoot dry mass, height at harvest,
fruit dry mass, shoot P, relative mycorrhizal dependency (RMD), and AM colomization for the
1995 and 1996 experiments under controlled conditions.

Source of vanance

Main cffects Interactons

Response vanable [noculum Time Time*inoculum
Pepper 1996

AM colonizaton (final harv.) 26. 1 1%+

Shoot dry mass 0.74

Fruit dry mass 0.77

Shoot P (final harv.) 2.68

Height at harvest 1.19

Height (TRM) until final harv. * 0.68 936.46* 1.17

RMD 0.86
Pepper 1995

AM colonization (5% week) 6.00***

AM colonization (final harv.) 35.24***

Shoot dry mass 2.01

Fruit dry mass 1.52

Shoot P (final harv.) 0.94

Height at final harvest 1.01

Height (TRM) unal 5% week * 2.13**%  (655.09**= 1.50*

Height (TRM) undil final harv. * 1.31 681.50*** 1.04

RMD 1.55

* 6% 0% indicate that F ratios were significant at P < .05, .01, and .001, respectively
[ equivalent value from the Wilks' Lambda statistics of the MANOVA approach of the tme
repeated measures
(P < 0.001) and both harvests in 1995 (P < 0.05 and P < 0.001 for the 1* and 2 harvests,
respectively). Furthermore, the L.S.D. test showed no significant differences in AM colonization
between plants inoculated with G. fasdadatum (GfaA) and the non-mycorrhizal control treatment
at the 1%t and 2 harvests in 1995 (Fig. 6a and 6b, respectively).

In 1995, plants inoculated with G. fasdalaiem (GfaA) were the tallest but differences among
means were not significantly different (data not shown). Vanances in plant height and both
shoot and fruit dry mass were not related to the mnoculum source in the same year (Table 7).

However, orthogonal contrasts revealed that non mycorrhizal plants had greater fruit and shoot

dry mass than inoculated plants (P < 0.01) (data not shown). In both years, vanance in shoot P
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was not related to the inoculum source (Table 7). However, non-mycorrhizal plants had the
lowest, although not significantly different, shoot P levels in 1995 (data not shown). In 1996, the

orthogonal contrast of shoot P between the non-mycorrhizal and the rest of the treatments was
significant (P < 0.05) and control plants had the lowest shoot P level (Fig. 8).

Several authors have reported positive growth responses for Capsicum at low P rates when
inoculated with different AM strains under greenhouse conditions (Olsen et al., 1996, Waterer
and Coltman, 1989). However, inoculaton with G. deserticola at three P levels did not have any
significant effect on pepper growth with a low AM colonization (10 o 20°%) (Davies and
Linderman, 1991). Also important is the variable response of plant growth and the extent of AM
colonization, which depended on the inoculum source (Dodd et al, 1983, Haas and Krkun,
1985) and density of mycorrhizal inoculum (Haas and Kakun, 1985).
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The relative mycorrhizal dependency of inoculated plants were all negative values (Table 5)
and the inoculum source did not account for a significant amount of the vanance of the pepper
RMD in both years (Table 7). A decrease in shoot dry mass of inoculated plants, compared with
non-mycorrhizal plants, indicates that all the evaluated AM strains were detnimental for the
growth of pepper under these expenmental conditions. Olsen et al. (1996) obtained a decrease in
the RMD of pepper plants inoculated with a mix of G. mossewe and G. etunicatum, which was
related to an increased rate of P application. Negative, but non-significantly different, values of
pepper RMD were also reported by the same authors at higher P levels (over 92.7 mg kg')
(Olsen et al., 1996).
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Fig. 8. Shoot P content of pepper plants to inoculum treatments at harvest for the 1996
experiment under controlled conditions. Data points represent average values of 2 plants. Bars
with different letters differ at a.05 level

[noculum source accounted for a significant amount of the varance in plant height measured
over time (P < 0.001) and the interaction between the time factor and the inoculum source uatil

5 weeks after transplanting, in 1995 (P < 0.05) (Table 7). Conversely, the temporal repeated
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measures for the second harvest of 1995 (13 weeks after transplanting), and the 1996 expeniment,
showed no effect of inoculum source on the growth rate of sweet com plants (Table 7). All the
treatments displayed a sigmoidal response curve and height of plants inoculated with different
AM strains varied with time in 1995 (Fig. 9 a,b). Non-mycorrhizal plants were the tallest duning
the first 5 wecks after transplanting but, after this time became smaller than for the rest of the
treatments. Plants inoculated with G. fasqaulatum (GfaA) noticeably increased their size 7 weeks
after transplanting, becoming the tallest by the end of the second harvest (Fig. 9 a).

