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Summary

In Western Australia, the fungicide phosphite is being applied to selected native plant
communities in order to reduce the impact of the root and collar rot pathogen, Phytophthora
cinnamomi. The effect of this fungicide on the growth and function of ectomycorrhizal (ECM)
fungi and their mycorrhizas was unknown. Taking the hypothesis that phosphite has a
deleterious effect on mycorrhizal fungi, this study explored potential detrimental effects of
phosphite on early colonising ectomycorrhizal fungi.

Ten isolates of Scleroderma and Pisolithus from Western Australia, isolated from a range of host
plants. These isolates were partnered with Agonis flexuosa, Melaleuca scabra, Eucalyptus
globulus, E. sieberi and four clonal lines of E. marginata (jarrah) in vitro. The isolates that formed
a mantle, Hartig net and epidermal cell elongation characteristic of a successful symbiosis, were
chosen for further studies on two contrasting E. marginata clonal lines, that were resistant or
susceptible to P. cinnamomi. Foliar drenching with phosphite induced different responses in the
two clonal lines when they were non-mycorrhizal. Phosphite decreased root production in the
resistant clone, and increased the number of plantlets that produced roots in the susceptible
clonal line. Generally, 3 g phosphite/L reduced the host response to mycorrhizal infection, and
mycorrhizas reduced root responses to phosphite compared to those seen in non-mycorrhizal
plants.

To determine if phosphite could have a direct inhibitory effect on the hyphae of ECM fungi, three
isolates of Laccaria, Scleroderma and Pisolithus were grown in pure culture, on media containing
a range of phosphite and phosphate concentrations. The biomass of Laccaria generally
decreased as phosphite concentration increased at low phosphate concentrations. As phosphate
concentration increased, the biomass of each Laccaria isolate generally increased irrespective of
phosphite concentration. In hyphae of the three isolates of Laccaria, the increasing

concentrations of phosphate in the media resulted in significant accumulation of phosphate. In
two isolates, external phosphite supply had no effect on phosphate uptake. Scleroderma and
Pisolithus tolerated the same concentration of phosphite as phosphate, while Laccaria was more
sensitive to phosphite. There was a significant difference in growth between Laccaria isolates,
while there was less variation between isolates of Scleroderma and Pisolithus. Scleroderma was
most sensitive with two isolates being killed by 40 mM and the third being killed by 100 mM
phosphite, while 120 – 140 mM phosphite was fungicidal to Laccaria and Pisolithus isolates.

In the glasshouse, non-mycorrhizal seedlings of E. marginata, E. globulus and A. flexuosa were
sprayed to run-off with 0 to 10 g phosphite/L, and then planted into soil naturally infested with
early colonising mycorrhizal species. Phosphite had no effect on the percentage of roots
infected with mycorrhizal fungi. In another experiment, E. globulus seedlings ectomycorrhizal
with Scleroderma, Pisolithus and Descolea were treated with 0 to 10 g phosphite/L and infection
of new roots by ectomycorrhizal fungi was assessed. At the recommended rate (5 g
phosphite/L), phosphite had no effect on ectomycorrhizal formation, while at 10 g/L phosphite
decreased infection by Descolea by 15%.

An in vitro study was undertaken on a clonal line of E. marginata to determine if the foliar
application of 3 g phosphite/L had any effect on the ability of Scleroderma and Pisolithus spores
to germinate and infect roots. There was no significant difference in the percentage of infected
primary and lateral root tips in phosphite and control plants inoculated with Scleroderma or
Pisolithus spores.

To determine if the soluble and cell wall bound peroxidases and phenolics involved in host
defence responses are affected by phosphite treatment of the host, a series of interactions with
E. marginata, ECM fungi and P. cinnamomi were examined. Phosphite significantly reduced P.
cinnamomi lesion length in all mycorrhizal and non-mycorrhizal treatments and altered static
peroxidase activity and phenolic concentrations in the roots of all non-mycorrhizal plants.

Phosphite did not induce changes in peroxidase activity or phenolic concentration in roots of the
susceptible clone when in indirect contact with Pisolithus. However, there was a general
increase in peroxidase activity and phenolic concentration in roots of the resistant clone in the
presence of Pisolithus and P. cinnamomi. In contrast, phosphite decreased peroxidase activity in
the susceptible clone in the presence of Scleroderma and had no effect on soluble or cell wall
bound phenolics. Phosphite did not alter peroxidase activity or phenolic concentration in roots of
the resistant clone challenged by P. cinnamomi in the presence of either Scleroderma or
Pisolithus. In contrast, phosphite significantly increased peroxidase activity, and decreased
soluble phenolic concentration in the roots of the susceptible clone in the presence of Pisolithus.

A glasshouse trial examined the effect of foliar applied phosphite (3 g/L) on P. cinnamomi
infection of roots of mycorrhizal E. marginata plants. Laccaria, Scleroderma and Pisolithus
mycorrhiza were established with seedlings and a P. cinnamomi susceptible clonal line of
E. marginata prior to phosphite treatment. P. cinnamomi zoospores were inoculated to the root
zone 10 days after phosphite application. P. cinnamomi was recovered from 84% and 52% of the
untreated seedlings and clonal plants respectively, whether they were ectomycorrhizal or not. By
contrast, in phosphite treated plants, P. cinnamomi was recovered in 10% of seedlings and 6% of
clonal plants. There was no difference in P. cinnamomi recovery between mycorrhizal types in
seedlings and clonal plants. More P. cinnamomi was recovered from mycorrhizal than nonmycorrhizal clonal plants. There was no correlation between the extent of mycorrhizal fungal
colonisation and the percentage of P. cinnamomi infected roots in clonal plants or seedlings.

Overall conclusions
Although only a few ECM fungi and host species were examined in this study, it appears that
phosphite, when used at the recommended rate (5 g/L), may not have a detrimental effect on
ECM formation. The concentration of phosphite that is fungicidal to ECM fungi in vitro is
generally in excess of levels that would be found in treated plant tissues. However, when the

recommended rate was exceeded it was shown that phosphite decreased significantly decreased
infection by Descolea.

This study has shown that there is variation between genera of ECM fungi, host plants, type of
plant (clonal material or seedlings) in response to phosphite. However, this study did not take
into account differing phosphate concentrations and its effect on phosphite and mycorrhizal
interactions, which would further increase these variations. This demonstrates that
generalisations cannot be made on the effect of phosphite on ECM fungi and ECM plants.
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Chapter One
GENERAL INTRODUCTION AND THESIS AIMS
Introduction
Phytophthora cinnamomi is a major pathogen of the jarrah (Eucalyptus marginata) forest
in Western Australia (Newhook and Podger, 1972; Dell and Malajczuk, 1989). The
impact of this pathogen has been described as being far more extensive and permanent
than drought, fire or flood (Weste, 1994). Wills (1993) estimated that 2000 of the 9000
species of vascular plants of the south west of Western Australia are potentially
susceptible to P. cinnamomi. It was estimated that by the late 1980s, 14% of the jarrah
forest was infested with P. cinnamomi (Davison and Shearer, 1989). In addition, P.
cinnamomi is considered a major casual agent of some eucalypt dieback epidemics in
eastern Australia (Marx , 1972; Weste and Marks, 1987; Dell and Malajczuk, 1989).
This pathogen has the capacity to change the community structure and function
(Shearer, 1994) and can have significant ramifications on fauna, soil microbe populations
(Wills, 1993) and water tables (Shearer and Tippett, 1989). P. cinnamomi is recognised
by the national government as one of the five most threatening processes to Australian
forests.

Despite all of the efforts so far, control of P. cinnamomi in forest ecosystems is a
formidable task (Malajczuk, 1979). To date, most of the successful control of
P. cinnamomi in the bush has been restricted to the identification and containment of the
disease (Peterson, 1992). Recognition of vulnerable sites and protection of rare and
endangered species from P. cinnamomi spread are the most important immediate
concerns.
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Phosphite has been successfully used to control diseases in a range of horticultural and
ornamental crops (Coffey et al., 1984; Darvas et al., 1984; Fenn and Coffey, 1984;
Rohrbach and Schenck, 1985; Pegg et al., 1985, 1990; Dolan and Coffey, 1988; Wicks
and Hall, 1988, 1990; Flett et al., 1990; de Boer and Greenhalgh, 1990; Greenhalgh
et al., 1994; El-Hamalawi et al., 1995).

Currently, in Western Australia there are research programs underway to investigate the
effects of the fungicide phosphite on native forest plant species. The Department of
Conservation and Land Management (CALM) in Western Australia has been trialling
aerial applications of phosphite to protect large areas of native bushland from
P. cinnamomi (Komorek and Shearer, 1997). The immediate concerns of researchers
and land managers include: the effect of phosphite on flowering, seed and pollen viability
and germination; phosphite distribution and persistence in planta; application rates;
phytotoxicity and disease control in native plant communities.

Although much work has been undertaken on the effect of phosphite on Phytophthora
and mechanisms of action in pathogenic fungal species, very little work has investigated
the possible detrimental side effects of phosphite application, such as effects on
formation, growth and persistence of mycorrhizae in natural ecosystems. There have
been limited studies of the effects of phosphite on vesicular arbuscular mycorrhizal
(VAM) fungi, but no work on the ectomycorrhizas (ECM). Therefore, this thesis
investigates effects of phosphite on three genera of common early colonising
ectomycorrhizal fungi in southwestern Australia. The fungi chosen are basidiomycetes
belonging to genera with a wide distribution in Australia. Laccaria, Scleroderma and
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Pisolithus were chosen because of the ability to induce ECM under glasshouse and in
vitro conditions. The thesis explores effects of phosphite on mycelial growth in vitro, on
mycorrhizal formation in vitro and in vivo, on persistence of mycorrhizae in vivo, and on
the activity of plant defence enzymes. In addition, the effect of phosphite on
P. cinnamomi root infection and changes in enzymes of the phenyl propanoid pathway of
mycorrhizal roots challenged by P. cinnamomi was examined.

Mycorrhizal fungi
Mycorrhizae play an important role in plant nutrition, and in maintaining biodiversity and
soil structure (Smith, 1995). As well as being important in native forest ecosystems,
mycorrhizae have potential to increase the productivity of plants of economic
consequence. The extramatrical hyphae of mycorrhizal fungi absorb, accumulate and
translocate ions to the host root (Harley and Smith, 1983; Gianinazzi-Pearson and
Gianinazzi, 1989). The ecological importance of mycorrhizas is heightened in
W. Australia where the soils are inherently low in P and other nutrients (Brennan et al.,
1994).

E. marginata is one of the main commercial eucalypts in Western Australia (Davison and
Tay, 1995) which is selectively logged from native forests. The jarrah forest is a
sclerophyllous plant community dominated by E. marginata (susceptible to P. cinnamomi)
and E. calophylla (tolerant to P. cinnamomi) (Brundrett and Abbott, 1994). Brundrett and
Abbott (1991) surveyed 109 plant species native to the jarrah forest and found VAM
associations with 56%, both ECM and VAM associations in 16% of species, while 25%
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were non-mycorrhizal. The eucalypt overstorey predominantly has ECM associations
(Dell and Wallace, 1983; Reddell and Malajczuk, 1984).

Plants with mycorrhizal associations are known to predominate in most natural
ecosystems (Brundrett, 1991). Ectomycorrhizas develop primarily on woody perennials
(Smith and Read, 1997). These fungi are very effective colonisers of trees that are
pioneer colonists of disturbed natural sites, rehabilitated lands or in nurseries. By
encapsulating the root, the mantle formed can act as a mechanical barrier between the
root and the rhizosphere (Marx and Davey, 1969a, b; Marx, 1970).

The ectomycorrhizal fungus Pisolithus has a world wide distribution and has been found
associated with a range of tree genera (Marx, 1977). This genus has a broad host range
(Malajczuk et al., 1990) and within Australia, Pisolithus is predominantly associated with
Eucalyptus, Melaleuca and Acacia (Burgess et al., 1995). This Gasteromycete has been
included in plantation and reforestation projects on pines in Spain (Roldan and
Albaladejo, 1994) and North America (Marx, 1970), and on eucalypts in Australia, the
Philippines (de la Cruz et al., 1990), China (Malajczuk et al., 1994) and in the Congo
(Garbaye et al., 1988). Pisolithus is an aggressive, early colonising fungus especially on
disturbed sites (Gardner and Malajczuk, 1988). In addition, some isolates of Pisolithus
can withstand a high concentration of Al, Fe, Cu and Zn (Marschner and Dell, 1994; Tam,
1995).

Laccaria species (Hymenomycetes) are common (Kropp and Fortin, 1988) and some
isolates have proven to be very efficient for promoting growth of nursery stock (Molina,
1982; LeTacon and Bouchard, 1986) and are relatively competitive among soil fungi
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(LeTacon et al., 1989). Laccaria are found throughout the world and have a broad host
range (Smith and Read, 1997). Some members of Laccaria are capable of providing
protection against root pathogens (Sinclair et al., 1982; Sampangi et al., 1985).

Scleroderma is a Gasteromycete with wide ectomycorrhizal host potential. Scleroderma
species are common worldwide, and they often produce an abundance of basidiomes in
disturbed ground. They seem to have low specificity as sporocarps have been found to
be associated with diverse hosts in the field (Pampolina, 2000).

Phosphite
Phosphite is a mono-di-potassium phosphite salt, and its chemical structure depends on
the pH of the solution. This is a relatively inexpensive chemical which is rated as a low
hazard potential for mammals (Dunhill, 1990).

There is much confusion and little convention in the literature with regard to the use of
the term “phosphonate”. Grant et al. (1990) identified the term “phosphonate” as the
salts of phosphonic acid, according to IUPAC rules, however, the term “phosphite” is
commonly used. Fosetyl-Al is an alkyl phosphonate which is ionised to the phosphonate
anion (phosphonic acid) in plants (Ouimette and Coffey, 1990). Wilkinson (1997)
clarified some of the confusion by distinguishing the chemically distinct compounds which
are both referred to as phosphonate. Often it is not clear in the literature which
compound has been used. Some phosphonates contain an organic group bonded to a
phosphorus ion and are used in herbicides and pesticides (Guest and Grant, 1991).
Compounds containing a P-H bond, including phosphonic acid and Fosetyl-Al (both also
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called phosphonate), will be referred to as phosphite in this thesis, except where
necessary for concentration comparisons.

History of phosphite
In the late 1970s, phosphite was commercially developed and released by RhonePoulenac as the fungicide Aliette (Guest and Grant, 1991). Aliette is also known as
Fosetyl-Al, a monoethyl phosphite fungicide. Fosetyl-Al is broken down to phosphonic
acid, ethanol and aluminium ions in the plant (Coffey and Oiumette, 1989). In the late
1980s, UIM Agrochemicals released Fosject 200, which contains 200 g/mL ai (monoand di-potassium phosphite ions). A decade later came the release of Fosject 400
(FOLI-R-FOS) with 400 g/mL ai also produced by UIM Agrochemicals.
Varying degrees of Oomycete disease control by phosphite has been achieved in a
range of horticultural crops including almond and cherry (Wicks and Hall, 1988, 1990),
apricot and peach (Lim et al., 1990), avocado (Coffey et al., 1984; Darvas et al., 1984;
Fenn and Coffey, 1984; Pegg et al., 1985, 1990; El-Hamalawi et al., 1995), cocoa
(Holderness, 1990), clover (de Boer and Greenhalgh, 1990, Greenhalgh et al., 1994),
pineapple (Rohrbach and Schenck, 1985; Pegg et al., 1990), and tomato (Dolan and
Coffey, 1988; Flett et al., 1990).

Phosphite control of non-oomycete (bacterial/fungal) diseases
Aliette was initially promoted for control of the order Peronosporales (Oomycetes), but
since has also been found to be active against other plant diseases, both bacterial and
fungal, including members of Ascomycetes and Basidiomycetes (Table 1.1).
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Phosphite application and in planta translocation
Phosphite is a systemic fungicide which can be applied as a drench, foliar spray or by
trunk injection. In planta, phosphite is translocated in the xylem and phloem and can
move symplastically and apoplastically. The rate of translocation in the plant depends on
the time of day and the temperature, which affects the transpiration rate of the plant
(Whiley et al., 1995). Source/sink relations in the plant determine further distribution of
phosphite within the plant. The highest concentration of phosphite is found in the
growing points of the plant (Whiley et al., 1995). Guest and Grant (1991) have found no
evidence of plants oxidising phosphite to phosphate. However, phosphite is rapidly
biodegraded in the soil to phosphate by microbes (Guest and Grant, 1991).

Phosphite - Mode of action
Often fungicides do not kill outright but merely inhibit fungal activity. At sufficiently high
concentrations fungal growth may be totally prevented, but often these effects are
reversible upon removal of the chemical, which therefore should be considered to be
fungistatic (Griffin, 1994). Fungicides can act in two ways; directly on the fungus,
causing inhibition or death, or indirectly on the fungus by stimulating the host’s defence
responses, or by changing soil microbe populations (Wongwathanarat and
Sivasithamparam, 1991). Most of the work towards discovering the mode of action of
phosphite fungicides has been undertaken on Phytophthora diseases.
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Table 1.1 Disease control by phosphite in non-oomycete fungal, bacterial and viral plant
diseases
Pathogen

Disease

Plant

Phosphite
application

Reference

Alfalfa Mosaic
Virus

AMV

bean

foliar

Abu-Jawdah & Kummert
(1983): cited in Davis &
Grant (1996)

Colletotrichum
lindemuthianum

leaf necrosis

bean

foliar

Abu-Jawdah (1981, 1983):
cited in Guest & Grant
(1991)

Fusarium
subglutinans

blossom
malformation

mango

trunk
injection

Darvas (1987)

Phomopsis
viticola

mildew

grapevine foliar

Bugraet et al. (1980): cited
in Guest & Grant (1991)

Plasmopara
viticola

mildew

grapevine foliar

Magarey et al. (1990)

Pseudomonas
syringae

black spot

pear

foliar

Montesinos et al. (1993):
cited in Davis & Grant
(1996)

Rhizoctonia
solani *

crater
disease

wheat

soil drench,
foliar

Wehner et al. (1987)

Uromyces
appendiculatus*

rust

bean

foliar

Rusuku et al. (1983)

* Basidiomycetes

Indirect mode of action
Several researchers have concluded that their findings indicate a direct effect on the
fungus (Fenn and Coffey, 1984, 1985; Rohrbach and Schenck, 1985). An indirect mode
of action has been exhibited in plants treated with Fosetyl-Al and phosphite where
modified host defence responses have resulted when challenged with a pathogen
(Guest, 1984, 1986; Khan et al., 1986; Guest et al., 1989; Nemestothy and Guest, 1990;
Smith, 1995). Their results showed susceptible plants treated with the fungicide reacted
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like resistant plants. Reviews of these papers have reasoned that a dual effect is most
likely (Cohen and Coffey, 1986; Afek and Sztejnberg, 1989; Smillie et al., 1989; Grant et
al., 1990; Nemestothy and Guest, 1990; Guest and Grant, 1991).

Direct mode of action
The evidence that the mode of action on fungi is direct comes largely from in vitro
studies. These experiments examine the antifungal activity or the growth inhibition of
phosphite on solid media or in liquid media. Studies by Coffey and Joseph (1985) have
found that phosphonate is inhibitory to P. cinnamomi and P. citricola at different stages of
their life cycles, i.e. mycelial growth, sporangial formation, zoospore release, oospore
and chlamydospore formation.

The effect of phosphite on non-pathogenic soil organisms
Recent areas of research into the effect of wide scale use of phosphite have included; in
planta persistence and distribution of phosphite (Fairbanks et al., 2000), application rates
and times, and phytotoxicity (Pilbeam et al., 2000). The majority of phosphite work has
focused on the Oomycetes for which it has shown the greatest potential in disease
control.

The effect of phosphite on mycorrhizae
The literature provides examples of the positive and negative effects of phosphite on
VAM in both monocotyledons and dicotyledons. Most studies have concentrated on
VAM due to their economic importance on monocot crops. These studies focus on the
indirect effect of phosphite only.
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There are many methods of measuring the effect fungicides have on mycorrhizae.
Generally, plant health and yield are the prime concern, but other factors that must be
considered include; percentage of mycorrhiza formed/root system, the degree (strength)
of mycorrhization, and any effects on symbiotic relationships that may have changed the
surrounding rhizosphere and bulk soil microbial populations.

Jabahi-Hare and Kendrick (1987) found that the foliar application of Fosetyl-Al at 0.3, 1.0
and 3.0 g ai/L increased the colonisation of Allium (leek) roots by Glomus intraradices by
17%. In addition, they found that VAM plants treated with Fosetyl-Al had more
vesicles/colonised root segment than control mycorrhizal plants. The maximum increase
was observed at 45 days after treatment. They hypothesised that this may be due to
altered root exudation. Jabahi-Hare and Kendrick (1987) also observed that the increase
in growth of mycorrhizal plants (measured as shoot dry weight) strongly parallels
increases in percentage colonisation by the VAM fungus.

Clarke (1978: cited in Seymour et al., 1994) found applications up to 49 g ai/L of FosetylAl did not decrease mycorrhizal colonisation of lettuce (Lactuca sp.) by VAM fungi.
However, deleterious effects of Fosetyl-Al treatments on VAM have also been observed.
When Seymour et al. (1994) applied phosphite at 0.74 g ai/L to maize as a soil drench
they found that the percentage colonisation of root by Glomus slightly decreased, the
total length of mycorrhizal root was markedly decreased along with plant height, dry
weight and root length. By day 51 the heights of treated and non-treated mycorrhizal
plants were 22 and 45% less, respectively, than the control.

The most severe effect of Fosetyl-Al application on mycorrhiza is reported by Sukarno
et al. (1998) on VAM of onions. The outcome of foliar application was a direct negative
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effect on growth of the onion plants. The treatment had more severe effects on root
growth than shoot growth, and reduced root length and length of infected roots/plant.
Treatment, therefore, reduced the interface between the fungus and plant, and was found
to reduce the length of external hyphae/g soil. However, Sukarno et al. (1996)
discovered Fosetyl-Al treatment had no effect on internal fungal structures and no effect
on the number of intercellular hyphae and arbuscules. Sukarno et al. (1998) found
Fosetyl-Al, again applied to mycorrhizal onion, markedly reduced growth, especially of
roots, and inhibited mycorrhizal colonisation.

Effect of phosphite on other non-pathogenic soil organisms
Few studies have looked at the effect of phosphite on the complex interaction of soil
microbes, which may be influenced by changes in root exudates (Curl, 1982). Generally,
the studies which have used phosphite as a soil drench are the sole investigators of the
rhizosphere and surrounding soil. Wongwathanarat and Sivasithamparam (1991) found
that phosphite applied as a drench at 10 g/L significantly reduced the numbers of
actinomycetes in the rhizosphere, but had no effect on the numbers of other bacteria and
fungi. The drench resulted in increased soil concentrations of K, P and NH4+ and
increased soil conductivity. In contrast, foliar application of 10 g phosphite/L did not
significantly change the numbers of soil bacteria and fungi nor the proportions of
actinomycetes and fungi antagonistic to P. cinnamomi. Additionally, foliar applications to
avocado seedlings did not affect microbial numbers or the proportions of microbes in the
rhizosphere capable of antagonising P. cinnamomi (Wongwathanarat and
Sivasithamparam, 1991). From these results, phosphite has generally exhibited positive
effects toward controlling P. cinnamomi.
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The objectives of the thesis
Considering phosphite has sometimes been found to have detrimental effects on some
VAM fungi and actinomycetes, and has been used to control some pathogenic
basidiomycetes, this fungicide may potentially be detrimental to mycorrhizal fungi and
their mycorrhizas. Many ECM fungi are very closely related to non-mycorrhizal (parasitic
and saprophytic) fungi (Brundrett et al., 1996). Whether the application of phosphite to
native communities could have deleterious effects on functioning of the ectomycorrhizas
may determine whether large scale aerial application of phosphite can be used for the
control of P. cinnamomi in plantations and native communities.

The thesis aims to determine if phosphite;


affects the growth of early colonising ECM fungi in vitro,



affects ECM formation and persistence in Australian native plants,



alters the resistance to P. cinnamomi infection in ectomycorrhizal roots,



causes changes in activity of peroxidases and phenolics of the host defence systems.

Each chapter of this thesis reviews the literature relevant to the aims of that chapter. An
outline of the thesis is shown in Figure 1.1.
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Figure 1.1 Key relationships between chapters within this thesis.
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EFFECT OF PHOSPHITE ON ECTOMYCORRHIZAL
FORMATION IN VITRO
Introduction
Little is known about the effect of phosphite on mycorrhizal relationships. Phosphite has
been reported to affect arbuscular mycorrhizal (AM) colonisation of monocot roots in both
a positive and negative manner (reviewed in Chapter 1). However, these studies have
been on a macroscopic scale and only include details on plant health, the amount of root
segment colonised and vesicle numbers. Phosphite is transported via the phloem and
accumulates near root tips in the area that is colonised by mycorrhizal fungi (Guest and
Grant, 1991). Where phosphite accumulates it can cause necrosis (Jackson et al.,
2000). Phosphite damage to fine roots may cause a reduction in sites for
ectomycorrhizal (ECM) or AM formation in plants. As mycorrhizal fungi increase the
longevity of fine roots, and active fine roots are metabolic sinks for photosynthates (and
therefore phosphite), it is conceivable that the application of this fungicide may damage
the mycorrhizal interface.

Studies on phosphite fungicides are difficult as there is a complex interaction due to
accumulation of phosphorus (P), from phosphite, in plant tissues (Coffey and Joseph,
1985; Cohen and Coffey, 1986; Fenn and Coffey, 1989; Sukarno et al., 1996). Further,
high levels of P in plant tissue (orthophosphate) can negatively influence the formation of
mycorrhizae (Harley and Smith, 1983; McInnes and Chilvers, 1994).

ECM are characterised by the presence of a mantle of fungal mycelium ensheathing the
root and a Hartig net of intercellular hyphae. The fungal partner stimulates morphological
(lateral root formation and radial elongation of epidermal cells), biochemical and
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physiological changes (defence responses, and production of enzymes or auxins) in the
plant (Massicotte et al., 1987; Martin and Hilbert, 1991; Peterson and Bonfante, 1994;
Smith and Read, 1997).

Mycorrhizal fungi are able to bypass or fail to incite plant barriers against infection and
only weak defence responses have been observed in planta. These include lignification,
production of phenolics and phytoalexins, peroxidases and the expression of genes
(including pathogenesis related proteins and chitinases) (Smith, 1995). Some
ectomycorrhizal fungi can increase lignification, and this may contribute to the restriction
of pathogen ingress (Jalali and Jalali, 1991; Martin and Tagu, 1995). An increase in
lignin synthesis and greater constitutive levels of peroxidase and phenolic compounds in
Eucalyptus have been attributed to increased pathogen and disease resistance (Cahill
and McComb, 1992; Cahill et al., 1993; Burgess et al., 1999; Jackson et al., 2000).

Lignin is synthesised through the shikimate pathway, the common phenylpropanoid
pathway, and the specific lignin pathway (Lewis and Yamamoto, 1990) and occurs in the
endodermis and hypodermis of roots of many plants. The endodermis of a nonmycorrhizal root has a Casparian band (lignin and suberin) girdling the cell which is
formed within a few millimetres of the root tip (Clarkson, 1996). Centimetres from the
root tip there is secondary deposition of suberin lamellae over the entire endodermal wall
surface (Clarkson, 1996) which reduces the movement of apoplastically translocated
materials into the stele. The hypodermis is the layer immediately beneath the epidermis
and can develop suberised walls and depositions in the anticlinal (radial and transverse)
walls and is similar to the Casparian band (Taiz and Zeiger, 1991) which can defend
roots from fungal invasion by providing a structural barrier. Clarkson (1996) suggests
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that the hypodermis has a similar function to the endodermis, preventing movement of
materials across the cortex in the apoplast and invasion of soil pathogens into the root.

As it is possible that phosphite may impair ECM development, there is a need to
determine if phosphite is detrimental to ECM relationships, perhaps by affecting host
defence responses (Chapter 6), the mycorrhizal interface or the Hartig net and mantle of
the mycorrhizal symbiont. Towards this aim, Eucalyptus marginata (jarrah), a dominant
tree species in Western Australian forests and used in many studies on dieback (Dell and
Malajczuk, 1989; Hilton et al., 1989), was selected. E. marginata forms mycorrhizae with
a range of ECM fungi (Reddell and Malajczuk, 1984) and some clonal lines are
reasonably easy to micropropagate (Bennett et al., 1986). A histological study was
undertaken to examine the effect of phosphite on the formation of E. marginata Pisolithus and Scleroderma ECMs.

Methods
Phosphite phytotoxicity of Eucalyptus marginata clones in vitro
A preliminary trial was conducted on E. marginata clonal line 530E59 with 8 rates of
phosphite ranging from 0 to 10 g/L to determine the most appropriate phosphite rates to
use on tissue cultured shoots without causing rapid death. Six E. marginata clonal lines
(Table 2.1) were then tested for their sensitivity to phosphite in vitro. Phosphite was
applied to shoots to determine non-toxic concentrations that could be used in further
experiments. Sterile solutions of phosphite were prepared from Fosject 400 (400 g/L
mono-di-potassium phosphite, UIM Agrochemicals (Aust.) P/L) by filtering Fosject and
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0.25% Synertrol®, a sticking agent, (Organic Crop Protectants, NSW) through a 0.22 m
Millipore filter (Millex-HA). Six phosphite concentrations (0, 1, 1.5, 2, 2.5 and 3 g
phosphite/L with 0.25% Synertrol) and one control (no Synertrol) were tested.

In all experiments, shoots that were 15 - 25 mm high and had six or more leaves were
selected. Without wetting the fresh cut at the node, the shoots were immersed for 5 sec
in sterile distilled water containing filter sterilised phosphite and 0.25% filter sterilised
Synertrol oil. The excess liquid was lightly shaken off and the shoots were placed into
fresh jarrah multiplication media (JMM, Appendix I) in 250 mL polycarbonate tubs, and
maintained at 25  2oC with a 16/8 h day/night cycle. There were five shoots per tub and
two replicate tubs for each clone. The clones were examined and rated for phytotoxicity
symptoms after 10 and 30 days (Table 2.2). This experiment was repeated once, and as
there was no difference (p = 0.58) between the experiments, the data were pooled.

Table 2.1 Clonal lines of Eucalyptus marginata resistant and susceptible to
Phytophthora cinnamomi used to assess phosphite toxicity in vitro.
Clonal number

Resistant/susceptible to
P. cinnamomi*

324E12

Resistant

574E55

Resistant

1J30

Resistant

326J51

Resistant

530E59

Resistant

11J402

Susceptible

* as determined by (Cahill et al., 1992).
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Table 2.2 Rating system for phytotoxicity symptoms for in vitro clonal Eucalyptus
marginata treated with phosphite.
Rating

Description

0

No visible symptoms

1

Light damage – leaf tips burnt

2

Moderate damage –25% of leaf area burnt

3

Severe damage – over 50% of leaf area
burnt

4

Death

Effect of phosphite on non-mycorrhizal roots of two Eucalyptus
marginata clonal lines (11J402 and 324E12)
To analyse the effect of phosphite on root initiation, shoots were maintained on JMM at
25 ± 2oC in a 16/8 h day/night cycle. Roots were induced on jarrah rooting media (JRM,
Appendix I) in the dark at 25 ± 2oC for 7 days. The shoots were dipped for 3 sec into
filter sterilised phosphite solutions (0 and 3 g phosphite/L containing 0.25% Synertrol),
lightly shaken and placed into 250 mL polycarbonate tubs containing jarrah hormone-free
media (JHFM, Appendix I). As roots developed, the number of plantlets that produced
roots and the number of roots per plantlet were recorded. This experiment was repeated
twice with a minimum of 90 plants per treatment. As there was no difference (p = 0.38)
between the experiments, the data were pooled.

Effect of phosphite on formation and anatomy of mycorrhizas
E. marginata clonal lines 11J402 (susceptible) and 324E12 (resistant) were used to
assess the effect of phosphite on mycorrhizal formation. Shoots were maintained and
roots were induced as described previously. Mycorrhizal fungal isolates that formed
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mantles on primary roots in preliminary in vitro experiments (Appendix II) were used in
this and following experiments. The Pisolithus isolates, MH56 and MH108, developed
fungal mantles and caused morphological changes in lateral roots of E. globulus,
E. sieberi and 2 - 3 E. marginata clones in vitro; Scleroderma MH232 formed a mantle
and developed root tips that had mycorrhizal morphology with E. sieberi, Agonis
flexuosa, Melaleuca scabra and four E. marginata clones in vitro, and Scleroderma
MH233 was chosen for its thick mantle development with M. scabra and two
E. marginata clones in vitro.

To examine effects of phosphite on root length and production of lateral roots, the
plantlets were removed from JHFM when roots were 2 – 4 mm long, and placed onto
150 mm Petri plates containing MMN0.5 medium (Appendix I) overlaid with a sterile
cellophane membrane (Appendix I). The root tips were placed against the edge of fungal
colonies of Pisolithus (MH108) and Scleroderma (MH232). The plates were incubated at
25  2oC with a 16/8 h day/night cycle on a 70o slope (Burgess et al., 1995). Root length
was measured at day 2, 4, 6, 8, 10, and 12; where day 0 was the time of transferral of
plantlets to the plates. This experiment was repeated twice with a minimum of 14 plants
per treatment. There was no difference (p = 0.17) between the experiments, so data
were pooled.

To assess any effects of phosphite on root anatomy, shoots of plants with roots 2 – 4 mm
long were phosphite dipped, as previously described, and plants were placed into 250
mL polycarbonate tubs containing MMN0.5 agar with fungal colonies grown on
cellophane. The root tips were placed against the edge of 2 - 3 week-old fungal colonies.
There were 3 plants/tub, and 10 replicate tubs per treatment. The tubs were incubated at
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25 ± 2oC in a 16/8 h day/night cycle. After 4 weeks the roots were harvested, and a
5 mm section was taken 2 mm behind the primary root tip, fixed in glutaraldehyde,
dehydrated and embedded in Spurr’s resin (Appendix I). Thin sections (~1 m thick)
were stained in 1% methylene blue and 1% azure II in 1% borax (Richardson et al.,
1960). The slides were examined under 10 – 40x magnification with an Olympus
compound microscope. For each treatment, at least four roots were examined for the
presence of a mantle, the development of a Hartig net and epidermal cell width:length
(inner tangential:anticlinal wall) ratio. The mantle was assessed for thickness and
layering (Burgess, 1995): 0 = absent, 1 = prosenchyma only, and 2 = both prosenchyma
and synenchyma where the prosenchyma is thicker than the synenchymal layer. The
outer layer (prosenchyma) contains air spaces between the hyphal elements, while the
synenchymal layer has no air spaces (Godbout and Fortin, 1985). The Hartig net was
rated as 0 = absent, 1 = partial, and 2 = complete. Root anatomy was assessed for the
number of cell layers in the cortex, root diameter, stele diameter and cortex radius
(Figure 2.1). Root sections were also examined to determine if phosphite produced
detectable changes in endodermal or hypodermal cell wall thickening through the
deposition of lignin or suberin, expressed as a percentage of roots that showed
thickening.
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Figure 2.1 Representation of transverse section of ectomycorrhizal root showing cell
types but not including fungal hyphae. C = cortex, E = elongated epidermal cell, e =
endodermis, H = hypodermis, R = radial wall of cell, S = stele, T = transverse wall of cell.

Data analysis
The phytotoxicity experiments were examined using ANOVA where the independent and
dependent variables were phosphite concentration and symptom rating, respectively.
The effect of phosphite on mycorrhizal formation was examined using ANOVA, where the
independent variables were clonal line, ectomycorrhizal treatment and phosphite
treatment. The dependant variables were; presence of a mantle, Hartig net, epidermal
cell ratios, number of cell layers in the cortex, root diameter, stele diameter and cortex
radius. There were two clonal lines (E. marginata clone 11J402 [P. cinnamomi
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susceptible] and 324E12 [P. cinnamomi resistant]), 5 ectomycorrhizal fungal treatments
(uninoculated control, Pisolithus isolates MH56 and MH108, and Scleroderma isolates
MH232 and MH233) and two phosphite treatments (0 and 3 g phosphite/L).

Results
Phosphite phytotoxicity in Eucalyptus marginata clones in vitro
In the preliminary trial, concentrations of 7.5 g phosphite/L and above severely damaged
the shoots of clone 530E59 (Figure 2.2). On shoots with few leaves, the damage was
more severe than in plants with more leaves. At 5 g phosphite/L, the shoots were
chlorotic and burnt on greater than 30% of the leaf area with the loss of approximately
20% of the leaves. These shoots remained stunted for 2 months after treatment. Shoots
treated with 10 g phosphite/L were dying by day 6 and at thirty days after treatment 20%
of the shoots were dead. There was no difference (p = 0.1) between the control (water
only) and Synertrol (0.25%) applications.

Phytotoxicity rating

4
3
2
1
0
0

0.5

1

2

2.5

5

7.5

10

Phosphite (g/L)

Figure 2.2 Mean phytotoxicity ratings 0 - 10 days after phosphite treatment on leaves of
Eucalyptus marginata tissue cultured clonal line 530E59 in vitro. Rating; 0 -no visible
effect; 1 - light damage, leaf tips burnt; 2 - moderate damage, 25% of leaf area burnt;
3 -severe damage, over 50% of leaf area burnt; 4 - death. Values are means of 20
plants with SE bars.
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There was no difference (p > 0.05) in symptoms between phosphite concentrations of 2,
2.5 and 3 g/L in any of the five clonal lines (Figure 2.3). These concentrations produced
only slight to moderate symptoms, so 3 g phosphite/L was chosen for the subsequent
experiments as this is closest to foliar application rates used in the field (G Hardy pers.
comm.) without significantly damaging in vitro plant material.

Effect of phosphite on root growth of non-mycorrhizal clonal lines of
Eucalyptus marginata
Phosphite increased (p = 0.05) the number of susceptible (11J402) plantlets that
produced roots (Figure 2.4), but depressed root production (p = 0.04) in the resistant
(324E12) line. Additionally, phosphite decreased (p = 0.09) the percentage of the
resistant plants that produced 2 roots and increased (p = 0.06) the percentage of
resistant plants that produced 3 roots (Figure 2.5). However, phosphite did not have a
significant effect on the number of roots/plant in the susceptible clone.

Effect of phosphite on development of mycorrhizal and nonmycorrhizal roots
There was a 60% decrease (p < 0.001) in root length of the non-mycorrhizal susceptible
clone with 3 g phosphite/L (data not shown). Phosphite also decreased (p = 0.09) the
root length of the mycorrhizal (Pisolithus MH108) susceptible clone. However, phosphite
did not significantly affect root length of the resistant clone.