As was noted before, plants inoculated with G. fas@auatum (GfaA) developed a very low level
of mycorrhizal colonization, not significantly different than non-mycorrhizal plants. The lack of
responsiveness of pepper to inoculation with this strain in 1995 may have resulted in a less
detrimental effect on plant growth, compared with the effect of the other mycorrhizal strains. In
this year, orthogonal contrasts between the effect of this strain (GfaA) and all other treatments,
were significant for pepper height (P < 0.05), shoot dry mass (P < 0.05), and RMD (P < 0.05)
(data not shown). The factors that determined the low receptivity of pepper to G. fasdalatum are
unknown, but the effect of this strain on plant growth was more extreme than that of any other
strain.

When pooling the data from both expeniments, the year effect accounted for a significant
amount of the vanance in the overall shoot dry mass (P < 0.001), fruit dry mass (P < 0.001), and
shoot P (P < 0.01). In 1995, inoculated plants had a greater shoot and fruit dry mass, but at a
lower shoot P level than plants grown in 1996 (Table 6). Non significant differences in the
overall RMD and AM colonization between years, and the fact that plants grew better in the low
P growth medium in the 1995 greenhouse expenment, may indicate that an unknown non P-
related factor was an advantage for pepper growth in 1995.



3.3 FIELD EXPERIMENTS

3.3.1 Sweet corn

In each of the 3 sweet com field site experiments the inoculum source accounted for a
significant amount of the vanance in the measured variables (Table 8). Ar the same time, there
was no clear trend indicating that inoculation with any of these AM strains enhanced plant
growth more than the native AM populatons under field conditions. Since no significant
differences were observed for AM colonization, P shoot content analysis was not performed.

Soil was not fumigated before seeding since it was of interest to compare the perfcrmance of
the tested AM strains when competing with native mycorrhizal fungi. Hamel e al. (1991a) found
no difference in yield of com in any of the inoculaton treatments with cither G. rersiforme, G.
intraradices, ot G. vesiculiferum in non-fumigated soils located near the experimental field sites of this
study. Conversely, yield of inoculated com, planted in soils fumigated with methyl bromide, was
greater than non-inoculated plants but differences among the used AM species were not
significantly different (Hamel ct al,, 1991a). These findings support the hypothesis that the lack
of responsiveness of sweet com to inoculation in non-fumigated soil, is due to competition
between the AM indigenous community and the introduced strains. An altermative explanation
for the lack of response of inoculated sweet com under field conditions in this experiment s an
inadequate amount of inoculum, such that plant roots were not provided with enough AM

propagules.
When pooling the data, the site effect explained a significant amount of the vanance for

overall mycorrhizal colonization at both the first (P < 0.01) and the second harvest (P < 0.001),
shoot dry mass (P < 0.001), com yield (P < 0.001), and height at the 7% week (P < 0.001).
Inoculated com plants in site 1 developed the greatest AM colonization at both harvests (Fig, 10)
which could be related with a greater overall shoot dry mass (Fig. 11a), yield (Fig. 11b), and
height at the 7 week (Fig. 11c) of inoculated plants in the same site.
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Table 8. F ratios from the MANOVA approach of the time repeated measures on height and
the ANOVA test for inoculum effects on sweet com shoot dry mass, height (7t week), yield, and
AM colonization in 3 different sites under field conditions.