The greatest number of lateral roots occurred in the non-mycorrhizal resistant clone and
the number of roots declined (p < 0.001) with phosphite (Figure 2.6). Phosphite also
decreased (p = 0.5, 0.4, 0.4) lateral root production of the non-mycorrhizal susceptible
clone at days 6, 8 and 10. However, when both clonal lines were mycorrhizal, phosphite
had no effect (p = 0.16) on the number of laterals produced.
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Figure 2.3 Mean phytotoxicity rating 10 days after phosphite and Synertrol treatment on
leaves of five Eucalyptus marginata tissue cultured clones in vitro. Rating; 0 - no visible
effect; 1 - light damage, leaf tips burnt; 2 - moderate damage, 25% of leaf area burnt; 3 severe damage, over 50% of leaf area burnt; 4 - death. Values are means of 20 plants
with SE bars.
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Time to produce roots after phosphite application (days)

Roots

Figure 2.4 Root initiation of tissue cultured clonal Eucalyptus marginata (susceptible
and resistant clonal line  ) treated with 0 (open symbols) and 3 g phosphite/L (filled
symbols). Values are means with SE bars.

100%

4 roots/plant

80%

3 roots/plant

60%

2 roots/plant

40%

1 root/plant

20%
0%
Susceptible Susceptible
+

Resistant
-

Resistant
+

Clonal line and phosphite

Figure 2.5 The percentage of plants with 1 – 4 root initials in tissue cultured nonmycorrhizal Eucalyptus marginata susceptible (11J402) and resistant (324E12) to
Phytophthora cinnamomi clonal lines treated with 0 (-) and 3 g phosphite/L (+). Values
are means of three experiments with SE bars.

All roots had a dense fungal sheath after 2 weeks. By three weeks after inoculation, all
the basic features of a typical eucalypt mycorrhiza were present (swollen apex, dense
fungal sheath, and development of Hartig net between epidermal cells).
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Laterals/root

4
3
2
1
0
Susceptible
Control

Susceptible
Pisolithus

Resistant
Control

Resistant
Pisolithus

Resistant
Scleroderma

Clonal line and mycorrhizal treatment

Figure 2.6 The average number of lateral roots per primary root of tissue cultured
mycorrhizal Eucalyptus marginata clonal lines Phytophthora cinnamomi susceptible
(11J402) and resistant (324E12) and treated with 0 ( ) and 3 g phosphite/L ( ).
Control = non-mycorrhizal, Pisolithus = isolate MH108, Scleroderma = isolate MH232.
Values are means of three experiments with SE bars.

Root diameter, stele diameter and cortex radius increased (p < 0.1) when the
susceptible clone (0 g phosphite/L) became mycorrhizal with Pisolithus or Scleroderma.
In contrast, there was no difference (p > 0.1) in these measurements between
mycorrhizal and non-mycorrhizal resistant plants (Table 2.3). Further, in both clones,
the application of phosphite to the non-mycorrhizal plant increased (p < 0.01) the root
and stele diam., the cortex radius and number of cortical layers (Table 2.3).
Compared to the substantial increases in root, stele and cortex diameter of nonmycorrhizal plants, phosphite had little effect on mycorrhizal plants. Phosphite treatment
of the susceptible clone / Pisolithus (MH108) increased (p < 0.01) stele diam. and
decreased (p < 0.01) cortex radius. In the resistant clone / Scleroderma (MH232)
interaction, both stele diam. and cortex radius increased (p < 0.01) (Table 2.3).

Phosphite had no effect (p > 0.05) on the Hartig net rating of any interaction. The most
conspicuous difference observed was a clonal difference with Pisolithus isolate MH108.
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The Hartig net of Pisolithus MH108 was less developed in the susceptible clonal line than
in the resistant line. Pisolithus isolate MH56 formed well developed Hartig nets,
classified as strong associations, with both clones. Scleroderma did not form a Hartig net
with the resistant clone, however, isolate MH232 formed a strong association with the
susceptible clonal line.

In one mycorrhizal association, phosphite almost tripled the mantle thickness (p = 0.014)
and altered the structure of the mantle layers (p = 0.02) of the resistant clone / Pisolithus
MH108. Here, phosphite caused the mantle layers to differentiate more often into
prosenchyma and synenchyma. In contrast, phosphite did not affect (p > 0.15) mantle
thickness or the structure of the mantle in the susceptible clone.

The application of phosphite had no effect (p > 0.05) on the epidermal cell ratio of either
mycorrhizal clonal line. However, in non-mycorrhizal plants of both clonal lines,
phosphite induced a response similar to the mycorrhizal response, by stimulating
epidermal elongation.

In both clones, phosphite had no effect on the structure of the endodermis of nonmycorrhizal plants. In control plants (0 phosphite), the addition of Pisolithus or
Scleroderma resulted in an increase of endodermal lignin or suberin thickening. When
the mycorrhizal plants were treated with phosphite, there was a general decrease in
endodermal thickening (Figure 2.7). The two exceptions were the susceptible clone /
Pisolithus MH108 where there was an increase (p = 0.03) in endodermal thickening, and
the resistant clone / Pisolithus MH56 where there was no change.
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The hypodermis reacted to phosphite in the same way as the endodermis in the nonmycorrhizal plants of both clones. In the susceptible clone (0 g phosphite/L) the
percentage of roots with thickening in the hypodermal cells increased, when in
association with the mycorrhizal fungi. In contrast, only Pisolithus isolate MH56 caused
thickening in the resistant clonal line.
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Change (%)
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0
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Scleroderma
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Figure 2.7 Percentage change in number of roots showing endodermal thickening of
tissue cultured mycorrhizal Eucalyptus marginata clonal lines, susceptible(11J402 )
and resistant (324E12 ) to Phytophthora cinnamomi, 4 weeks after treatment with 3 g
phosphite/L compared to non treated controls.

When the mycorrhizal plants were treated with phosphite, there was a general increase
in the percentage of roots with hypodermal thickening (Figure 2.8). The two exceptions
were the susceptible clone / Scleroderma MH232 where the percentage of roots showing
hypodermal thickening was almost halved, and the resistant clone / Scleroderma MH232
where there was no change.
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Table 2.3 Effect of phosphite application on root anatomy of two tissue cultured Eucalyptus marginata clonal lines susceptible
(11J402) and resistant (324E12) to Phytophthora cinnamomi 4 weeks after treatment with 3 g phosphite/L. Mycorrhizal rank
determined from Hartig net formation (1 is strongest – 4 weakest).  SE in parenthesis with significant effects (p < 0.05) underlined.
Clonal
line

Mycorrhizal
fungi/isolate
number

Mycorrhizal
rank

Phosphite (g/L)
11J402

324E12

Control

Root diameter
(M)

Stele diameter
(M)

Cortex diameter
(M)

Number of cortical cell
layers

0

3

0

3

0

3

0

3

251.1 (5.5)

399.6 (34.6)

86.9 (1.9)

122.1 (0.9)

62.8 (4.2)

125.3 (26.1)

4.3 (0.5)

5.7 (0.9)

Pisolithus
MH56

1

425.2 (29.7)

411.0 (61.9)

123.2 (14.8)

111.0 (14.0)

124.7 (14.2)

120.4 (19.6)

5.7 (0.3)

6.3 (0.6)

Pisolithus
MH108

3

540.0 (28.4)

513.5 (27.2)

160.2 (6.3)

184.3 (6.8)

174.2 (13.4)

141.8 (9.9)

8.9 (0.4)

8.0 (0.6)

Scleroderma
MH232

2

375.9 (28.7)

360.9 (27.2)

100.5 (11.5)

105.1 (6.5)

105.2 (10.5)

120.2 (11.8)

5.9 (0.4)

6.7 (0.4)

Scleroderma
MH233

4

383.9 (24.1)

351.7 (30.0)

129.6 (10.5)

129.6 (14.0)

106.1 (6.7)

101.7 (2.3)

5.9 (0.2)

5.8 (0.3)

310.6 (23.4)

411.8 (40.7)

113.4 (7.3)

145.3 (18.4)

96.0 (10.4)

128.1 (13.3)

5.3 (0.3)

6.2 (0.3)

Control
Pisolithus
MH56

1

377.5 (25.1)

447.6 (52.5)

119.3 (12.0)

131.7 (20.6)

114.7 (9.6)

121.6 (16.4)

6.2 (0.2)

6.9 (0.7)

Pisolithus
MH108

2

377.6 (18.5)

414.9 (39.0)

139.1 (8.1)

123.4 (12.3)

98.8 (6.5)

118.0 (12.2)

6.0 (0.3)

6.1 (0.6)

Scleroderma
MH232

4

360.2 (23.2)

455.4 (34.2)

135.4 (10.2)

216.3 (24.8)

95.0 (9.7)

167.2 (23.0)

5.8 (0.2)

6.9 (0.6)

Scleroderma
MH233

3

372.2 (44.2)

387.4 (29.3)

130.9 (13.0)

152.9 (9.3)

102.7 (14.4)

125.8 (21.1)

5.8 (0.3)

6.5 (0.6)
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Figure 2.8 Percentage change in number of roots showing hypodermal thickening of
tissue cultured mycorrhizal Eucalyptus marginata clonal lines susceptible (11J402 )
and resistant (324E12 ) to Phytophthora cinnamomi 4 weeks after treatment with
3 g phosphite/L compared to non treated controls.

Discussion
In these short term in vitro experiments, foliar application of 3 g/L phosphite had no effect
on the Hartig net ranking or thickness of the mantle in E. marginata clones inoculated
with ECM fungi. Therefore, it is unlikely that phosphite affects recognition factors and
has little impact on the interface between the host and fungus, in most interactions.
Phosphite altered the host response to the ECM fungi by reducing the thickening of the
endodermal walls in most associations. In the resistant clone, phosphite generally
increased hypodermal thickening whereas in the susceptible clone the hypodermis was
reduced depending on the ECM fungus.

Phosphite altered root growth in non-mycorrhizal plants, but the effects were partly clone
dependant. For example, phosphite increased root initiation in the susceptible clonal line
but decreased lateral root production in the resistant clonal line. Phosphite treated plants
had larger root diameters due to the expansion of the stele and cortex in both clonal
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lines. The cortex of phosphite treated plants had more cells which were larger in
diameter than control plants. Factors which may have contributed to the altered growth
include increased hormonal production and cell hypertrophy in phosphite treated plants.

In the susceptible clone, phosphite increased the size of the cortical cells, while in the
resistant clone a greater number of cells resulted. Hypertrophy has been reported as a
compatible response in a host/pathogen interaction (Sutic and Sinclair, 1991). For
example, hypertrophy was observed in susceptible chickpea plants in response to
Fusarium oxysporum invasion but not in resistant plants (Kunwar et al., 1989). In the
incompatible interaction between the resistant clone and Scleroderma MH232, where
there was no production of a Hartig net and mantle, hypertrophy was also evident.

Perhaps phosphite resulted in increased auxin production in the resistant clone where an
increase in cortical cells was observed. Phosphite induced a similar host response in the
non-mycorrhizal susceptible clonal line to that of Pisolithus MH56 which formed a well
developed Hartig net. Firstly, there was an increase in root and stele diameter, and
cortex radius. Phosphite also caused a doubling in epidermal cell elongation, which also
occurs in ECM due to auxin stimulation of the epidermal cells (Harley and Smith, 1983).
Seymour et al. (1994) found that after phosphite treatment the uptake of P, Zn and N
were significantly reduced. This may be caused by root or leaf damage through
phosphite phytotoxicity. A decrease in epidermal cell extension can occur if epidermal
cells are low in P (Marschner, 1995) which suggests that phosphite may be triggering
hormonal changes in the non-mycorrhizal root.

Root tips may be vulnerable to high concentrations of phosphite. Phosphite appears to
move freely in the phloem and can accumulate in root tips. For example, after treatment

31

Chapter Two
with 2.5 and 5 g phosphite/L Eucalyptus calophylla, HPIC analysis of root, stem and leaf
tissue revealed the greatest phosphite concentration in root tips (1800 g/g) (Fairbanks
et al., 2000). Sukarno et al. (1998) suggested that mycorrhizal plants may convert
phosphite to phosphate when it was found that non-mycorrhizal plants accumulated more
phosphonate (phosphite) than mycorrhizal (VAM) plants. However, there is no evidence
that plants can metabolise phosphite (Guest and Grant, 1991). Phosphite may remain
bound up in plant tissue as inorganic P in the vacuole therefore not influencing the
formation of mycorrhizal associations.

At a structural level, phosphite did not impact on the formation of ectomycorrhizae but
these results can not necessarily be extrapolated for glasshouse and field trials. In the
current study it was not possible to measure levels of phosphite in the roots after it was
applied to shoots due to the amount of available tissue, so it is not known if phosphite is
translocated as efficiently to the roots in micropropagated plantlets. Furthermore, it is not
known if phosphite behaves the same way in planta under the in vitro conditions as it
would in seedlings. Uncertainty remains as to the levels of phosphite that may have
accumulated in the roots. Hence, there is a need to examine the effect of phosphite on
ECM formation under in vivo conditions (Chapter 4). It also remains to be determined
whether phosphite can alter the functioning of mycorrhizas, in particular their possible
role in host defence. In light of the effect on phosphite on some mycorrhizal
associations, the resistance to P. cinnamomi of mycorrhizal plants treated with phosphite
needs further investigation (Chapters 6 and 7). Firstly, it is important to determine the
response of mycorrhizal fungi to phosphite and phosphate concentrations in vitro
(Chapter 3).
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EFFECT OF PHOSPHITE ON IN VITRO GROWTH OF
ECTOMYCORRHIZAL FUNGI
Introduction
Most research on the response of fungal species to phosphite, in vitro, has focused on
the Oomycetes and to date, there have been no studies on ecto- or endo-mycorrhizal
fungi. For this reason, the effect of phosphite on non-mycorrhizal species will be
discussed here as background to this chapter. Studies on the response of pathogenic
organisms in the Oomycetes, Ascomycetes and Hyphomycetes to phosphite suggest
responses and concentration ranges that may apply to the Basidiomycetes. Initial
investigations suggested that greater than 1 mg/mL of Fosetyl-Al in vitro was required to
completely inhibit mycelial growth of Phytophthora species (Smith, 1979; Farih et al.,
1981). However, later research on Phytophthora shows ED50 values to be at least 100x
lower indicating that some species show greater sensitivity to phosphite than previously
thought (Tables 3.1 and 3.2).

In addition to the different forms of phosphite used in these studies, there are other
problems with the interpretation of the ED50 values presented in Table 3.1. For example,
the ED50 values are from experiments conducted on media with unknown phosphate
levels. The levels of phosphate in a culture medium are known to influence the
antifungal activity of phosphite (Rouhier et al., 1993). Davis et al. (1994) found that
Oxoid agar contained 0.06 mM phosphate and subsequently used agarose. Bompeix
and Saindrenan (1984) noted that corn meal agar (CMA) contained 0.38 mM phosphate.
Bacteriological agar (Sigma-Aldrich) contains 0.13% P, which equates to approx 0.4 mM
P at 10 g agar/L. In addition to these differences, the addition of phosphite to a medium
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prior to autoclaving results in some phosphite being oxidised to phosphate (Komorek and
Shearer, 1997). It is therefore necessary to filter sterilise phosphite and add to the
autoclaved medium once it has cooled to ensure that the phosphite concentrations added
to the medium are accurate. Table 3.2 outlines previous research with known phosphate
levels, where the ED50 values range from 1.5 to 606 g/mL for different Phytophthora
species and isolates within a species, and assumes the active ingredient is H3PO3.
Since in the majority of these studies the phosphite was autoclaved, it is likely that most
of the results in Table 3.2 are probably inaccurate and the potential range of ED50 values
for Phytophthora species may be as low as 4-48 g phosphite/g (Fenn and Coffey, 1984;
Wilkinson, 1997).

There have only been a few studies which have examined the effect of phosphate on the
efficacy of phosphite in vitro (Fenn and Coffey, 1984; Griffith et al., 1989a; Davis et al.,
1994; Darakis et al., 1997) (Table 3.1 and 3.2). The Hyphomycete Fusarium oxysporum
f. sp. cubense was insensitive to phosphite in vitro under high phosphate conditions,
while at lower phosphate concentrations it was more sensitive (Davis et al., 1994).
However, it is necessary to determine the phosphate optima of each species (Davis et
al., 1994), otherwise it is difficult to know if the ED50 value resulted from a fungus being
deficient in phosphate, or from phosphate inhibiting or reducing phosphite uptake.
Perhaps in the case of Darakis et al. (1997), both phosphate levels used were limiting for
maximum growth (Table 3.2).

The experiments in this chapter were undertaken to determine if there is an interaction
between phosphite and phosphate concentrations in vitro on growth and survival of ECM
fungi. Three genera of early colonising ECM fungi, Laccaria, Scleroderma and Pisolithus
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were chosen for the study because they are associated with a wide range of
Phytophthora sensitive plants in Australia. In addition, the effect of phosphite
concentration on the uptake of phosphate by Laccaria was examined.

Table 3.1 Maximum ED50 values from radial measurements of mycelial growth of a
range of fungi in response to phosphite with unknown phosphate levels in the medium.
Species

ED50
g/mL

Medium

Source of
phosphite

Phosphite
autoclaved

No of
isolates

Reference

11.3

CMA

Fosetyl-Al

?

1

Lim et al.
(1990)

80

V8A

H3PO3

No

1

Fenn & Coffey
(1985)

P. cinnamomi

<300

V8A

H3PO3

No

1

Rohrbach &
Schenck
(1985)

P. citrophthora

285

V8A

efosite Al
(Fosetyl-Al)

?

1

Farih et al.
(1981)

P. nicotianae
var. nicotianae

47

MHA

H3PO3

No

1

Guest (1986)

P. nicotianae
var. nicotianae

~25

CMA

H3PO3

?

2

Flett et al.
(1990)

P. palmivora

130

CMA

H3PO3

?

6

Dolan & Coffey
(1988)

P. parasitica

1146

V8A

efosite Al
(Fosetyl-Al)

?

1

Farih et al.
(1981)

P. parasitica

<300

V8A

H3PO3

No

1

Rohrbach &
Schenck
(1985)

Pythium
aphanidermatum

275

CMA

H3PO3

?

1

Sanders et al.
(1990)

1200

V8A

H3PO3

No

1

Rohrbach &
Schenck
(1985)

Oomycetes
Phytophthora
cactorum
P. capsici

Ascomycetes
Ceratocystis
paradoxa

CMA = Corn Meal Agar

V8A = V8 Agar

MHA = modified Hewitt’s agar

? = not specified

35

Table 3.2 Maximum ED50 values for in vitro mycelial growth of a range of fungi in response to phosphite with known levels of
phosphate in the medium.
Species

ED50

Medium

Source of
phosphite

Phosphite
autoclaved*

Phosphate
(mM)

No of
isolates

Measurement

Phytophthora
boehmeriae

40.6

RMA

H3PO3

Yes

0.84

1

Radial

Coffey & Bower (1984)

P. cactorum

67.1

RMA

H3PO3

Yes

0.84

1

Radial

Coffey & Bower (1984)

P. capsici

5.4

RMA

H3PO3

No

0.084

2

Radial

Fenn & Coffey (1984)

P. capsici

34.7

RMA

H3PO3

Yes

0.84

3

Radial

Coffey & Bower (1984)

P. capsici

~520

RMA

H3PO3

Yes

0.05 (low)

1

Radial

Darakis et al. (1997)

P. capsici

~600

RMA

H3PO3

Yes

0.5

1

Radial

Darakis et al. (1997)

P. cinnamomi

4.2

RMA

H3PO3

No

0.084

1

Radial

Fenn & Coffey (1984)

P. cinnamomi

11.9

RMA

H3PO3

Yes

0.84

3

Radial

Coffey & Bower (1984)

P. cinnamomi

6.2

RMA

H3PO3

?

0.084

4

Radial

Coffey & Joseph (1985)

P. cinnamomi

4 - 48

RMA

K2HPO3

No

7.35

66

Radial

Wilkinson (1997)

P. citricola

7.0

RMA

H3PO3

Yes

0.84

2

Radial

Coffey & Bower (1984)

P. citricola

1.7

RMA

H3PO3

?

0.084

3

Radial

Coffey & Joseph (1985)

g/mL

Reference

Oomycetes

Chapter Three
Table 3.2 cont… Maximum ED50 values for in vitro mycelial growth of a range of fungi in response to phosphite with known levels of phosphate in the medium.
23

RMA

KH3PO3

Yes

0.1 (low)

1

Dry wt

Niere et al. (1994)

P. citrophthora

10.4

RMA

H3PO3

Yes

0.84

2

Radial

Coffey & Bower (1984)

P. citrophthora

~28

RMA

Na2HPO3

Yes

0.084

1

Radial

Barchietto et al. (1988)

P. infestans

224.4

RMA

H3PO3

Yes

0.84

1

Radial

Coffey & Bower (1984)

P. infestans

2

RSB

H3PO3

Yes

0.1 (low)

1

Dry wt

Niere et al. (1994)

91.2

RMA

H3PO3

Yes

0.84

3

Radial

Coffey & Bower (1984)

P. melonis

46

RMA

K2H3PO3

Yes

0.1 (low)

1

Dry wt

Niere et al. (1994)

P. nicotianae

21

RMA

KH3PO3

Yes

0.1 (low)

1

Dry wt

Niere et al. (1994)

P. palmivora

39-51

RMA

KH3PO3

Yes

0.1 (low)

2

Dry wt

Niere et al. (1994)

P. parasitica

30.9

RMA

H3PO3

Yes

0.84

1

Radial

Coffey & Bower (1984)

~80

RMA

H3PO3

?

0.07

1

Dry wt

Davis et al. (1994)

~2040

RMA

H3PO3

?

1 (sufficient)

4

Radial

Davis et al. (1994)

~2780

RMA

Na2HPO3

Yes

0.084

1

Radial

Barchietto et al. (1988)

P. citricola

P. megasperma

Hyphomycetes
Fusarium
oxysporum
F. oxysporum
Ascomycetes
Nectria
haematococca

*Autoclaving causes oxidation of phosphite to phosphate.

RMA = Ribeiro’s modified agar.

RSB = Rye seed broth.

? = not specified.
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Methods
Three isolates each of Pisolithus (MH56, MH108, MH182), Scleroderma (MH230,
MH232, MH233) and Laccaria (ME45, ME50, ME53), selected from preliminary
experiments (Appendix II) were used to examine the effect of phosphite on mycelial
growth and survival in vitro. Ribeiro's Modified Agar (RMA) and Ribeiro's liquid medium
(RLM) (Appendix I) were chosen as they allow the easy manipulation of phosphate
concentration. However, growth of Pisolithus on RMA was poor, even with the addition
of 10 g sucrose/L. Therefore, the medium developed by Cairney and Smith (C&S,
Appendix I) was used for the Pisolithus isolates.
The agar incorporated into RMA and C&S media was A7002 (Sigma-Aldrich) which
contained 0.01% total P (32 M). This P level is considerably lower than most
commercially available agars.

Inoculum preparation
Inoculum was prepared by inoculating each isolate onto the roots of aseptically grown 2week-old Eucalyptus globulus seedlings, in vitro. This ensured that all of the cultures
were of the same age and physiological status. After 4 weeks in contact with roots, the
fungi were recovered from around the roots and placed on RMA or C&S medium
amended with 1 mM phosphate and 4.5 g/L glucose with 20 mL medium/plate. The fungi
were incubated in the dark at 25 ± 1oC for 1 (Laccaria), or 3 weeks (Scleroderma and
Pisolithus) prior to use.
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Experiment 1 - Phosphate and phosphite biomass response curves for Laccaria,
Scleroderma and Pisolithus
To obtain phosphate growth response curves for one isolate of each fungal genus, a
range of concentrations between 0 and 1 M were tested. Inoculum was grown on RMA
with 1 mM phosphate.

Inoculum plugs of 9 mm diam. cut with a sterile cork borer, from colonies of Laccaria
(ME45) and Scleroderma (MH232), were transferred fungal side up, to the centre of 9 cm
Petri plates containing 20 mL of RMA with a sterile cellophane overlay (Appendix I)
containing 0, 1, 10, 100, 1000 M and 250 mM phosphate for 31 days in the dark at 25 ±
1oC. There were five replicates per treatment. To harvest the mycelium from the Petri
plates, the cork borer was used to remove the original inoculum plug. The remaining
hyphae were scraped from the cellophane and dried in Eppendorf tubes at 37oC for 2
days prior to measuring the dry weight.

The phosphate optimum for Pisolithus (MH56) was determined in 100 mL RLM with 0,
10, 100, 1000 M, 100 and 250 mM phosphate after 10 days incubation, in the dark, at
25 ± 1oC. Control cultures received an equal volume of filter sterilised H2O. There were
five replicate 250 mL conical flasks for each fungal treatment. The mycelia were
harvested from the liquid medium on day 10, during the exponential growth phase, by
vacuum filtration onto pre-weighed filter paper and dried at 60oC for 2 days prior to
weighing. This experiment was repeated once for each isolate. There was no difference
(p = 0.41) between the two experiments, so the data were pooled.
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The same isolates were used to determine the effect of phosphite on growth. A sterile
solution of phosphite was prepared from Fosject 400 (400 g/L mono-di-potassium
phosphite, Unitech Australia P/L) by filtering through a sterile 0.22 m Millipore filter
(Millex-HA). The appropriate volumes of phosphite were added to the solid and liquid
medium after they had had been autoclaved and cooled to 50C. To obtain a phosphite
response curve for each fungal isolate 0, 1, 10, 100, 1000 M and 250 mM phosphite
was incorporated in the same media as in Experiment 1. They were incubated in the
dark at 25 ± 1oC, for 31 (Laccaria and Scleroderma) or 10 days (Pisolithus). There were
five replicates per treatment and the experiment was repeated once. Dry weights were
determined as described above, there was no difference (p = 0.34) between two
experiments, so the data were pooled.

Experiment 2a – The effect of phosphite on colony morphology, radial growth and
biomass of Laccaria and Scleroderma on a solid medium containing phosphate and
phosphite. The effect of phosphite on phosphate uptake in Laccaria.
RMA was prepared as in Experiment 1. The use of the cellophane membrane overlay
allowed a direct comparison between radial growth and biomass. Three isolates of
Laccaria (ME45, ME50 and ME 53) and Scleroderma (MH230, MH232, MH233) were
tested. There were 5 replicates for each treatment containing phosphate (0, 1, 10, 100
and 1000 M) and phosphite (0, 1, 10, 100 and 1000 M) and they were incubated for 31
days as in Experiment 1.

The radial growth of each isolate was measured at 7 day intervals for 28 days and then
on day 31. The growth of each isolate was calculated by measuring the diam. along two
perpendicular axes and taking the average measurement minus the diam. of the
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inoculum plug. The radial growth rates of the cultures showed that they were still in the
exponential growth phase at 31 days. Biomass was measured as in Experiment 1.

Colony morphology was examined at all phosphate and phosphite concentrations. At 0
and 1000 M phosphate and phosphite, hyphae were examined at 400 x magnification.
This experiment was repeated once and as there was no difference (p = 0.18) between
the two experiments the data were pooled.

Dried fungal samples (5 - 10 mg) of three isolates of Laccaria from Experiment 2a (0, 100
and 1000 M phosphate and phosphite) were sealed in Eppendorf tubes and stored at
4oC prior to HPIC analysis. The samples were analysed using a standard HPIC layout as
described by (Roos et al., 1999). The mobile phase was 20 mM succinic acid (Aldrich
Chemical Company, USA) solution adjusted to pH 3.4 using concentrated NaOH. The
flow rate for the mobile phase was 1 mL/min. A fresh mobile phase was used during
analysis to ensure minimal fungal growth. The solution was filtered through a 0.45 m
Millipore filter to remove any particles and to degas the solution.

Phosphate and phosphite standards were prepared using appropriate quantities of
phosphorous acid and potassium phosphate (Aldrich Chemical Company, USA). Fungal
samples were preweighed and extracted overnight in 5 mL distilled water, followed by
filtration (0.45 m Millipore filter).

The run times of the standards and the samples were 25 and 45 min, respectively.
Various regeneration procedures were used every 24 h to restore column efficiency. A
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regenerating solution of filtered nitric acid (250 mL of 70% acid in 1.75 L distilled water)
and filtered technical grade methanol was routinely used. Full scale column regeneration
entailed flushing columns with deionised water, followed by 200 mM succinic acid buffer,
deionised water, 2 M nitric acid, deionised water, methanol, acetone, dichloromethane
and then methanol.

Experiment 2b – Growth of Pisolithus in liquid medium containing different
combinations of phosphate and phosphite
A 9 mm diam. plug from Pisolithus isolates (MH56, MH108, MH182) was added to each
250 mL glass jar containing 50 mL C&S medium and 0, 10, 100 and 1000 M phosphate
and phosphite. These still cultures were incubated in the dark at 25 ± 2oC for 10 days.
This time frame allowed for substantial growth differences between treatments and each
harvest was completed before the fastest growing treatments had filled one third of the
liquid medium. This ensured that nutrients did not become limiting and secondary
metabolites did not adversely influence growth rates. There were 5 replicates per
treatment. This experiment was repeated once and as there was no difference (p = 0.21)
between the experiments the data were pooled.

The change in pH of the liquid C&S medium used for the Pisolithus isolates was
measured during the experiment. Initially, the medium was adjusted to pH 5.5 with
NaOH, determined again after autoclaving and phosphite addition, and finally measured
at harvest to ascertain the effect of phosphite addition and mycelial growth on the pH of
the medium. There were 5 replicates for each concentration and as there was no
difference (p = 0.47) between the isolates the data were pooled.
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Experiment 3 – To determine whether phosphite is fungistatic or fungicidal
Agar plugs of Laccaria (ME45, ME50, ME53), Scleroderma (MH230, MH232, MH233)
and Pisolithus (MH56, MH108, MH182) were placed onto cellophane covered C&S
medium containing 1, 250, 500, 750 mM and 1 M phosphate or phosphite (as prepared in
Experiment 1). Those that showed no growth after 30 days were transferred fungal side
down onto ½PDA (Appendix I), where the presence or absence of growth 10 days later
determined if the concentration of phosphite was fungicidal or merely fungistatic. There
were 5 replicate plates for each concentration.

Experiment 4 – The level of phosphite in water required to kill ectomycorrhizal
mycelial plugs
Each of the three isolates of Laccaria, Scleroderma and Pisolithus were tested. Mycelial
plugs (as prepared in Experiment 1) were placed into 10 mL sterile deionised water
containing 0, 10, 20, 30, 50, 80, 100, 120, 140 and 160 mM phosphite. Phosphite did not
change the pH of the water. These still cultures were incubated in the dark at 25 ± 2oC
for 10 days, then the plugs were retrieved, rinsed once in sterile deionised water and
placed onto ½PDA, for a further incubation of 20 days. There were 5 replicates for each
concentration. Growth of mycelia onto the fresh medium indicated fungal survival.

Data Analysis and Statistics
All experiments were a randomised complete design. The independent variables were
phosphate and phosphite concentration and fungal isolate. The dependent variables
were dry weight, radial growth and phosphate uptake. All data were analysed using the
statistical package Statistica for Windows Version 5.1 (StatSoft Inc., OK, USA). All
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results from these experiments were examined for major violations of the assumptions of
multivariate analysis. Dry weights and radial growth of Scleroderma isolates deviated
from normality so data were arcsine square root transformed. There were deviations
from normality and the test of homogeneity for variances (Cochrane C univariate test)
produced some significant differences in HPIC data sets, so the data were transformed
using Log10. Transformed data for hyphal phosphite concentrations showed significant
deviation from normality and could not be analysed. Phosphate concentrations fitted a
normal distribution so were compared for all phosphate and phosphite concentrations
using a two-way ANOVA to determine if the two independent variables, phosphate and
phosphite in the media, were having an effect on each isolate.

Results
Experiment 1 - Phosphate optima and the effect of phosphite on fungal growth
Fungal response to phosphate differed between fungi. The growth of Laccaria isolate
ME45 increased with phosphate concentration from 0 – 1000 M and declined thereafter
(Figure 3.1a). By contrast, growth of Laccaria was inhibited (p = 0.01) between 10 and
100 M phosphite. There was little response in the biomass of Scleroderma (isolate
MH232) to phosphate, except for growth repression at 1 and 100 M. Scleroderma was
very sensitive to phosphite as 1 M phosphite inhibited growth (p = 0.007) (Figure 3.1b).
The growth of Pisolithus (isolate MH56) decreased between 0 – 100 M phosphate, then
increased to 1000 M (Figure 3.1c). When phosphite was the sole source of P, the
growth of Pisolithus declined as the phosphite concentration increased.
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Experiment 2 - The effect of phosphite on colony morphology, radial growth and
fungal biomass
Colony morphology of Scleroderma varied between isolates at all phosphate and
phosphite concentrations. At low phosphite concentrations (0 – 10 M), Scleroderma
mycelium grew evenly as a thick mat, while at higher phosphite concentrations the
mycelial growth was sparse and growth was uneven. In Laccaria, there were no visible
differences in colony morphology, except at 0 phosphate where concentric bands of
growth were seen (Figure 3.2). At all phosphate and phosphite concentrations
examined, no hyphal irregularities, such as lysis or deformities, were seen in the hyphae
of any of the fungal isolates.
Laccaria
Phosphite generally depressed the biomass of each isolate at low (0 to 10 M)
phosphate but biomass generally increased irrespective of phosphite, as phosphate
concentration increased (Figure 3.3a). There was a difference (p < 0.001) in mycelial dry
weight between isolates. Isolate ME45 generally produced up to 20 times more biomass
than the other two Laccaria isolates. At the lower phosphate concentrations (0, 10 M),
ME50 had greater (p = 0.009) biomass than ME53 (Figure 3.3a).

At low levels of phosphate (0 - 10 M), radial growth (p < 0.001) declined as the
phosphite concentration increased above 10 M (Figure 3.3b). When phosphate was
higher (1000 M) the decrease was less pronounced. There was a difference (p < 0.001)
between Laccaria isolates in almost every interaction, with isolate ME53 showing the
highest growth, followed by ME50, then ME45 (Figure 3.3b).
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Figure 3.1 Phosphate ( ) and phosphite ( ) growth curves of mycelial dry weight of a)
Laccaria isolate ME45 and b) Scleroderma isolate MH232 grown on Ribeiro’s Modified
agar and c) Pisolithus isolate MH56 grown in Ribeiro’s Liquid medium. Values are
means of 10 replicates with SE bars.
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Figure 3.2 Irregular growth pattern in Laccaria colony grown on Ribeiro’s Modified Agar
in the absence of phosphate. Bar = 9 mm.

Multivariate analysis showed that there were differences (p < 0.001) between dry weight
and radial growth in all three isolates of Laccaria at all phosphate and phosphite
concentrations. The greatest growth ranking of isolates by fungal dry weight differed
from rankings based on radial growth.
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Figure 3.3 Biomass (a) and radial growth (b) of Laccaria isolates ME45 ( ), ME50
( ) and ME53 ( ) grown for 31 days on RMA with different concentrations of
phosphate and phosphite. On X axis lower most value is phosphate and the upper most
is phosphite concentration. Values are means of 10 replicates with SE bars.

Scleroderma
Phosphite generally decreased the biomass of Scleroderma isolates MH232 at all
phosphate concentrations (Figure 3.4a). The mycelial biomass between isolates of
Scleroderma grown on solid media at different concentrations of phosphite and
phosphate were less variable than for the Laccaria isolates. At low phosphate (0, 10 M)
and high phosphite (1000 M) isolate MH230 did not grow. Biomass of isolate MH233
was greatest at high phosphate (1000 mM) and high phosphite (1000 M).
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Generally, phosphite reduced (p = 0.002) radial growth of isolate MH232 at all phosphate
concentrations. At high phosphate concentrations (100 and 1000 M) the addition of 10
and 100 M of phosphite increased (p < 0.05) the radial growth of isolate MH230 (Figure
3.4b). There was no relationship (p < 0.001) between radial growth and biomass
revealed by multivariate analysis for all three isolates of Scleroderma at all phosphate
and phosphite concentrations tested.
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Figure 3.4 Biomass (a) and radial growth (b) of Scleroderma isolates MH230 ( ),
MH232 ( ) and MH233 ( ) grown for 31 days on Ribeiro’s Modified agar with different
concentrations of phosphate and phosphite. On X axis lower most value is phosphate
and the upper most is phosphite concentration. Values are means of 10 replicates with
SE bars.
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In the three isolates of Laccaria, phosphate accumulation in the mycelium was
dependant on the phosphate supply in the medium but there was no interaction between
phosphate accumulation and phosphite supply (Table 3.3).

Table 3.3 ANOVA of phosphate uptake, detected by HPIC, in three isolates of
Laccaria grown on medium containing phosphate and phosphite.
p-level
Phosphate in medium

<0.001

Phosphite in medium

0.013

Isolate

<0.001

Phosphate x phosphite in medium

0.46

Phosphate in medium x isolate

<0.001

Phosphite in medium x isolate

<0.001

Phosphate x phosphite in medium x isolate

0.006

Generally, when phosphate was absent, more phosphite was taken up and as phosphate
increased in the medium, all Laccaria isolates took up less phosphite. In the absence of
phosphate there were differences (p < 0.05) in the ability of the three Laccaria isolates to
accumulate phosphate (Figure 3.5a) and differences were generally greater when the
phosphate concentration of the medium was high (1000 M). There was no difference
(p = 0.082) in internal phosphate concentration in ME53 at any phosphate and phosphite
combinations. By contrast, the internal phosphate concentration of ME50 increased
(p = 0.058) under the same circumstances. ME50 increased (p = 0.027) its internal
phosphate concentration at low and high (0, 1000 M) phosphate when phosphite was
present. At 100 M phosphate, there was no significant difference between the internal
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phosphate concentrations of ME50 and ME53 when phosphite was absent, low (100 M)
or high (1000 M).

For ME53 there was a weak correlation (r2 = 0.57) between dry weight and amount of
phosphate detected in the mycelium.

Detection of phosphite by HPIC was not as sensitive as for phosphate, and where
detected the phosphite concentrations were more variable than phosphate (Figure 3.5b).
However, generally, as phosphate concentration increased, phosphite uptake was
reduced. It is assumed that phosphate and phosphite which crossed the cellophane
membrane was taken up by the hyphae and any phosphate and phosphite external to the
hyphae at the time of harvest was negligible.

Experiment 2b - The effect of phosphite on biomass of Pisolithus in a liquid medium
containing different concentrations of phosphate and phosphite
Generally, as phosphite increased Pisolithus fungal biomass decreased (Figure 3.6).
MH56 grew more (p < 0.001) at high phosphate (1000 M) in contrast with the other two
isolates. There was no change (p = 0.33) in growth of MH108 with increasing phosphite
when phosphate was high (100 – 1000 M). Growth of MH182 was inhibited (p = 0.04)
at high (1000 M) phosphite only.

pH of liquid cultures
The forms of phosphate and phosphite are pH dependant, therefore changes in pH of the
media during hyphal growth are of interest. The original pH of the medium was 5.5.
Autoclaving and adding phosphite (100 and 1000 M) did not change (p=0.6) the pH.

51

Chapter Three
However, after 10 days of mycelial growth, the pH had decreased in all interactions
(Figure 3.7). As the concentrations of phosphite increased in the medium, the pH
decreased less. There was no difference (p = 0.27) between the three isolates of
Pisolithus, so data were pooled. At 1000 M phosphate (100 and 1000 M phosphite),
the pH decreased further (p = 0.03). The decrease in pH was correlated (r2 = 0.79) with
fungal biomass (Figure 3.8).