Source of vaniance

Main effects [nteractons

Response variable Cow® [noculum Time Time*inoculum
Site 1

AM colonization (6 week) 0.15 1.38

AM colonizaton (final harv.) 0.43 0.90

Shoot dry mass 6.73* 047

Yield 4.19* 1.15

Height (7% week) 1.30 1.15

Height (TRM) until 9% weeks 104  1581.4%+ 1.1556
Site 2

AM colonization (9 week) 0.81 0.75

AM colonization (final harv.) 1.94 1.92

Shoot dry mass 257 1.19

Yicld 3.55 0.58

Height (7% week) 4.69* 1.70

Height (TRM) until 9* week? 0.85 572.4%** 0.8627
Site 3

AM colonization (9 week) 0.02 1.02

AM colonization (final harv.) 0.37 1.25

Shoot dry mass 5.78* 1.70

Yield 11.15** 0.78

Height (7 week) 0.00 1.05

Height (TRM) untl 9% week® 0.78 834.1 *** 0.7816

= ** ++ indicate that [ ratios were significant at P <.05, .01, and .001, respectvely
[ equivalent value from the Wilks' Lambda statustics of the MANOVA approach of the time
repeated measures
bCovariate: number of plants per plot

Soil available P at site | was low (21.7 mg kg'). In contrast, available P at site 2 (177.7 mg
kg') and 3 (1879 mg kg!) was very high which could account for a reduced responsiveness of
com to AM inoculanon i sites 2 and 3. The accumulation of P due to excessive fertilization
may reduce the usefulness of mycorrhizal inoculation under field conditions (FHamel, 1996) and
no significant differences, or even detnmental effects, have been observed in inoculated com
grown under controlled conditions (Hetrick et al., 1984, Olsen et al, 1996). Continuos cropping
and fertilizing of onginally low nutdent soils would also favour the proliferation of inferior AM
symbionts (Johnson, 1993, Johnson et al,, 1991a). Sites 1 and 2 were planted with com the year

57



60 ———m

I SI!E l '
T Sue2

= . P
== 50 T Sued A
X e ——
[l
=
‘3 ]
g ) 2.
- b
= . i
< . b ’ i
-~ [
e jo -~ ) b H
3 R Do
< o
S NI
£ - b
= .
~ .
et .
(] :
1
' .
0 - .. 4 i o
Finst harvest Second harvest

Root sampling

Fig. 10. Overall mycorrhizal colonization in sweet com plants from 3 different field sites in
1995. Data points represent average values of 40 plants. Bars with different letters within each
root sampling differ at a .05 level.

before, and site 3 was fallow (Table 2). However, the crop history of all these 3 sites is com,
which was produced under conventional management for several years. As a consequence, a
more difficult establishment of beneficial AM strains in these soils can be expected; fertilization
may have selected for highly compettive and less mutualist AM fungi (Hamel, 1996).

Very dry conditions for 11 consecutive days, immediately after planting the inoculated seeds at
site 1, caused a delay in seed germination at sites 2 and 3, which were planted the day after
planting site 1. Root formation may have been affected by this dry pedod. As a consequence,
differences in plant growth could be related with the physiological constraints caused by this
stress during the very early stages of sweet com development.

A preliminary survey of the AM species present at the field expertrmental sites shows that
Glomales predominated in all of them (T'able 9). Glmus mosseae and Sclerocyistes rubgformis were
common to all of the 3 field sites where sweet com was planted (Table 9). As mentioned above,

sites 1 and 2 were planted with com the year before and site 3 was fallow (Table 2).
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However, all 3 of these sites had been continuously planted with com for several years. Other
studies have revealed that the number of spores of G. mosseae and G. oanlum in soils was
associated with history of com production (Johnson et al, 1991b). This is indicanve of the
important effect that cropping history and edaphic factors have in controlling populations of AM
mycorrhizal fungt (Johnson et al., 1991b).

3.3.2 Pepper

The inoculum source accounted for a significant amount of the vanance in AM colonizaton
at the first harvest of both sites 5 and 7 (P < 0.05 and P < 0.001, respectively) (Table 10).
However, the cortex of pepper roots was parnally lost due to a longer KOH clearing penod,
which was done in order to obtain a good staining of these roots. As a consequence, counting of
fungal structures in these roots was not a reliable esamation of the actual AM colonization (data

not shown).

Table 9. List of indigenous AM species separated from the non-inoculated plots in sweet com
and pepper field experiments.

Site  Crop Identified species:

1 Sweet com  G. mosseae, G. caledoninm, G. albidum, S. rubiformis

to

Sweet corn G fusdaudatum, G. alvidum, G. mosseae, G. aggregatum, . rubiformits, Glonus sp.