Figure 3.5 Phosphate (a) and phosphite (b) detected by HPIC in the mycelium of 3
isolates of Laccaria (ME45 , ME50 and ME53
) grown on Ribeiro's Modified Agar
containing different concentrations of phosphate and phosphite. On X axis lower most
value is phosphate and the upper most is phosphite concentration. Values are means of
3 replicates with SE bars.
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Figure 3.6 Fungal biomass of Pisolithus isolate MH56 ( ), MH108 ( ) and MH182 ( )
grown for 10 days in Cairney and Smith’s liquid medium containing different
concentrations of phosphate and phosphite. On X axis lower most value is phosphate
and the upper most is phosphite concentration. Values are means of 10 replicates with
SE bars.
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Figure 3.7 Mean pH of Cairney and Smith’s liquid medium after 10 days growth of 3
isolates of Pisolithus (data combined) containing 4 phosphate concentrations and 0 ( ),
100 M ( ) and 1000 M ( X ) phosphite. Initial pH for all treatments was 5.5. Values
are means of 10 replicates.
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Figure 3.8 Correlation between dry weight of Pisolithus mycelium, grown in liquid
Cairney and Smith’s medium containing different concentrations of phosphate and
phosphite, and the pH of the medium.

Experiment 3 – Phosphate and phosphite levels required to kill the mycelium of
Laccaria, Scleroderma and Pisolithus isolates on agar
The Laccaria isolates showed greater sensitivity to phosphite than phosphate, with no
recovery at levels above 500 mM phosphite (Figure 3.9). Mycelial plugs of Scleroderma
and Pisolithus tolerated the same concentration of phosphite as phosphate. There was

Phosphate and phosphite
concentration (mM)

no difference between isolates (p = 1.0) or replicates (p = 1.0) of each fungal species.

1000
750
500
250
0
ME45 ME50 ME53 MH230 MH232 MH233 MH56 MH108 MH182
Fungal isolate

Figure 3.9 Concentration of phosphate ( ) and phosphite ( ) in Cairney and Smith’s
solid medium that were fungicidal to hyphae of Laccaria (ME45, ME50 and ME53),
Scleroderma (MH230, MH232 and MH233) and Pisolithus (MH56, MH108 and MH182).
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Experiment 4 – phosphite levels required to kill the mycelium of Laccaria, Scleroderma
and Pisolithus isolates in water
In non-buffered water, the phosphite concentration required to kill mycelium was lower
(p < 0.01) than in C&S (Figures 3.9 and 3.10). Between 120 and 140 mM phosphite
killed all isolates of Laccaria and Pisolithus, with no difference (p = 1.0) between
replicates. Scleroderma was more sensitive with two isolates being killed by 40 mM and

Phosphite concentration
(mM)

the third being killed by 100 mM phosphite.

160
120
80
40
0
ME45

ME50

ME53 MH230 MH232 MH233 MH56 MH108 MH182
Fungal isolate

Figure 3.10 Concentration of phosphite in water that are fungicidal to hyphae of 3
isolates of 3 ectomycorrhizal fungi; Laccaria ( ), Scleroderma ( ) and Pisolithus (
Values are means of 3 replicates with SE bars.

).

Discussion
The information from this study may be useful in predicting any detrimental effects of
applying phosphite to control P. cinnamomi in plants with ECM associations. It has been
estimated that to control P. cinnamomi, 4 – 48 g phosphite/mL (48.8 – 586 M) in vitro
is required (Wilkinson, 1997). Using the recommended dose of 5 g phosphite/L (Tynan
et al., 2000), ~5000 g phosphite/g dw (equivalent to 60 mM) in roots has been detected
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in planta (Fairbanks et al., 2000). The concentrations tested in the present study were
chosen to include in planta concentrations that occur in tissue that mycorrhizal fungi
would colonise. There are no data in the literature on the effect of phosphite on
mycorrhizal fungi in vitro to which these responses can be compared. Hence,
comparisons are drawn with the studies on Oomycetes and Hyphomycetes.

In the current study, the observed difference in dry weight between the Laccaria isolates
was not apparent in the radial measurements. The general consensus in the literature is
that in liquid culture, changes in biomass can be measured accurately, and provides a
more useful measure of growth than radial measurements of hyphal extension on solid
media (Davison and Tay, 1986; Guest and Grant, 1991; Davis et al., 1994). For
example, Davis et al. (1994) showed when radial extension of Fusarium oxysporum f. sp.
cubense was the only parameter measured little difference in response to phosphite was
detected, although the growth habit of the mycelia was very sparse and aerial. However,
when the mycelial mass was measured in liquid culture, much lower concentrations of
phosphite were found to significantly reduce growth (Davis et al., 1994). Measurement of
radial growth alone has the potential to underestimate the degree of inhibition as clearly
shown in the current study by Laccaria ME45. Therefore, only dry weight data is
discussed below.

For Laccaria isolates, biomass generally decreased with increasing phosphite
concentration, while increasing phosphate increased growth. Similarly, Fenn and Coffey
(1984) showed that increasing concentrations of phosphate in liquid Ribeiro's medium
had an inverse effect on phosphite inhibition of mycelial growth of Phytophthora. In the
current study, once phosphate concentrations were near optimum (1 mM) the inhibitory
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effect of phosphite on most Laccaria and Scleroderma isolates was reduced. This is also
reflected in the findings of Niere et al. (1990) in P. palmivora where treatment with
phosphite under high phosphate conditions produced no significant changes in mycelial
mass. Thus, high phosphate concentrations have a protective effect, due to phosphate
being preferentially taken up by the mycelium.

In Laccaria, HPIC analysis revealed that the higher the phosphate concentration, the
lower the phosphite content in the mycelium. This is comparable to the results of Griffith
et al. (1989 a,b) who used labelled

32

P and 32P-phosphite to investigate phosphite

uptake in P. palmivora in vitro. They used phosphate concentrations of 0, 0.1 and 10
mM. At 0.1 mM phosphate, when 10 M to 100 mM phosphite was added to Ribeiro’s
liquid medium (2% agar), 1160 to 25000 g phosphite/g dw (respectively) were
recovered after 10 days. However, at the higher phosphate concentration, the same
phosphite additions resulted in much lower phosphite recovery from the mycelia – 0 to
1415 g/g dw, respectively. The current study had similar g/g values for phosphite
recovery. In contrast to the effect of phosphate on phosphite uptake, phosphite did not
have a significant effect on phosphate uptake by 2 of the 3 Laccaria isolates. Likewise,
Niere et al. (1990) found the same effect in P. palmivora mycelium.

The decline in pH of the medium was negatively correlated with mycelial growth. It has
been shown that uptake of phosphite is regulated by pH (Barchietto et al., 1989). At pH
5.5, phosphate is present as approximately 60% H2PO4- and 40% HPO42- while
phosphite is present as approximately 60% H2PO3- and 40% HPO32-. This pH
adequately supports fungal growth (and was used in the current studies) but as growth
occurs, the pH of the medium declined substantially. It is assumed that phosphite is
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taken up at a constant rate as growth increases. After 10 days growth of Pisolithus, the
pH of the liquid medium containing high phosphate (1 mM) or 0 phosphite, had reduced
to 3. At pH 3, phosphate is predominantly present as the deprotenated H2PO4- anion
(Beever and Burns, 1980) while phosphite is represented by H2PO3-. At lower pH, P
becomes less available, so in closed systems it is very important to determine when the
system changes, therefore monitoring of pH over time would predict when harvest should
occur. Alternatively, a buffered solution may overcome this problem of declining pH.

There were significant differences in sensitivity to phosphite between the ECM genera,
which was also dependant on the medium used. When phosphite was incorporated into
solid media, Laccaria was more sensitive to phosphite, but when phosphite was added to
non-buffered water, Scleroderma was more sensitive than Laccaria. It has also been
observed that Phytophthora species vary markedly in sensitivity to phosphite (Niere
et al., 1994). The sensitivity of an isolate to phosphite appears to be a combination of its
ability to exclude phosphite, a difference in sensitivity of its internal sites to phosphite and
the possible ability of some Phytophthora species to remove phosphite (Griffith et al.,
1993). For example, Barchietto et al. (1989) found that P. cryptogea was more efficient
than P. citrophthora at transporting phosphite into the mycelium but was less inhibited by
phosphite. Additionally, Griffith et al. (1993) found that once phosphite was translocated
into hyphae of P. palmivora its concentration was directly related to inhibition of fungal
growth. Under subtoxic conditions, Dunstan et al. (1990) found that P. palmivora was
able to remove phosphite from its mycelium. After 5 days of incubation, the levels of
internal phosphite decreased and this decrease was correlated with a reduction in
metabolic changes (Dunstan et al., 1990). Similarly, Smillie et al. (1989) found that
phosphite accumulated in P. palmivora during the first 5 days of growth (exponential
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growth phase) but after 5 days showed a subsequent decrease in cellular phosphite.
They also discovered that the decrease in intracellular phosphite was consistent with a
reduction in metabolic changes in treated and untreated mycelium in the later stages of
growth.

It has been suggested that uptake of phosphite is regulated by the external phosphate
concentration (Davis et al., 1994; Barchietto et al., 1989; Griffith et al., 1989a,b) as it is
competitively inhibited in a dual transport system (Barchietto et al., 1989; Griffith et al.,
1989a). In the current study, at low phosphate (0 and 100 M) concentrations, the
mycelia of the Laccaria isolates accumulated 2 – 20 times the concentration of phosphite
that was present in the medium. This is comparable to the report of d’Arcy-Lameta et al.
(1989) where P. capsici mycelia incorporated three times the concentration of phosphite
present in the liquid medium. This may be ascribed to the uptake process. Burns and
Beever (1977) demonstrated the existence of a dual uptake system for phosphate in
fungi (and Oomycetes). More recently, it was shown that a low and high affinity uptake
system exists for the transport of phosphate and phosphite into P. palmivora (Griffith et
al., 1989a) and in P. citrophthora and P. cryptogea (Barchietto et al., 1989). The
transport systems consist of a low affinity (high Km phosphate concentration) and a high
affinity system (low Km), where phosphate acts as a competitive inhibitor of phosphite
(Barchietto et al., 1989; Griffith et al., 1989a,b). Both the low and high affinity transport
systems can translocate phosphate.

Phosphite uptake is more sensitive to phosphate concentrations. For example, Griffith et
al. (1989a) used P. palmivora to show that while only M concentrations of phosphate
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were required to inhibit phosphite uptake, it took mM concentrations of phosphite to
inhibit phosphate transport.

It was demonstrated by Darakis et al. (1997) that in the presence of potassium, phosphite
was taken up more rapidly into Phytophthora capsici hyphae, than when sodium was
present. In order to maintain the charge balance and the pH of the fungal cell,
potassium is the counter ion to the transport of polyphosphates into the vacuole (Bucking
and Heyser, 1999). To facilitate the uptake of phosphite in the fungal cell, it is important
that potassium is not lacking. This emphasises potential differences between those
studies using Fosetyl-Al and those using potassium phosphonates.

Wilkinson (1997) compared 66 isolates of P. cinnamomi and showed a variation in
sensitivity to phosphite between isolates in vitro. The isolates were classed as tolerant,
intermediate or sensitive to phosphite. Earlier, Griffith et al. (1993) classified isolates of
P. palmivora into groups of phosphite sensitive and phosphite tolerant isolates and found
that phosphite sensitive isolates were inhibited at all phosphate concentrations, while
tolerant isolates were only inhibited when phosphate was limiting. Most of the research
listed in Table 3.1 was conducted on 1-4 isolates. In the current study, all
representatives of each ECM species did not display the same level of sensitivity to
phosphate or phosphite in the growth medium or in water. It was hypothesised by
Wilkinson (1997) that variation within a species can be as large as the variation between
species. This indicates that the use of one or a few isolates may provide insufficient
information on which to extrapolate for a particular species. Therefore, it is important to
screen a large number of isolates when conducting such studies before drawing any
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conclusions. Whether the in vitro sensitivity to phosphite of each isolate correlates to
responses in glasshouse or field trials will be interesting.

The levels of phosphite to which the mycelium was exposed during growth in axenic
culture are similar (or lower) than those found in phosphite treated plants and the
phosphate concentration was equal to or above that found in plant tissues. Bucking and
Heyser (1999) showed in Pinus/Pisolithus and Laccaria associations, that the
polyphosphate granules within the Hartig net contained a higher content of potassium
compared with the sheath hyphae. This indicates that there is probably a difference in
the phosphate pools in axenic cultures in comparison with mycorrhizal roots – due to the
change of fungal metabolism associated with the mycorrhizal relationship, where higher
proportions of absorbed phosphate are translocated into the polyphosphate pool
(Bucking and Heyser, 1999). This, therefore, highlights the dangers in attempting to
extrapolate laboratory experiments on cultures of fungal mycelium in the absence of the
host. The effect of phosphite on the mycorrhizal symbiosis in vivo is the focus of the next
chapter.
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EFFECT OF PHOSPHITE ON PLANT GROWTH,
ECTOMYCORRHIZAL FORMATION AND THE PERSISTENCE
OF EXISTING MYCORRHIZA

Introduction
Phosphite may act directly upon an invading fungal pathogen within plant tissue causing
inhibition or death, or indirectly by activating plant defence responses (Grant et al., 1990).
Although many studies and reviews on the effect of phosphite on Phytophthora have
been published (Smillie et al., 1989; Nemestothy and Guest 1990; Guest and Grant,
1991), few workers have investigated the effects of phosphite on beneficial fungi
associated with plants. Ectomycorrhizal (ECM) fungi are important components of the
soil biota, especially on nutrient poor soils, and have potential to be economically
beneficial in commercial forestry (Bougher, 1994). Arbuscular mycorrhizal (AM) fungi are
present in over two-thirds of vascular plant species (Newman and Reddell, 1987). They
are obligate symbionts, indigenous to soils throughout the world, and are not host
specific (Daniels Hetrick, 1984; Powell and Bagyaraj, 1984). Experiments on the effect of
phosphite application on monocotyledonous plants with AM are contradictory (Chapter
1). For example, Jabahi-Hare and Kendrick (1987) observed an increase in AM in
phosphite treated leek, whereas phosphite decreased AM in maize (Seymour et al.,
1994) and onion (Sukarno et al., 1996, 1998).

Phosphite, transported via the phloem, accumulates near root tips (Guest and Grant,
1991) in the area that is colonised by mycorrhiza. Where phosphite accumulates it may
cause necrosis (Jackson et al., 2000). Hence, phosphite accumulation in fine roots may
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cause a reduction in the number of sites for colonisation by ECM or AM fungi (Chapter
2). As mycorrhiza increase the longevity of fine roots, and active fine roots act as a
metabolic sink for photosynthates, and therefore phosphite, it is hypothesised that
phosphite may damage the mycorrhizal interface. In addition, damage to young roots
could alter the pattern of root exudation, and thus alter the populations of soil microflora
(Wongwathanarat and Sivasithamparam, 1991), especially in P-deficient soils. Changes
in soil microflora may also impact on mycorrhiza formation. For example, if mycorrhizal
helper bacteria (Dunstan et al., 1998) were adversely affected this could result in a
change in mycorrhizal infection and/or succession.

The sensitivity of ECM species to phosphite has not been investigated. In Western
Australia myrtaceous species, which are predominantly ectomycorrhizal (Bougher, 1994),
are a common constituent of the vegetation being degraded by P. cinnamomi. The focus
of this chapter is the effect of phosphite on phytotoxicity, plant growth and the formation
of ECM by two tree species native to the West Australian jarrah forest - Eucalyptus
marginata Donn. ex Smith (jarrah) and Agonis flexuosa Willd. (native peppermint), and a
species from eastern Australia, Eucalyptus globulus Labill. (bluegum), which is widely
used as a plantation species throughout southern Australia.

Methods
Experiment 1 - Mycorrhizal formation from soil inoculum
A glasshouse experiment was conducted to test the effect of phosphite on the ability of
plants to form mycorrhiza in a soil naturally infested with ECM fungi. Set up as a random
complete block design, 50 E. marginata and E. globulus seedlings were treated with five
phosphite concentrations (0, 2.5, 5, 7.5 and 10 g/L) and 40 A. flexuosa seedlings were
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treated with four phosphite concentrations (0, 5, 7.5 and 10 g/L). Plant height, root and
shoot dry weight, and the proportion of the root that was mycorrhizal were measured.

Soil
A greyish sandy loam (2.1  0.06% organic carbon; Rayment and Higginson, 1992a)
was collected (0 - 20 cm) from a five-year-old E. globulus plantation (McDonalds Tree
Farm, near Augusta, Western Australia). ECM fungi observed to fruit at this site are
Amanita (1 species), Descolea (1), Laccaria (1) Pisolithus (1) and Scleroderma (3) (Lu et
al., 1998). The available P (Colwell) content of the soil was 19  3.9 mg kg-1 and the pH
was 4.4  0.06 (Rayment and Higginson, 1992b). Approximately 1 kg of sieved (1 cm)
and mixed soil was added to each 130 mm diam. free draining pot (Pola Cup,
W. Australia).

Phosphite treatments
Seedlings were germinated in 48 cell trays (Smith and Nephew, W. Australia) containing
steam sterilised peat/perlite (2:1 v:v). When plants were two months old they were
removed from the cells and the root balls were covered with non-absorbent cotton wool
to prevent roots coming in direct contact with the phosphite. No ECM were observed on
the outside of the root ball. Foliage of E. marginata and E. globulus seedlings was
sprayed to run-off with 0, 2.5, 5, 7.5 and 10 g phosphite/L (Fosject 400 - UIM
Agrochemicals), and 10-month-old A. flexuosa seedlings were sprayed with 0, 5, 7.5 and
10 g phosphite/L. The phosphite solution contained 0.25% of the sticking agent Synertrol
(Organic Crop Protectants, NSW) and was applied using a handheld pump action spray
bottle. The rate recommended for the control of P. cinnamomi in West Australian native
plants is 5 g phosphite/L (Tynan et al., 2001). After spraying, the plants were
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immediately planted (one plant/pot) and the soil was hand watered for the first 48 h to
avoid wetting the foliage. There were 10 replicates for each treatment.

Plant growth and phytotoxicity
The plants were kept in a heated glasshouse (average min and max; 15, 30oC), with
overhead watering twice a day. No fertilisers or fungicides were applied for the duration
of the experiment. Plant height was recorded at 0, 30 and 90 days after spraying.
Phytotoxicity was assessed at 14 days by rating the extent of leaf burn as follows; 0 = no
visible effect, 1 = slight (leaf tips chlorotic/burnt, margins chlorotic), 2 = moderate
(growing shoot tip burnt, older leaves chlorotic), 3 = severe (growing tip burnt, more than
½ of each leaf burnt/chlorotic, leaf drop).

Harvest
After 90 days, the shoots were severed at the lignotuber (E. marginata) or at the
shoot/root junction (E. globulus and A. flexuosa) and the roots were washed over a
210 m sieve. A subsample (1 g fresh weight) of fine roots was fixed in 50% ethanol for
microscopic study. The remainder of the roots and the whole shoot were dried at 60oC to
constant weight and weighed.

Mycorrhizal assessment
A subsample (0.2 g) of roots was cleared by autoclaving (10% KOH) for 20 mins, rinsed
in water, stained in lactoglycerol trypan blue for 4 h, then destained in lactoglycerol
(Brundrett et al., 1996). ECM were quantified using the intercept method as described by
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Brundrett et al. (1996). At least 150 grid intersects were counted for each sample and
samples were randomised once within each count. A minimum of 5 replicates (average
root length examined was 2.02 m) of each treatment were examined to calculate the
proportion of root that was mycorrhizal. Root tips infected with Laccaria were identified
by their smooth dense mantle, while Pisolithus and Scleroderma were recognised as a
dense fungal sheath and thickened root tips.