3 Sweetcom 5. nbiformis, G. mosseae, Acaulospora sp.,
5  Pepper G. mosseae, 5. rubiformis

6  Pepper G. mosseae, S. rubiformis, G. constriclam

7  Pepper G. mosseae, Glomus sp., S. mibiformis

8

Pepper G. albidum, G. fasciculatum, S. rubiformis, G. consirictum, Acaospora sp., Glomus sp.




Table 10. [ ranos from the MANOVA approach of the ume repeated measures (IRM) on
height and the ANOVA test for inoculum effects on pepper shoot dry mass, yield, and AM
colonizanon in 4 different sites under field conditions.

Source of vanance

Main effects Interactions

Response varable Cov? Inoculum Time Time*inoculum
Site 5

AM colonization (6™ week) 0.00 2.42%

AM colonization (final harv.) 0.13 0.61

Shoot dry mass 227 1.41

Yield 1.81 1.05

Height (TRM) unal 8% week? 1.57* 341.7#x* 1.88
Site 6

AM colonization (6% weck) 0.54 0.84

AM colonization (final harv.) 0.08 1.00

Shoot dry mass 0.44 0.84

Yield 0.03 0.49

Height (TRM) untl 8% week? 0.95 428.1%** 0.95
Site 7

AM colonizaton (6 week) 0.01 5.244**

AM colonization (final harv.) 0.88 1.09

Shoot dry mass 0.52 2.28*

Yield 0.36 2.01

Height (TRM) until 8k week? 1.92%*  387.3%** 1.79*
Site 8

AM colonization (6% week) 0.78 1.63

AM colonization (final harv.) 0.20 0.96

Shoot dry mass 0.09 1.52

Yield 2.50 3.48**

Height (I'RM) unal 8" week? 1.87%*  303.9*+* [.81*

* xok ek, indicate that F ratios were significant at P < .05, .01, and .001, respectively

'F equivalent value from the Wilks' Lambda statstics of the MANOV A approach of the tme
repeated measures

bCovariate: number of plants per plot

The inoculum source accounted for a significant amount of the variance in plant height over
time in sites 5 (P < 0.05), 7 (P < 0.01), and 8 (P < 0.01) (Table 10). The interaction between time
and inoculum source for plant height over time was also significant for sites 7 (P < 0.05) and 8 (P
< 0.05) (Table 10). For all these sites, plant growth of all treatments displayed a sigmoidal

response curve. At site 5, heights of control plants and those inoculated with a mix of G.
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aggregatzm and G. geosporum (Gagt) was higher than the other treatments (Fig. 12a, b). At the
same time, only plants inoculated with both strains of G. imfraradices (GinA and GinN) werc
significantly smaller than control plants and those inoculated with Gag+, duning the considered
penod of ime (Fig. 12b). For sites 7 and 8, there was not a clear trend for the effect of moculum
source, since it varied in time. However, plants inoculated with a mix of G. dggregatum and G.
geosporum (Gag+) tended to grow taller than plants for the rest of the treatments at site 7 (Fig. 13a)
and 8 (Fig. 14a). Interestingly, plants at site 8 inoculated with a mix of S. rbiformis and G.
Jascadatum (Srut) increased their size 6 weeks after transplanting and grew taller than plants
recerving other treatments (Fig. 14b).

The inoculum source accounted for a significant amount of the vanance n shoot dry mass at
site 7 (P < 0.05) and yield at site 8 (P < 0.05) (Table 10). For site 7, plants moculated with G.
intraradiees (GinN) had a greater shoot dry mass than the rest of the plants, although this was not
significantly different from the control plants (Fig. 15a). For site 8, plants inoculated with G.
aggregatum (GagN) and G. intraradices (GinN) produced a greater yield than the rest of the plants,
although not significantly more than the non-inoculated control reatment (Fig. 15b). On the
other hand, plants inoculated at the same site with G. intraradices (GinA) and G. mosseae (GmoA)
produced a significandy smaller yield than the control plants (Fig. 15b).