A further subsample of the cleared and stained roots was taken and examined under an
Olympus BH2 compound microscope at 40x to detect vesicles and arbuscules. A
minimum root length of 250 mm was examined for each replicate. The total length of root
infected with VAM was then calculated.

Experiment 2 - Spread of inoculum from old to young roots
A second experiment was conducted to determine if phosphite affected the ability of
ectomycorrhiza from established ECM plants to colonise new roots. A total of 120 oneyear-old E. globulus seedlings (kindly donated by X Lu) were treated with three
concentrations of phosphite.

E. globulus seeds were inoculated with solutions of 106, 106, and 107 spores/mL of
Laccaria, Descolea and Pisolithus species, respectively (Lu et al., 1998), at the time of
sowing into 64 cell trays containing steam sterilised peat/perlite (2:1 v:v). Control
seedlings were not inoculated. Phosphite (0, 5 and 10 g/L) was applied as in the first
experiment, and the seedlings were planted into steam sterilised peat/perlite (2:1 v:v), pH
6.0, in free-draining 75 × 75 × 100 mm squat pots (Pacific Pots, W. Australia). There was
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one plant per pot and ten replicate pots for each treatment. The plants were kept in a
heated glasshouse (19 – 32oC). After 90 days, new roots were sampled by taking two
cores (10 mm diam. × 40 mm) of the soil 1 cm from the edge of the original root ball of
each plant. Mycorrhiza were determined as described earlier.

Results
Experiment 1

Phytotoxicity and plant growth
Phytotoxicity symptoms appeared on the foliage of all plants within 48 h of phosphite
application. At 5 g phosphite/L and above, margins and tips of young leaves and the
meristematic regions were necrotic by 72 h. The margins and tips of older leaves
became chlorotic within 48 h. No new symptoms were detected after 14 days and
subsequent new growth of all plants was normal. Symptoms increased in all species as
phosphite concentration increased (Figure 4.1). E. marginata was most affected, with
moderate phytotoxicity at 7.5 and 10 g phosphite/L, where most of the growing shoot tips
were necrotic and the older leaves had some chlorosis. E. globulus was less affected
than E. marginata at 5 (p = 0.006) and 7.5 g phosphite/L (p = 0.005), and foliage
appeared more chlorotic than burnt. The growing shoot tips were more susceptible in
A. flexuosa than in the eucalypts, and leaf drop occurred at 10 g phosphite/L in
A. flexuosa.
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Phosphite decreased the height (p = 0.001) of A. flexuosa at 30 and 90 days at all
concentrations, by 24 - 30% and 12 – 20%, respectively. Phosphite also decreased the
shoot dry weight (p = 0.02) of A. flexuosa by 12 – 34% compared with non-treated plants.
In contrast, phosphite did not affect plant height (Figure 4.2) or shoot dry weight in
E. marginata and E. globulus (p = 0.91 and 0.09, respectively). The dry weight of roots
was not affected (p = 0.1) by phosphite treatment in any of the three species (data not
presented).

Mycorrhiza
Phosphite did not (p > 0.4) affect the proportion of roots colonised by ECM fungi from
natural soil inoculum (Table 4.1). The average percentage of roots colonised by ECM
fungi for each species was: E. marginata 24  0.9, E. globulus 27  0.5 and A. flexuosa
20  1.6%. Three main types of mycorrhiza were observed: those with long, smooth,
dense mantles; those with dense fungal mantles on thick, short lateral roots; and those
with sparse sheaths of thin hyphae on thickened root tips.

While the two eucalypt species tested had less than 1% AM present in all treatments, the
A. flexuosa roots had a three to four-fold increase in AM colonisation (Table 4.2) after
phosphite treatment. The arbuscules observed were the Arum type as described by
Smith and Smith (1997).
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Phytotoxicity rating
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Figure 4.1 Phytotoxicity ratings 14 days after application of phosphite to Eucalyptus
marginata (
), E. globulus (
) and Agonis flexuosa (
). A. flexuosa was not
treated with 2.5 g phosphite/L. Values are means of 10 observations with one SE bar
shown. Phytotoxicity rating from 0 (no visible effect) to 3 (severe symptoms).
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Figure 4.2 Plant height 90 days after foliar application of phosphite to Eucalyptus
marginata ( ), E. globulus ( ) and Agonis flexuosa ( ). A. flexuosa was not treated
with 2.5 g phosphite/L. Values are means of 10 observations with one SE bar shown.

Table 4.1 Percentage of root length colonised by ectomycorrhizal fungi 90 days after
phosphite application in Eucalyptus marginata, E. globulus and Agonis flexuosa (p values
from ANOVA are 0.79, 0.89 and 0.40, respectively). Values are means of 10
observations with SE. NT = not tested.
Phosphite
concentration
(g/L)

Ectomycorrhizal roots (%)
Eucalyptus marginata

Eucalyptus globulus

Agonis flexuosa

0

26  3

27  2

22  3

2.5

24  4

27  2

NT

5

25  3

29  2

21  3

7.5

26  2

27  2

23  4

10

21  2

26  2

16  2
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Table 4.2 Percentage of root length of 12 month old Agonis flexuosa infected with Arum
type arbuscules and vesicles 90 days after phosphite treatment. Values are means of 10
observations with SE. Values with the same letters do not differ significantly (p = 0.05)
according to the Duncan’s new multiple range test.
Phosphite concentration
(g/L)

Roots colonised
(%)

0

83a

5

32  5 b

7.5

32  6 b

10

27  5 b

Experiment 2
Prior to phosphite treatment, the percentage of mycorrhizal roots was: Laccaria 21.4 
0.8, Descolea 32.6  1.3 and Pisolithus 18.2  1.0%. In these synthesised mycorrhizal
associations, phosphite did not affect the percentage of new mycorrhizal roots in plants
inoculated with Laccaria (p = 0.44) and Pisolithus (p = 0.26) (Figure 4.3). Treatment with
10 g phosphite/L decreased (p = 0.026) the percentage of roots infected with Descolea
from 45  2 to 38  2%. About 10 – 15% of the roots of the control plants were
contaminated with a sparse sheath of white fungal hyphae at the root tips. This was
attributed to Thelephora whose fruiting bodies were frequently observed in the pots.
Phosphite did not affect (p = 0.94) the incidence of this fungus in the uninoculated plants.
Similar low levels of contamination occurred in the seedlings inoculated with Laccaria,
Pisolithus and Descolea, but the contamination data are excluded from Figure 4.3.
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Mycorrhizal roots (%)

50
40
30
20
10
0
Thelephora

Laccaria

Pisolithus

Descolea

Mycorrhizal type

Figure 4.3 Percentage of new roots colonised by ectomycorrhizal fungi in Eucalyptus
globulus 90 days after treatment with 0 ( ), 5 ( ) and 10 g phosphite/L ( ). The
Thelephora results are for the uninoculated plants. Values are means of 10 observations
with one SE.

Discussion
At the recommended rate of 5 g/L (Tynan et al., 2001), the application of phosphite to
three Australian tree species, at the seedling stage, did not significantly affect formation
of ectomycorrhiza (Experiment 1), nor the colonisation of new roots in E. globulus
inoculated with three species of ECM fungi (Experiment 2). However, infection of new
roots by Descolea was significantly decreased in plants that had been sprayed with 10 g
phosphite/L.

Once phosphite enters the plant it is translocated throughout the plant and accumulates
at actively growing sites (Whiley et al., 1995). As in phosphate toxicity, too much
phosphite results in phytotoxic symptoms in the leaves. In a related glasshouse study,
there was no correlation between phytotoxic symptoms in the shoot and the root of
Banksia brownii treated with phosphite (S Barrett, pers. comm.). In the current study, no
phytotoxic symptoms were seen in the root tips of the three species. However, brown
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discolouration of the stele occurred in fine roots of B. brownii treated with 96 kg
phosphite/ha (S Barrett, pers. comm.) and browning of root tips was observed in
aeroponically grown E. marginata treated with 5, 10 and 15 g phosphite/L (Jackson et al.,
2000).

The results from these phytotoxicity trials and those of Pilbeam et al. (2000) indicate that
there is a significant difference in sensitivity to phosphite between native species. In the
current study, symptoms were less severe in E. globulus than in E. marginata and
A. flexuosa with application rates up to 7.5 g phosphite/L. This may be attributed to the
thick waxy cuticle of E. globulus and the inclination of the leaf. E. globulus leaves incline
towards the stem and excess spray accumulates at the base of the leaf near the petiole,
whereas runoff in E. marginata and A. flexuosa goes to the leaf tip. Meristematic tissue
in A. flexuosa was more susceptible to burn and necrosis, than observed in the two
eucalypts. A. flexuosa has a slender stem and the meristem tissue is ensheathed by the
youngest leaf, which presents its glabrous abaxial surface. Within two days of 5 g
phosphite/L application, these leaves showed necrosis followed by death of the
meristem. The older leaves of A. flexuosa showed less symptoms at all application rates,
however at 10 g phosphite/L drop of older leaves occurred. Possible damage to shoot
meristems indicates careful testing of phosphite is required before use on forestry
plantations to avoid the development of multistemmed trees.

The increased colonisation of AM in phosphite treated A. flexuosa was similar to the
increase in AM observed in phosphite treated leek (Jabahi-Hare and Kendrick, 1987).
This increase may be attributed to differences in nutritional uptake from the host or
altered host response. Using the fungicide Fosetyl-Al (active ingredient = phosphite),
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Jabaji-Hare and Kendrick (1987) reported a significant increase in soluble sugars in root
exudates, which also occurs when phosphate is limiting. A change in the carbohydrate
and amino acid flow from roots into the rhizosphere may influence AM and ECM spore
germination. Therefore, the effect of altered root metabolism in phosphite-treated plants
needs further investigation.

It is also possible that phosphite may disrupt some events in the cascade of gene
expression that results in host/fungus recognition and the development of a functional
symbiosis. For example, even though new roots continued to form in E. globulus
inoculated with Descolea, there was reduced ectomycorrhizal development. Saindrenan
et al. (1990) showed that elicitor activity was enhanced by phosphite in Phytophthora
cryptogea which caused host cell necrosis and subsequently less infection.

This is the first study to show that phosphite applied as a foliar spray, at the
recommended level of 5 g phosphite/L, does not significantly affect the development of
ectomycorrhizae on roots. However, there is still a need to examine the effect of
drenching on mycorrhizae (Appendix III). It is also necessary to determine if phosphite
has any effect on the germination of spores of mycorrhizal fungi and their ability to infect
roots, and if there is any effect on the fruiting capacity of mycorrhizal fungi. Sporocarps
are important for sexual reproduction of the fungus and in the eucalypt forest many
hypogeous fungi provide a food source for forest dwelling animals which facilitate spore
dispersal. Thus, it is important to show that phosphite applied to natural vegetation on a
regular basis does not affect these fungi. However, many of these issues lie outside the
scope of this thesis and will not be explored further. The focus of the next chapter is on
the effect of phosphite on spore germination and colonisation in vitro.
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IN VITRO ECTOMYCORRHIZAL COLONISATION OF
PHOSPHITE-TREATED CLONAL EUCALYPTUS MARGINATA
FROM SPORE INOCULA
Introduction
Colonisation of new roots by ectomycorrhizal (ECM) fungi may occur by hyphal extension
from existing roots or from the germination of spores and other resting structures. In
Chapter 4, most of the ECM formed could have resulted from mycelium present at the
time of phosphite treatment. Spore germination is particularly important in disturbed or
xerophytic habitats where there is strong seasonal death of fine roots near the soil
surface. Since Phytophthora dieback can cause the loss of fine roots, it is important that
the colonisation of any remaining roots by germinating ECM fungal spores is not affected
by phosphite.

So far, in this thesis, the effects of phosphite on ectomycorrhizae have concentrated on
the vegetative stages of the life cycle of ECM fungi. However, it is possible that spore
production, viability and germination may be reduced by this fungicide (Seymour et al.,
1994). This could occur directly, by a decrease in colonisation resulting in reduced spore
production, or indirectly, by influencing host root exudates and thus changing recognition
factors between the host and the ECM spore germ tube. While there is no information in
the literature on the influence of phosphite, or foliar applied systemic fungicides, on spore
production or germination of ECM fungi, there is some data on the effect of phosphite on
plant pathogenic spores.

Farih et al. (1981) found Fosetyl-Al exhibited different degrees of control on each stage of
the life cycle of Phytophthora citrophthora and P. parasitica. For example, formation of
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sporangia, chlamydospores, and oospores was highly sensitive to phosphite, but
germination of zoospores and chlamydospores were insensitive to low concentrations.
Coffey and Bower (1984) showed, in vitro, that P. cinnamomi zoospore formation and
release was more sensitive to phosphite than the vegetative mycelium. Davis and Grant
(1996) found in Fusarium oxysporum f. sp. cubense that phosphite treatment was
approximately one hundred times more inhibitory to sporulation than to mycelial growth.
Spore production of downy mildew (Plasmopara) of grape (Magarey et al., 1991) and
sunflower (Viranyi and Oros, 1991) has been inhibited by phosphite. Additionally, Giri
and Peshney (1993) found Fosetyl-Al inhibited in vitro spore germination and mycelial
growth of Alternaria alternata, Colletotrichum graminicola and Rhizoctonia bataticola.

Due to the importance of ECM associations in native plant species, the aim of this
experiment was to determine if the foliar application of phosphite had any effect on the
ability of Pisolithus and Scleroderma spores to germinate and infect Eucalyptus
marginata roots in vitro. These fungi were chosen because they produce large volumes
of spores and are common ECM fungi in the region.

Methods

Experimental design
The host plants used were derived from the clonal E. marginata line 11J402. There were
three ectomycorrhizal fungal treatments (uninoculated control, Scleroderma and
Pisolithus) and two phosphite treatments (0, 3 g phosphite/L), with ten replicate plants for
each treatment.
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Spore inoculum
Four fresh sporocarps of each species were collected from two different locations in the
Perth metropolitan area, and the spores were removed aseptically. For each species,
spores from the four sporocarps were mixed and 1 g was suspended in 1 L of sterile
deionised water containing one drop of Tween 20®. There were 106 and 107 spores/mL
of Scleroderma and Pisolithus, respectively. These spore concentrations were selected
from the work of Lu et al. (1999).

Plant material and phosphite application
E. marginata shoots were induced to root in vitro as described in Chapter 2. Once roots
were 5 - 10 mm long, the plants were removed from the hormone-free medium (Appendix
I) and the shoots were immersed for 5 sec in sterile distilled water containing 3 g of filter
sterilised phosphite/L (0.3%) (FOLI-R-FOS, Unitec Group P/L, Australia) and 0.25% filter
sterilised Synertrol oil (Organic Crop Protectants P/L, NSW). The control plants were
immersed in 0.25% Synertrol oil solution. Care was taken to avoid contact of the
solutions with the roots and the excess liquid was lightly shaken off before individually
placing the plantlets into sterile 250 mL polycarbonate tubes containing a
vermiculite/perlite (1:1 vol:vol) substrate. The vermiculite/perlite mix had been
autoclaved once in the tubes for 20 min at 121oC with 20 mL of MMN solution (Appendix
I). A hole was made aseptically in the medium into which 5 mL of mycorrhizal spore
suspension (or 5 mL sterile water for controls) was added, and then the plant roots were
placed into the hole and covered. The tubes were sealed with air-tight caps and
maintained at 25  2C with a light dark period of 16/8 h (flux density of 150 moles m-2 s1

, fluorescent lamps). After 7 days the plants were examined for phytotoxicity symptoms.
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Harvest
After 4 weeks, the plants were removed from the containers and the roots were washed
with water to remove the vermiculite/perlite substrate. Whole root systems were stained
with lactoglycerol trypan blue (Lactic acid, glycerol, water; 1:1:1, 0.05% trypan blue). The
number of primary and lateral root tips that were stubby with a fungal mantle were
counted under 70x magnification.

Statistics
The results were tested for violation of the assumptions of multivariate analysis. There
were no deviations from normality and the homogeneity for variances (Cochrane C univariate test) produced no differences (p > 0.05) between data sets. A one way
MANOVA was used to determine if there were significant group differences between the
independent variables (mycorrhizal treatment and phosphite treatment), and the
dependant variables (percentage of lateral and primary root tips colonised).

Results
The root systems of the non-inoculated control plants had no mycelium present and did
not feature mycorrhizal morphology (thickened, shortened roots). The plants infected
with Scleroderma spores had sparse sheaths of thin white hyphae on thickened root tips.
The plants inoculated with Pisolithus spores possessed the features of a typical eucalypt
mycorrhiza (swollen root apex with dense fungal sheath of golden hyphae) (Brundrett et
al., 1994).
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Most primary root tips were infected, and almost all lateral root tips were sheathed with a
mantle, however, newly emerged tips had not yet thickened, so were not counted, thus
the low percentage of lateral root infection.

There was no difference in the percentage of infected primary root tips in phosphite and
control plants inoculated with Scleroderma (p = 0.46) or Pisolithus (p = 0.73) spores
(Figure 5.1). Additionally, phosphite did not influence the percentage of lateral root tips
infected by Scleroderma (p = 0.46) or Pisolithus (p = 0.43) spores (Figure 5.2).

ECM root tips (%)

100
80
60
40
20
0
0

3

0

3

Phosphite (g/L)

Figure 5.1 The effect of 0 and 3 g/L of foliar phosphite treatments on the infection of
primary root tips of Eucalyptus marginata (clonal line 11J402) by spores of Scleroderma
( ) and Pisolithus ( ), in vitro. Bars represent one standard error of the mean.
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Figure 5.2 The effect of 0 and 3 g/L of foliar phosphite treatments on the infection of
lateral root tips of Eucalyptus marginata (clone 11J402) by spores of Scleroderma ( )
and Pisolithus ( ), in vitro. Bars represent one standard error of the mean.
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Phosphite produced only minor phytotoxicity symptoms in 21% of plants where a
maximum of two spots (<5 mm diam.) of foliar burn were observed per plant. There were
no phytotoxic symptoms observed in the roots. There was no fungal contamination of the
control (non-inoculated) plantlets and no leaf burn occurred on control (non-treated)
plants.

Discussion
This study shows that the non-toxic concentration of 3 g phosphite/L had no effect in vitro
on E. marginata root infection by spores of Scleroderma and Pisolithus. It is possible that
this amount of phosphite was insufficient to cause any detrimental changes in root
exudates and has no indirect effect on spore germination. It appears that phosphite did
not alter recognition or infection factors of the host-symbiotic interaction which resulted in
failure of infection or development of mycorrhizae. In other studies, low doses of FosetylAl have been reported to promote excess AM colonisation in Citrus (Carrenho et al.,
1998), a result of increased production of root exudates in phosphite treated plants
(Jabaji-Hare and Kendrick, 1987; Carrenho et al., 1998).

While the results of the current study show promise for the use of phosphite in native
communities and plantations, an experiment conducted under sterile conditions may not
necessarily reflect what would occur in the natural environment. For example, 2 g ai/L
Fosetyl-Al can reduce the diversity and spore production of AMF under field conditions
(Carrenho et al., 1998). Therefore, field experiments are necessary, with dual
inoculations of ECM and AM fungi, to determine if phosphite has any effect on
competition under non-sterile conditions. The important balance of mycorrhizal
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competition and succession between fungal species may be altered and a loss of fungal
populations could occur in treated areas. Additionally, there could be an effect on
sporocarp production and subsequent spore formation with repeated phosphite
application. It would also be interesting to determine if high doses of phosphite result in
sporulation as a mechanism of self preservation. Longer term studies including a range
of ECM and AM fungal genera and isolates are also required to examine all of these
factors.