Sclerogystis mbiforntis was present at all sites where pepper was planted (Table 9). Iaterestingly,
the indigenous community of AM species was more diverse at site 8, which also had been fallow
the year before. It is not possible to determine if introduced AM inoculum competed favourably
with the native mycorrhizal fung in this site, but each of the treatments induced a significant
increase tn plant growth when compared with the control plots.

When pooling the data, the site effect explained a significant amount of the vadance in the
overall shoot dry mass (P < 0.001), pepper yield (P < 0.001), and height at the 6% week (P <
0.001). As was mentioned before, AM colonizanon values were not a reliable estimation of the
actual extent of the symbiosis in pepper roots and vanance was not homogeneous (data not
shown). The effect of the inoculum source also varied by site in pepper height 6 weeks after
transplanting (P < 0.061) and shoot dry mass (P < 0.05). These significant interactions could
indicate, assuming that differences are solely due to the mycorrhizal inoculum, that even similar
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Fig. 12. Heights of pepper plants inoculated with 9 different mycorrhizal strains and a non-
mycorrhizal control treatment at field site 5 between the 5% and 9 week (1995): (a) a mix of G.
aggregaium (Gagt), G. aggregatumt (GagN), a mix of S. mbiformsis (Stut), G. etunicatum (GetN), and G.
Sfascicrlatum (GfaA), (b) G. mosseae (GmoA), a mix of G. microaggregarum (Gmi+t), G. intraradies AGR
(GinA), and G. intraradics NAT (GinN). Data points represent average values of 20 plants.
Vertical bars represent the L.S.D. at .05 level.
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mycorrhizal control treatment at field site 7 between the 5% and 9% week (1995): (a) a mix of G.
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Vertical bars represent the L.S.D. at a .05 level.
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plants. Vertical bars represent the L.S.D. at 2.05 level
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types of soil can exert a selective response of pepper to AM inoculation. Differences n
fertilization regimes and agncultural practices can also select for particular mycorrhizal strains
that are less beneécial for crop growth and compete with the more beneficial isolates used as
inoculum (Hamel, 1996; Johnson, 1993).

Site 5 had the highest levels of available soil P (424.1 mg kg'') and K (263.8 mg kg'!) among
the expenmental sites. However, shoot dry mass (Fig. 16a), pepper height (Fig. 16b), and plant
yield m this site (Fig. 16c) were the lowest among the compared sites. [t was not possible to
establish a relationship between the occurrence of AM and pepper growth since root
colonization were not a rehable esnmation of the symbiosis in the field. Pepper shoot dry mass
at site 6, on the other hand, was the greatest among the compared sites (Fig. 16a). This site was
planted with lupine the year before, a crop which has proved to be non-responsive to
mycorrhizal inoculaton (Hayman, 1987). A preliminary survey of indigenous AM species
present at the field sites shows that G. mosseae, S. mibiforniis and G. constrictum were present at site 6.
Whether or not the inclusion of a non-mycorrhizal plant (Lupinus) determined a relative increase
in the overall plant response to mycorrhizal inoculation is not known, but it may have accounted
for this effect. Fallow, or the inclusion of a non-mycorrhizal crop, can be a useful practice to
improve the effectveness of introduced AM strains since this causes a reduction in the
background level of very competitive indigenous AM fungi in soil (Hamel, 1996; Sicverding,
1991).
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Fig. 16. Overall plant responses to mycorrhizal colonization in pepper from 4 different field
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represent average values of 280 plants. Bars with different letters differ at a2 .05 level.
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Chapter 4

GENERAL CONCLUSIONS

The effect of the considered AM strains vared according to the plant species used in this
experiment. A strain of Glmmus aggregatum isolated from a natural soil (GagN), a mix of G.
aggregatum and G. geogporum (Gagt) collected from an agricultural sotl, a commerdial inoculum of
G. intraradices formerly obtained from an agricultural soil (GinA), and this same strain (GinA)
altogether with a mix of Sclraysitis mbtfornsis and G. fasaadatum (Srut), both collected in an
agricultural soil, produced the greatest levels of AM colonization in mangold, sorghum, sweet
com, and pepper, respectively. These results were obrained for plants growing under controlled
environmental conditions, in the absence of competing indigenous mycorrhizal fungi.