Davis and Grant (1996) stated that the effect of phosphonate on spore production in
Phytophthora species is not correlated with inhibition of mycelial growth. However, this
inference was directed at the results of Coffey and Joseph (1985) who showed that
sporulation was more susceptible to phosphite than mycelial growth. In their experiment,
Coffey and Joseph (1985) may have autoclaved their phosphite in mycelial experiments
on agar but they added phosphite directly to a non-sterile soil extract when they counted
spore numbers.

In the current experiment, there may be a correlation between the fungicidal action of
phosphite on mycelium and the effect of the in planta phosphite concentration on the
colonisation of roots from spore inoculum. However, to be able to determine if there is a
correlation, many factors must be taken into account; including the buffering capacity of
the surrounding environment. In Chapter 3, it was found that 250 and 750 mM phosphite
in agar was fungicidal to Pisolithus and Scleroderma mycelium, respectively, while, in
non-buffered water, phosphite was fungicidal at 130 mM to Pisolithus and between 40 –
100 mM to Scleroderma. Using a foliar spray of 5 g phosphite/L, Fairbanks et al. (2000)
detected ~60 mM phosphite in roots of E. calophylla. Due to the small amount of root
material produced in the current experiment, HPIC analysis was not possible. However,
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assuming the same amount of phosphite was translocated to the roots of tissue cultured
E. marginata, approximately 40 mM phosphite may have been present in the roots, in the
current experiment. This represents approximately one eighth of the fungicidal level on
agar. However, an increase in in planta phosphite concentration may cause irreversible
damage to the plant. For example, foliar application of 7.5 and 10 g phosphite/L severely
damaged the shoots of tissue cultured jarrah (Chapter 2). Furthermore, browning of root
tips was observed in aeroponically grown E. marginata treated with 5, 10 and 15 g
phosphite/L (Jackson et al., 2000) possibly due to accumulation of phenolic compounds,
an active defence against colonisation.

Due to the degree of difficulty in aseptic germination of spores on agar, and the fact that
spores are generally not going to come into contact with high levels of phosphite, it does
not seem necessary to test the response of ECM spore germination to a medium
containing phosphite, as field trials will be more informative.

From these results it appears that phosphite applied to the plant did not inhibit spore
germination nor did it interfere with the colonisation process, consequently this topic is
not explored further in this thesis. However, phosphite could still be having an effect on
root physiology by altering biochemical pathways. Hence, in the next chapter, the activity
of some host defence enzymes will be measured in phosphite treated mycorrhizae.

81

Chapter Six
EFFECT OF PHOSPHITE ON PEROXIDASES AND PHENOLICS
IN ECTOMYCORRHIZA OF EUCALYPTUS MARGINATA COINOCULATED WITH PHYTOPHTHORA CINNAMOMI

Introduction
The study of the interaction between phosphite, mycorrhizal fungi and a host should be
extended to include the plant pathogen, Phytophthora cinnamomi. While the expression
of active host defence responses to pathogens has not been studied extensively, we
might expect that the ectomycorrhizal root may have an increased or more rapid
expression of defence mechanisms or selectively enhanced expression of particular
defence mechanisms. As demonstrated in Chapter 2, ectomycorrhizal (ECM) fungi
increased lignification in roots, and this may contribute to the restriction of pathogen
ingress as shown by other researchers (Jalali and Jalali, 1991; Martin and Tagu, 1995).

It has been suggested that compatible mycorrhizal fungal interactions repress some plant
genes and fail to incite the full cascade of non-specific plant defence responses (Smith,
1995). In compatible ECM associations, phenolics accumulate and remain in a soluble
form throughout the host cell, while in incompatible reactions they rapidly accumulate and
are deposited in the host cell walls where they become bound. The latter case is similar
to what occurs in incompatible host/pathogen reactions (Molina and Trappe, 1982).
Phenolics are secondary metabolites which are induced by plant defence mechanisms
and accumulate in all ECM interactions (Siqueira et al., 1991). Most plant phenolics are
synthesised via the shikimic acid pathway and enter the phenylpropanoid pathway
(Figure 6.1) (Taiz and Zeiger, 1991). Phenolic activity in the cell is dependent upon the
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rate of synthesis, storage and degradation (Siqueira et al., 1991). The major role of
phenolics is in the induction of lignin and suberin production, in conjunction with
peroxidases, to provide mechanical support as well as a physical barrier against
pathogen invasion (Friend, 1979; Hahlbrock and Scheel, 1989). However, pathogen
resistance is attributed to the speed and duration of plant phenolic synthesis, and not
their constitutive concentration (Harborne, 1990).

Induction of phenolics commences very early after infection or elicitation (Matern et al.,
1995). Phenolic acids occur in both free and covalently linked (more abundant) forms
such as esters and amides (Newby et al., 1980). Phenolic compounds and peroxidases
induce cell wall cross linking under stressful conditions (Siqueira et al., 1991). This cross
linking restricts cell wall digestibility, and can form both a physical and chemical barrier
(Munzenberger et al., 1990; Matern et al., 1995). Phenols in the primary cell wall may
function as a template for lignin deposition (Matern et al., 1995).

As well as affecting the accumulation of phenolics in root cells, ECM fungal associations
can modulate the activity of enzymes in the phenylpropanoid pathway. For example,
Albrecht et al. (1994a) showed that a strong compatible association between Eucalyptus
globulus and a Pisolithus species induced a strong response (increased peroxidase and
other enzyme activity) in the plant. Peroxidases have been implicated in many plant
physiological functions such as cell elongation, cell wall polysaccharide cross linking,
lignification, suberisation, wound healing and pathogen defence (Bowles, 1990). Bound
peroxidases have been detected in the endodermis and stele of roots (Barz and Hoesel,
1979). Ionic and covalently bound peroxidases are involved in the cross linking of wall
proteins and lignification. Their induction strengthens the wall, and soluble peroxidases
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neutralise free oxygen radicals that are produced by stressed cells (Bowles, 1990;
Matern et al., 1995). Peroxidases are proposed to be responsible for the last steps in the
oxidative coupling of phenolic monomers for the formation of cell wall polymers such as
lignin (Graham and Graham, 1997). Peroxidase synthesis and secretion is highly
regulated and subcellular distribution and activity alters in response to infection by a
pathogen (Fry, 1988).

Phosphate Pentose Pathway

Shikimic acid
PHENOLIC
COMPOUNDS
Phenylalanine

p-coumaric acid
Caffeic acid
Ferulic acid
LIGNINS

Sinapic acid

Figure 6.1 Pentose phosphate pathway showing key steps to peroxidase activity (
and phenolic production

)

In experiments phosphite treatment can increase the resistance of plants to underbark
inoculation of P. cinnamomi (Wilkinson et al., 1999; Pilbeam et al., 2000). A rapid
response to infection by increased accumulation of phytoalexins and lignification has
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been reported in Fosetyl-Al treated tobacco plants challenged by P. nicotianae
(Nemestothy and Guest, 1990). Additionally, Smith et al. (1997) reported induction of the
formation of physical barriers in phosphite treated Banksia brownii in response to
inoculation with P. cinnamomi. It is believed that the direct inhibition of fungal growth
combined with increased host defence responses is responsible for the ability of
phosphite to control plant diseases (Guest and Bompeix, 1990; Rouhier et al., 1993).
Afek and Sztejnberg (1989) and Jackson et al. (2000) suggested that low levels of
phosphite increases the host defence mechanisms and higher levels act directly as a
fungistatic agent.

The aim of this study was to determine if ECM plants treated with phosphite would differ
in their sensitivity to response to infection by P. cinnamomi. This was achieved by
measuring root lesions caused by P. cinnamomi and examining the soluble and cell wall
bound peroxidases and phenolics involved in the protection against P. cinnamomi.

Methods
Experimental design
An in vitro experiment tested the effect of phosphite on the peroxidase activity and
phenolic concentration in roots of P. cinnamomi susceptible and resistant clonal lines of
E. marginata. Two E. marginata clonal lines [11J402 (susceptible) and 324E12
(resistant)], with three ECM fungal treatments (Pisolithus isolate MH108, Scleroderma
MH232 and uninoculated control), two phosphite treatments (0, 3 g/L), and two
P. cinnamomi inoculations (sterile water control, zoospores of isolate MP94-11) were
included in an incomplete design. Due to susceptible clonal material being unavailable
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the susceptible clone (11J402) / Scleroderma (MH232) interaction was omitted. The
interactions studied in this experiment (Table 6.1) were selected by using Hartig net
rating (compatibility) from Chapter 2 to allow comparisons to be made between complete
and partial ECM formation. There were 4 - 6 replicates for each interaction and assay.

Table 6.1 Interactions between ECM fungi, Phytophthora cinnamomi, and two clonal
lines of Eucalyptus marginata,  3 g phosphite/L and  P. cinnamomi zoospore
inoculation. Clonal line 324E12 is considered resistant to P. cinnamomi, while clonal line
11J402 is susceptible. Hartig net rating (from Chapter 2) 1 to 4 (where 1 = complete, and
4 = no Hartig net).
Clonal line

Mycorrhizal fungus

Hartig net rating

11J402S

None

-

Pisolithus MH108

3

None

-

Pisolithus MH108

2

Scleroderma
MH232

4

324E12R

A preliminary experiment was conducted to compare enzyme activity between direct
contact of ECM fungi and roots, and indirect contact where a cellophane membrane
separated the two organisms (description of system in next section). Primary roots in
direct contact with ECM fungi produced many short lateral roots, virtually no root hairs
and the primary root tip became thickened by 14 days. In contrast, roots separated from
the ECM by the cellophane membrane produced no lateral roots, had masses of root
hairs along the length of the primary root, and showed no change in morphology when
compared to uninoculated roots. Roots separated by the membrane from the ECM
hypha (indirect) grew twice as long as the roots in direct contact. Despite these
morphological differences, there was no significant difference (p = 0.18) in enzyme
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activities between the two methods. Since the indirect contact method allows the root
and fungal material to be collected separately and processed individually for enzyme
analysis, it was used for all ECM fungal challenged (ECMC) interactions throughout this
study.

Mycorrhizal colonies and plant production
Mycorrhizal fungal colonies were established on 150 mm Petri plates containing 30 mL
MMN0.5 overlaid with a cellophane membrane (Appendix I). Clonal shoots were induced
to produce roots as in Chapter 2. The plantlets were removed from JHFM (Appendix I)
when roots were 2 – 4 mm long, dipped for 3 sec in phosphite or sterile distilled water, as
described in Chapter 2, and placed onto the plates containing 3-week-old ECM fungal
colonies overlaid with a second cellophane. The root tips were placed against the edge of
fungal colonies and the plates were incubated 25  2C with a 16/8 h day/night cycle on a
70 slope with the roots covered with black plastic (Burgess et al., 1995). There were 6
plants per plate with a minimum of 6 plates per interaction.

P. cinnamomi inoculation
After twelve days of indirect contact with the ECM fungi, the root tips were inoculated with
2 L of zoospore suspension (approx. 200 zoospores). The zoospores were produced
by the method of O’Gara et al. (1997). The controls were sham inoculated with 2 L
sterile deionised water. The P. cinnamomi isolate MP94-11, from the Murdoch University
culture collection, was chosen because of its rating of highly pathogenic to E. marginata
by Hüberli (1995) and as moderately inhibited by phosphite (Wilkinson, 1997). It was
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originally isolated in 1994 from E. marginata at the Alcoa Worldwide Alumina-Australia,
Willowdale minesite, Western Australia and is an A2 mating type (isozyme type 1).

After inoculation, the plates were left in a horizontal position for 24 h under the conditions
described above. Additional interactions were set up in the absence of plants, however,
the pathogen did not grow sufficiently for enzyme sampling in these conditions.

Measurements and harvest
Stelar lesions were measured 24 h after inoculation, prior to the harvest and freezing
(liquid nitrogen) of 10 mm root segments (including the tip). There were 6 primary root
tips from separate plants in each sample. ECM fungal samples (10 mm2) from the
vicinity of root tips were scraped from the cellophane membrane. All samples were
stored at –80C prior to extraction.

Enzyme extraction
Soluble and cell wall bound peroxidases (EC 1.11.1.7) and phenolic compounds were
determined by the method described by T Burgess (pers. comm.). Cell wall bound
peroxidases were separated by their type of cell wall bonds: electrostatic bonds (static),
ionic bonds and covalent bonds.

Root and fungal samples were powdered with a mortar and pestle in liquid nitrogen and
50 mM phosphate buffer (pH 7) and centrifuged at 14 000 g for 10 min at room
temperature. The supernatant was used for the determination of the soluble phenolic and
protein concentration, and peroxidase activity. The remaining pellet was washed twice
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with 5 mM phosphate buffer (pH 7) and centrifuged at 14 000 g for 1 min with 5 mM
phosphate buffer containing 1% Tween 80 (pH 7). This supernatant was used to
determine the static peroxidase activity. The pellet was then washed three times with
5 mM phosphate buffer before the addition of 5 mM phosphate buffer containing 1 M
NaCl. This solution was left overnight at 4C, then centrifuged at 14 000 g for 5 min. The
supernatant was used for the ionic peroxidase assay while the remaining pellet was
washed three times with 5 mM phosphate buffer and 1/10th of the pellet suspended in
5 mM phosphate buffer to be used for the covalent peroxidase assay. The remaining
solution was then centrifuged at 14 000 g for 1 min, the supernatant removed, and the
pellet left to dry for 2 h at 60C. After drying, 4 M NaOH was added and the pellet was
boiled for 1 h and then centrifuged at 14 000 g for 5 min. The resulting supernatant was
used for the determination of the cell wall bound phenolic concentration.

Protein assay
The protein content of samples was determined against a BSA standard using Bradfords
Biorad protein assay (Biorad Laboratories, Canada) after 20 min incubation in the dark at
room temperature.

Peroxidase assays (Soluble, Static, Ionic)
Supernatant extract was used for the soluble (100 L), static (50 L) and ionic (25 L)
peroxidase assays, respectively. The extracts were made up to 1 mL with 50 mM
citrate/phosphate buffer containing 20 mM guaiacol (pH 5.8). These solutions were
incubated at 30C for 2 min before the addition of 50 L of 0.6 M H2O2. The absorbency
was read at 470 nm using a Jenway spectrophotometer (Model 6100, UK), after a 5 min
reaction. The peroxidase activity was expressed as pkat/mg protein.
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Peroxidase assay (Covalent)
The pellet was removed from suspension and made up to 1 mL with 50 mM citrate/
phosphate buffer containing 20 mM guaiacol, warmed in a 30C water bath before the
addition of 50 L of 0.6 M H2O2. The reaction was stopped after 90 s by centrifugation.
The absorbency was read immediately at 470 nm and peroxidase activity was expressed
as pkat/mg protein.

Phenolic Assays (Soluble and cell wall bound)
Supernatant extract (25 and I00 L) was used for the soluble and wall- bound phenolic
assays, respectively. The extract was made up to 1 mL with distilled water before the
addition of 0.5 mL Folin Ciocalteau’s phenol reagent (APS Fine Chemicals, NSW,
Australia) and 2.5 mL of 20% Na2CO3 containing 2 M NaOH. A standard curve was
prepared using p-coumerate. The solutions were incubated for 1 h in the dark, at room
temperature. The absorbance was read at 725 nm and the phenolic concentration was
expressed as mol/mg protein.

Statistics
The results were tested for major violations of the assumptions of multivariate analysis.
There were no deviations from normality and the homogeneity for variances (Cochrane C
- univariate test) produced no differences (p > 0.05) between data sets. Two one-way
MANOVAs were used to determine if there were significant group differences in the
unbalanced design, between the four independent variables (clonal line, mycorrhizal
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treatment, phosphite treatment and inoculation with P. cinnamomi) and the dependant
variables (soluble and cell wall bound peroxidases and phenolics).

Within the full analysis of variance for this design, the following hypotheses were tested;
Hypothesis 1: phosphite has no effect on the peroxidases and phenolics of nonmycorrhizal hosts. If this hypothesis is true, there should be no significant phosphite ×
clone interaction.
Hypothesis 2: phosphite has no effect on peroxidases and phenolics of mycorrhizal
hosts. If this is true there will be no significant phosphite × fungus × clone interaction.
Hypothesis 3: phosphite has no effect on peroxidases and phenolics of mycorrhizal
hosts challenged by P. cinnamomi. This hypothesis is tested by the four way interaction;
phosphite × fungus × clone × P. cinnamomi.
Hypothesis 4: phosphite does not alter the peroxidases and phenolics of ECM fungal
hyphae when in the presence of either clone. This is tested by a phosphite × fungus ×
clone interaction.
Hypothesis 5: phosphite does not alter peroxidases and phenolics in P. cinnamomi
hyphae when in the presence of either clone. If this is true there will be no significant
phosphite × P. cinnamomi × clone interaction.

Due to a high homogeneity of variance (Cochran C univariate test) and a strong
correlation between the means and variance of lesion lengths the data was log10
transformed. An analysis of covariance was undertaken to test specific effects between
lesion length and peroxidase activity and phenolic concentration.
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Results
Lesion length
Lesions developed 12 h after zoospore inoculation of the primary roots. Lesions between
4 and 16 mm long were observed in most inoculated roots after 24 h.

The phosphite treatment reduced (p = 0.001) lesion length in all interactions (Figure 6.2).
Although lesions were larger in the susceptible clonal line (p = 0.02) than in the resistant,
P. cinnamomi hyphae were more prolific around roots of the resistant clonal line in both
the absence and presence of phosphite.

In the susceptible clone, the presence of Pisolithus did not reduce lesion length
(p = 0.06) unless phosphite (p = 0.01) was applied. In the resistant clone, contact with
either Pisolithus or Scleroderma reduced lesion length compared to the roots not in
contact with ECM fungi and without phosphite. No lesions formed in the incompatible
interaction (resistant / Scleroderma MH232) inoculated with P. cinnamomi zoospores
after treatment with phosphite.
15
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Figure 6.2 Lesion length 24 h after inoculation with zoospores of Phytophthora
cinnamomi in roots of axenically grown clonal plantlets of Eucalyptus marginata 12 days
after treatment with 0 ( ) or 3 g phosphite/L ( ) in the presence of ectomycorrhizal
(ECM) fungi. (control = no ECM, Sclero = Scleroderma, Piso = Pisolithus, R = resistant
clonal line 324E12, and S = susceptible line 11J402). Values are means of 10 to 20
plants with SE bars.
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Enzymes
Hypothesis 1: phosphite has no effect on the activity of peroxidases or phenolic
concentration of non-mycorrhizal hosts. Phosphite significantly altered static peroxidase
activity and phenolic concentrations in the roots of each clone (Figure 6.3). Soluble
peroxidase activity increased in susceptible plants (p = 0.02), static peroxidase activity
increased in the resistant clonal line (p < 0.001) and covalently bound peroxidases
increased in the susceptible clonal line (p = 0.002). The soluble phenolic concentration
was decreased (p = 0.015) in the susceptible clone, while bound phenolics increased in
roots of the resistant clone (p = 0.01). Consequently, phosphite does have a significant
effect on peroxidases and phenolics in the resistant and susceptible clones, therefore the
hypothesis is rejected.

Percentage change in
activity/concentration

1000
800
600
400
200
0
-200
Resistant

Susceptible
Clonal line

Figure 6.3 Percentage change in peroxidase activity and phenolic concentration in root
tips of Eucalyptus marginata clone; Resistant (324E12) and Susceptible (11J402) to
Phytophthora cinnamomi treated with 3 g phosphite/L. Soluble ( ), static ( ) and
covalent peroxidase ( ), soluble ( ) and bound phenolics ( ).