A high proportion of colonized roots due to the effect of a particular treatment was not
necessanly related to a significant growth increase due to the same mycorrhizal strain. Sweet
corn plants inoculated with G. intraradies (GinA) developed the highest AM colonizaton under
controlled environmental conditions. However, no significant increases in shoot dry mass were
found in these plants compared with non-mycorrhizal sweet com. In additon, both strains of G.
intraradices (GinA and GinN) had low levels of shoot P in 1996 which may indicate the less
beneficial effect of this AM species for sweet com growth under expenimental conditions. On
the other hand, a mix of G. miécrvagreggatum, G. mosseae and G. fasdculatum (Gmi+t) resulted in a
greater dry mass than the control treatment, but at a lower mycorrhizal colonizaton. At the same
time, sweet com inoculated with the same inoculum source (Gmi+) had the highest shoot P and
relative mycorrhizal dependency among the treatments tested in 1996 and 1995, respectvely.

A less clear response of sweet com to inoculaton with different AM strains was found under
field conditions. In fact, none of the inoculum treatments used in this experiment resulted in a
significant increase in plant growth, compared with non-inoculated plants in non-fumigated
plots. This lack of growth response by sweet com to inoculation may have been caused by direct
competition between the introduced strains and the indigenous populanon of AM fungL A
reduced number of infective AM propagules contained in the source of inoculum may also have
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accounted for the low responsiveness of sweet com to inoculaton under ficld conditions.
Moreover, the occurrence of very dry conditions caused a delay in seed germination and may
have induced a severe stress during the very early stages of sweet corn development. It is
unknown if changes in root development due to environmental stress can cause a differential
response on plant response to mycorrhizal inoculation.

The available P levels may affect sweet com response to inoculation. Overall root
colonization was the highest in the 1996 experiment under controlled conditions, and in site 1
under field conditions. The available P level was higher in the 1996 expenment under controlled
conditions and an overall plant growth response to inoculation was obscrved in this year. This
effect can be attributed to a better P nutntion of these plants growing in a ncher growth medium.
However, the overall relabve mycorrhizal dependency of inoculated sweet com in 1996 was
significantly lower than for plants in 1995. Moreover, the overall RMD of sweet com in 1996
was negative which indicates that AM inoculation was detrimental to plant growth. The overall
AM colonization in inoculated plants at site 1, which had the lowest available P level among the
compared sites, was the highest. Overall sweet corn growth was the greatest at site 1, which may
indicate an improved response to AM inoculation in a less ferule soil. However, there was no
difference among the mycorrhizal nocula for plant growth at this site.

None of the mycorrhizal inocula used in this expeniment produced a benefical effect on
pepper growth under controlled conditions. Growth of non-mycorrhizal pepper plants in both
years was greater than inoculated plants. As a consequence, the relative mycorrhizal dependency
of pepper to AM inoculation for the different fungal isolates was negative for all treatments in
both years. However, G. intraradices (GinA) and a mix of Sckrvcysités rabiformis and G. fasdcwlatum
Srut) developed the highest AM colonization on pepper roots growing under controlled
environment conditions, but this effect was only related to an increase n shoot P of pepper
inoculated with these treatments (Sru+ and GinA) compared with the corresponding values in
non-mycorrhizal control plants. Interestingly, the effect of G. fasdaulaium (GfaA) inoculation on
AM colonization of inoculated pepper plants was almost negligible. The factor that determined a
low response of pepper to this fungal strain is unknown but the effect of this treatment on plant
growth was less detrimental than the other mycorrhizal strains.
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None of the mycorrhizal strains used in the field experiments increased growth of inoculated
pepper compared with non-inoculated plants. However, the relative response of pepper plants
to inoculum treatments varied by site and the reasons for these differences remain unknown.
The differential effect of inoculation with different AM isolates becomes more difficult to explain
due to the lack of a reliable estimation of AM colonizaton of pepper roots from the field
expeniments.  Pepper seedlings were pre-inoculated which may have resulted in a shorter
acclimatization period after transplanting. Whether or not this effect represents an advantage for
the introduced AM inocula when competing with the indigenous mycorrhizal fungy, remains
unknown.

A final checking of the mycorrhizal species present in the different treatments used in these
cxpenments shows discrepancies between the original AM strains and observed species in each
treatment (Table 11). Thesc spores were separated from pot cultures where sorghum seeds were
inoculated in 1996 with colonized pepper roots and sand (which remained from the 1995
experiment). It is unclear if some of the identfied species are dead matenal remaining in the pot
culture after pastcunzation of the onginal sandy soil (Le. G. mosseae and . mbiformis). The extent
and exact moment of cross-contamination occurrence, as well as the disappearance of some AM
species (Le. G. intraradices) in the final checklist (Table 11) remains uncxplamned.

In order to overcome these difficulties in future studies, it is recommended to carefully check
the pasteurization procedure which may have been insufficient to kill the background levels of
AM fungL [n addition to this, it is also advisable to have more available room 1n the greenhouse
in order to avoid cross-contamination among treatments. A considerable amount of AM
tnoculum should be produced in separate benches and well in advance of starting this type of
expeniment. Thus, both the dsk of cross-contamination and the use of remaining material from
preceding expeniments will be avoided.

This preliminary survey of the effectiveness of different mycorrhizal isolates under field
conditons has shown no differences in growth among inoculated and non-inoculated plants
growing in non-fumigated soils. The cost of large-scale fumigation is prohibitive for farmers and
the detnmental long-scale consequences of such a strategy on plant productvity and the
environment are unpredictable. As a consequence, it is advisable to further evaluate the

effectiveness of different mycorrhizal partners in the presence of a competitive indigenous
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Table 11. Final checklist of AM species observed in inoculum treatments.

Code Onginal AM strains *AM species
(final checking)
GagN Glomus aggregatum Sclerocyistis rubforms
Glomus fasciculatum
Glomus macrocarpum
GinN Glomus intraradices Glonms mosseae
Glonmus fasciculatum
Glomus aggregalsum
Sclerocyistis rubiformis
GetN Glomus etunicalum Glormus aggregatum
Sclerocyistis rubiformis
Clommus mosseae
GfaA Glomus fascticulatun Glomus fascicrlatum
Glonms mosseae
Sclerocyistis rubiformis
GmoA G lomus mosseae Glomus mosseae
Glomus aggregatum
Glomms sp.
Glomus albidum
Sclerocystis rubiformis
Gagt Glormus aggregatum Glomus albidunt
Glomuts geosporum Glontus fasciculatum
Glomus macrocarpum
Sclerocyistis rubiformis
Gmi+ Glomus micrvaggregatsm — Glorus fuscicudainm
Glomus mossece Sclerocyistis rubrformrs
Glomus fascculatum Glorus aggregatim
Srut Sclerocystis rubiformis Scleracysistis rubiformis
Glomms fasctculatsim Glomus aggregatum
GinA Glomus intraradzces Glomus aggregaitum
Glomus mossea
Sclerocyistis rubtformis
Spores were separated from the sorghum pot culture (1996) and
identified by Yolande Dalpé

mycorrhizal community. It is also advisable to keep in mind that AM species differentation 1s
still a marter of intense debate. Molecular techniques are now being used to elucidate the actual
degree of affinity among morphologically similar spores.
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. The following are some suggested future directions to follow in this work:

e Selected AM fungi should be evaluated at different P rates under field condittions.

® Determine the effect of agncultural management practices on plant responses to indigenous
AM communities and introduced strains. Native mycorrhizae should be evaluated pror to
inoculagon.

e [t is adwisable to implement other methodologies than AM colonization to assess
mycorrhizal activity and hence, have a better indicator of the effectivencss of introduced
AM strains or native mycorrhizal populations.

e Extend the study of AM effectiveness beyond the scope of plant growth or cash-crop

benefits into the long term effects on soil stability due to mycorrhizal activity.
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APPENDIX I

Modified Hoagland's nutrient solution.

Compound Concentration
K280, 1.00 mM
MgSOs 0.25 mM
KH2PO4 0.04 mM
CaClk 1.00 mM
KNO; 8.30 mM
Fe (Chelate 9 %) 4440 pgl!
H3BO; 150.0 pglt
MnCl24H-O 100.0 uglht
ZnSOy 125 pglt
CuSO+2H:0 125 pgl!
N2:MoO:1.2H20 50 pglt

Source: Hamel (1991b)
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