Hypothesis 2: phosphite does not alter peroxidase activity or phenolic concentration in;
a) roots of the susceptible clonal line when in presence of Pisolithus, or
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b) roots of resistant / Scleroderma (incompatible reaction) or resistant / Pisolithus
(compatible).
a) Phosphite did not induce changes in peroxidase activity (p = 0.39) or phenolic
concentration (p = 0.07) in roots of the susceptible clone when in indirect contact with
Pisolithus. Consequently, this hypothesis is confirmed.
b) Generally, phosphite increased peroxidase activity and phenolic concentration in roots
of the resistant / Pisolithus association. In contrast, phosphite decreased peroxidase
activity in the susceptible / Scleroderma association, and had no effect on phenolic
concentration. Phosphite only had a significant effect on the concentration of bound
phenolics in the compatible interaction (resistant / Pisolithus) (Figure 6.4). There was a
decrease in soluble (p = 0.02), static (p = 0.04) and covalent (p < 0.001) peroxidase
activity in the incompatible reaction (resistant / Scleroderma), while there was an
increase in covalent peroxidase activity (p = 0.004) in the compatible reaction.

Hypothesis 3: Phosphite does not alter the enzymic activity or phenolic concentration
upon challenge by P. cinnamomi in;
a) roots of resistant clone / Scleroderma (incompatible reaction)
b) resistant clone roots in presence of Pisolithus (compatible)
c) susceptible roots in presence of Pisolithus (compatible).

Phosphite did not alter peroxidase activity or phenolic concentration in roots of the
resistant clone challenged by P. cinnamomi in the presence of either Pisolithus or
Scleroderma. In contrast, phosphite increased soluble (p < 0.001), ionic (p = 0.002), and
covalent (p = 0.003) peroxidase activity, and decreased soluble phenolic concentration
(p < 0.001) in the roots of the susceptible clone in the presence of Pisolithus (Figure 6.5).
Therefore hypothesis 3c is rejected.
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Figure 6.4 Percentage change in peroxidase activity and phenolic concentration in root
tips of Eucalyptus marginata (clonal line 324E12 – resistant to Phytophthora cinnamomi)
in the presence of Pisolithus (isolate MH108) and Scleroderma (MH232) after treatment
with 3 g phosphite/L. Soluble ( ), static ( ) and covalent peroxidase ( ), soluble ( )
and bound phenolics ( ).
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Figure 6.5 Percentage change in peroxidase activity and phenolic concentration in root
tips of Eucalyptus marginata (clonal line 11J402 – susceptible to Phytophthora
cinnamomi) challenged by P. cinnamomi in the presence of Pisolithus (isolate MH108)
after treatment with 3 g phosphite/L. Soluble ( ), ionic ( ), covalent peroxidase ( ),
and soluble phenolics ( ).
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Hypothesis 4: Phosphite does not alter peroxidase activity or phenolic concentration in
ECM hyphae of;
a) Pisolithus when in the presence of roots of either the resistant and susceptible clones,
and
b) Scleroderma in presence of roots of the resistant clone.

Phosphite did not affect peroxidase activity or phenolic concentration in Pisolithus
hyphae when in the presence of either the resistant or susceptible clonal lines (data not
presented). Phosphite did, however, influence the incompatible interaction between
Scleroderma and the resistant clone, where a 600% increase was seen in covalent
peroxidase activity in the hyphae. While hypothesis 4a is confirmed, hypothesis 4b is
rejected.

Hypothesis 5:
a) Phosphite does not alter peroxidase activity and phenolic concentration in
P. cinnamomi hyphae when in presence of the resistant or susceptible clone, and
b) indirect contact with ECM fungi does not alter peroxidase activity and phenolic
concentration in P. cinnamomi hyphae.

a) Phosphite had a significant effect on the interaction of P. cinnamomi hyphae and the
resistant clone. The hyphae of P. cinnamomi had increased static (p = 0.01) and
covalent (p = 0.006) peroxidase activity and decreased soluble phenolics (p = 0.006)
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(Figure 6.6). Phosphite applied to the susceptible clone did not affect peroxidase activity
or phenolic concentration in P. cinnamomi hyphae.

b) Indirect contact with Scleroderma increased (p = 0.008) (440%) bound phenolics in
P. cinnamomi hyphae.
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Figure 6.6 Percentage change in peroxidase activity and phenolic concentration in the
hyphae of Phytophthora cinnamomi when in indirect contact with a P. cinnamomi
resistant Eucalyptus marginata clone 12 treated with 3 g phosphite/L. Static ( ), ionic
( ), covalent peroxidase ( ), and soluble phenolics ( ).

Correlation of lesion length to enzyme activity
Lesion length did not correlate (r2 = 0.28) with peroxidase activity in the resistant clone.
However, when roots were in the presence of P. cinnamomi there was an effect
(p = 0.04) of decreasing soluble peroxidase while increasing covalent peroxidase activity
was approaching significance (p = 0.06).

There was no correlation between phenolic concentration and lesion length (r2 = 0.06).
Lesion length did not correlate to peroxidase activity in either clonal line when in indirect
contact with Pisolithus (r2 = 0.16). However, increasing ionic peroxidase activity was
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almost significant (p = 0.057) suggesting an influence on lesion length. There was no
correlation between phenolic concentration and lesion length (r2 = 0.10).

Discussion

It was anticipated that phosphite would have changed peroxidase activity and phenolic
concentration in the ECMC roots, as in Chapter 2 a response was observed where there
was generally a decrease in endodermal thickening when plants were treated with
phosphite. However, in the current experiment, a uniform response to phosphite
treatment was not observed. For example, in the compatible interactions (Pisolithus with
both clonal lines) only the resistant clone responded with significant increases in
peroxidase activity and phenolic concentration.

Phosphite decreased lesion lengths caused by P. cinnamomi and this reduction was
enhanced in some ECMC plants. However, there was no consistent pattern of change in
enzyme activity when phosphite treated ECMC plants were challenged with
P. cinnamomi.

The differences between clones were apparent in the absence of ECM fungi, where
phosphite induced changes to different peroxidases in each clonal line and increased the
bound phenolic concentration in the susceptible line only. When ECM fungi were
present, phosphite induced very different changes in the resistant clone. For example,
phosphite increased covalent peroxidase in the Pisolithus / resistant clone interaction,
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while it caused a decrease in covalent peroxidase activity when Scleroderma was in the
presence of the susceptible clone.

The lack of uniformity in the response of biochemical pathways to the presence of ECM
fungi or foliar application of phosphite suggests that caution must be taken when general
conclusions are drawn from studies with a limited range of organisms. It is clear from the
results in this chapter that future investigations should examine interactions with a wider
range of E. marginata clones and ECM fungal isolates. In spite of these limitations, it is
worth considering some of the findings in more detail. Three topics that arise from this
study are;
a) How important are phenolics and peroxidases in plant defence?
b) Can ECM fungi be used for the priming of host defence responses?
c) Do ECM fungi contain peroxidases?
d) Is the mode of action of phosphite on P. cinnamomi direct or indirect?

The importance of phenolics and peroxidases in plant defence
It appears that peroxidase activity and the concentration of phenolics in roots may be
important in controlling disease in some interactions. At 24 h post P. cinnamomi
inoculation, differences in defence responses were evident between the resistant and
susceptible non-mycorrhizal plants. For example, in the resistant clone the soluble
phenolics concentration increased by 1400 times while in the susceptible clone they only
increased by 60 times. The difference between resistant and susceptible plants is
reported to be related to the rapidity of the host response (Bennett and Wallsgrove,
1994), as pathogens can outgrow the production of antimicrobial compounds in the
susceptible host (Irving and Kuc, 1990). Graham and Graham (1997) found that cell wall
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elicitors of P. megasperma also induced a rapid and massive accumulation (maximum at
24 h) of phenolic polymers in cells of soybean. These covalently linked phenolics
included lignin and suberin polymers. Accumulation of phenolic polymers were
accompanied by an equally rapid and massive increase in the activity of anionic
peroxidases (Graham and Graham, 1997).

ECM fungi priming of host defence responses
Results of the current study support the theory that plants can be protected from
pathogens by priming their defence mechanisms with an incompatible reaction, and that
phosphite can enhance protection in all interactions. ECM formation causes phenolic
accumulation (Duchesne et al., 1987) in the root epidermis (Ling-Lee et al., 1977). The
current study has shown that accumulation of plant produced peroxidases and phenolics
are greater in incompatible than compatible reactions. Scleroderma MH232 was
incapable of producing a Hartig net with the resistant clone (Chapter 2) and there was an
eight-fold increase in the soluble peroxidase activity in roots when in indirect contact.
Only minimal changes occurred in peroxidase activity and phenolic concentrations when
the roots of either clone were in indirect contact with Pisolithus mycelium. However,
these results conflict with the findings of Albrecht et al. (1994a), where aggressive
colonisers in Pisolithus / E. grandis associations resulted in significant increases in
peroxidase activity. This confirms that the membrane system in the current study did not
allow the whole array of signal components to pass between root and ECM fungus. This
is also evident where lateral initiation was not stimulated by the presence of ECM fungus
when the membrane was present.
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One hypothesis offered by Lopez-Serrano et al. (1996) that may explain the reduction in
peroxidase activity in the P. cinnamomi challenged susceptible clone treated with
phosphite, is that this is part of a defence mechanism which disturbs the host-parasite
interaction by lowering the activity of an detoxifying enzyme. In contrast to the current
study, no significant changes in peroxidase were seen in unchallenged grapevine roots
when treated with phosphite (Lopez-Serrano et al., 1996).

In a histological study, suberisation occurred in P. cinnamomi susceptible clonal
E. marginata line (11J402) when challenged with P. cinnamomi and treated with 5 g
phosphite/L above 20C, but without phosphite treatment no suberisation occurred
(R Pilbeam, pers. comm.). In a P. cinnamomi resistant clonal E. marginata line (1J30)
suberisation occurred in the presence and absence of phosphite when challenged with
P. cinnamomi (R Pilbeam, pers. comm.). In comparison in the current study, in the ECM
resistant clonal line (324E12) phosphite generally caused less endodermal thickening
and increased hypodermal thickening (Chapter 2), with a large increase in peroxidase
activity. In the susceptible clonal line (11J402), both hypodermal and endodermal
thickening occurred with mycorrhizal challenge, but phosphite decreased endodermal
thickening in Scleroderma associations (Chapter 2). This indicates that mycorrhizal fungi
can induce host response in the susceptible clonal line (11J402) and could be used to
protect this clonal line against P. cinnamomi infection.

ECM fungi contain peroxidases
Peroxidase activity was detected in the white mycelium of Scleroderma and in the heavily
pigmented Pisolithus mycelium. However, Cairney and Burke (1998) believe that ECM
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fungi do not produce peroxidases, but instead false positives have been reported due to
the culture medium. In pure culture, low levels (11 pkat/mg) of total peroxidases were
detected in Scleroderma, while almost 100 pkats activity /mg protein were detected in
Pisolithus. These levels increased when in the presence of roots. In contrast, there was
no peroxidase activity detected in protein extracts from mycelium of pure cultures of
Pisolithus (Albrecht et al., 1994a) and Laccaria amethystea (Munzenberger et al., 1997).

In their review of ECM fungal peroxidase detection, Cairney and Burke (1998) have
determined that additives to media foster the false positives of peroxidase activity.
However, the MMN medium used for the current experiment had a low carbon
concentration (only 0.5 g sucrose/L) and did not contain added Fe. High carbon
concentration (10-20 g glucose/L) can repress expression of peroxidases, while Fe can
promote chemical oxidation of free radicals in assays resulting in non-enzymatic
pseudoperoxidases (Cairney and Burke, 1998). The N content of the MMN medium used
was sufficiently high to repress expression of peroxidase (Cairney and Burke, 1998), yet
peroxidases were detected. This indicates that future assays on ECM may need to
account for ECM fungal peroxidases.

The mode of action of phosphite
There were low levels of peroxidase activity detected in P. cinnamomi mycelium in pure
culture. Static peroxidase activity and soluble phenolic concentration were increased in
P. cinnamomi mycelium when there was direct contact with the resistant clone. In this
interaction, phosphite further increased static peroxidase activity and decreased the
soluble phenolic concentration in the mycelium. In contrast, in the presence of
susceptible plant roots treated or non-treated with phosphite there was no change in
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peroxidase activity or phenolic concentration. This demonstrates that the mode of action
of phosphite is dependant on the interaction of the plant and the P. cinnamomi isolate.
Therefore, further studies are needed using a range of P. cinnamomi isolates, plants and
phosphite levels.

Phosphite reduced lesion lengths caused by P. cinnamomi in all ECMC associations. It
is believed that the primary site of phosphite action lies within the pathogen (Oomycetes)
and not the host (Fenn and Coffey, 1984; Niere et al., 1994). For example, in an in vitro
study, Niere et al. (1994) detected an increased accumulation of polyphosphate and
pyrophosphate in Phytophthora in the presence of phosphite. This diverts ATP from a
wide range of metabolic pathways essential to growth. It has also been found that
phosphite causes changes in cell wall chemistry and altered membrane transport
properties and other cellular functions in Phytophthora species (Dercks and Buchenauer,
1987; Dunstan et al., 1990). In P. nicotianae, Fosetyl-Al altered hyphal cell wall
morphology (Guest, 1986), while it was found that phosphite affected the water soluble
components of cell walls in P. capsici (Rouhier et al., 1993). Phosphite reduces lipid
production in F. oxysporum, even at levels non-inhibitory to fungal growth (Griffith et al.,
1993).

These changes might affect the production of fungal membranes and cell surface
molecules which are involved in the recognition processes between plants and
pathogens (Griffin, 1994). Dunstan et al. (1990) found that phosphite alters the
metabolism of P. palmivora which results in a change in cell wall composition. Higher
levels of free fatty acids (arachidonic and eicosapentaenoic acids) which act as elicitors
of host defences have been reported in phosphite treated Phytophthora spp. (Dunstan et
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al., 1990). These changes may reduce the ability of the fungus to invade a potential
host, due to the host rapidly responding to the presence of the pathogen, thus exposing it
to the natural host defences at an earlier stage of invasion (Dunstan et al., 1990).

Although phosphite reduced lesion lengths, it failed to control lesion development except
in the incompatible reaction (resistant / Scleroderma) in the present study. The
P. cinnamomi isolate used was previously ranked as moderately tolerant to phosphite
from 66 isolates screened in vitro by Wilkinson (1997), highly pathogenic to E. marginata
by Hüberli (1995) and was provided with highly favourable conditions (an axenic, moist,
warm environment). This may be why infection inhibition was not seen in all plants. A
higher concentration of phosphite may have arrested the ingress of P. cinnamomi but, in
these circumstances, would have resulted in phytotoxic damage to the plant.

This chapter has addressed only a small number of potential biochemical changes that
may occur in the complex interaction between ECM, P. cinnamomi and phosphite. Whilst
definitive information on direct effects of phosphite on ECM remains elusive, the ECM
association does seem to provide some benefit to clonal E. marginata in vitro. Whether
this protective effect extends to the field remains to be determined. In the next chapter,
the ability of ECM fungi to protect phosphite treated susceptible ramets from
P. cinnamomi will be investigated in a glasshouse experiment.
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A COMPARATIVE STUDY OF PHYTOPHTHORA CINNAMOMI
RECOVERY AND MYCORRHIZAL STATUS OF SEEDLING AND
CLONAL EUCALYPTUS MARGINATA TREATED WITH
PHOSPHITE
Introduction
P. cinnamomi kills up to 38% of replanted seedling jarrah in rehabilitated minesites where
mycorrhizal colonisation is low (Hardy et al., 1996). In the undisturbed jarrah forest, the
surface root system of Eucalyptus marginata is heavily colonised by ectomycorrhizal
fungi (Hilton et al., 1989). There are only a few studies that correlate the extent of
P. cinnamomi root infection with tree growth and survival. Davison and Tay (1995)
examined mature E. marginata trees and found that between 5 and 10% of large surface
roots are likely to be infected in areas known to be infested with P. cinnamomi. Shearer
and Tippett (1989) found P. cinnamomi root lesions in 16 out of 26 live jarrah trees in
dieback sites, where only 4.7% of large roots were infected. At this level of infection, it
was concluded that P. cinnamomi was unlikely to affect tree growth. Davison and Tay
(1995) surmise that unless lesions are numerous, or are at the proximal ends of large
roots, they will have little effect on water movement to the foliage. However, it is not
known if the amount of ECM associations affects the level of infection by P. cinnamomi.

The presence of Pisolithus reduced the length of P. cinnamomi lesions in roots of
E. sieberi (Howard, 1995) under sterile conditions. Mycorrhizas benefit plants by
enhancing nutrient and water absorption, increasing drought tolerance, and may reduce
the susceptibility of some plants to pathogenic microorganisms (Kropp and Langlois,
1990; Linderman and Hoefnagels, 1992). There have been several reviews on the
protective influence of mycorrhizal fungi on root diseases (Marx, 1972; Schonbeck, 1979;
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Duchesne et al., 1989). Where mycorrhizal fungi are able to retard pathogen
development in the root system, this influence may be limited to the site of mycorrhizal
colonisation (Jalali and Jalali, 1991). However, Schonbeck (1979) discovered that while
the protective effect of an endomycorrhiza was generally localised to the mycorrhizal
sites in tobacco and lettuce roots, the effects could be transmitted short distances within
the root system. Schonbeck (1979) concluded that the resistance was due to the
strengthening of the host cell wall. Although enhanced resistance of mycorrhizal plants
to fungal root diseases has been observed in many studies (Table 7.1), the mechanisms
remain largely unknown.
Although phosphite has had little effect on the formation of ECM (Chapters 4 and 5), little
work has been conducted to determine if phosphite alters the response of ECM plants to
infection by P. cinnamomi. The aim of this chapter is to determine if phosphite alters the
protection, if any, afforded by ectomycorrhizal fungi to jarrah plants against infection by
P. cinnamomi.

Methods
Experimental design
To determine if phosphite alters the interaction between P. cinnamomi and mycorrhizal
and non-mycorrhizal plants, a randomised complete block design experiment using
seedling and clonal (11J402S) E. marginata, 4 ectomycorrhizal fungal treatments
(uninoculated control, Laccaria, Pisolithus and Scleroderma), two phosphite treatments
(0, 3 g/L), and two P. cinnamomi treatments (sterile water control, zoospores) was
established. There were 8 replicate ramets and 9 replicate seedlings for each treatment,
with a total of 136 plants.
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Table 7.1 Mycorrhizal plants showing resistance to fungal root pathogens
Pathogen

Host

Mycorrhizal Result
fungus

Reference

Fusarium

Pinus
resinosa

Paxillus
involutus

Decreased
infection

Chakravarty et al., 1990

Fusarium

P. resinosa

P. involutus

Decreased
infection

Chakravarty et al., 1991

Fusarium

P. resinosa

P. involutus

Disease
suppression

Farquhar & Peterson,
1991

Fusarium

P. strobus

ECM

?

Ocamb & Buschena,
1996

Fusarium
oxysporum

Pseudotsuga
menziesii

Laccaria
laccata

Fewer lesions

Sinclair et al., 1982

F. oxysporum

Ps. menziesii

L. laccata

Decreased
infection

Sylvia & Sinclair, 1983

Phytophthora
cinnamomi

P. taeda

Pisolithus
tinctorius

Disease
suppression

Marx & Davey,1969a;

P. echinata
P. clausa

Marx, 1970;
Ross & Marx, 1972;

P. echinata

Reduced
infection

Marx, 1973

P. cinnamomi

P. echinata

P. tinctorius

No infection

Barham et al., 1974

P. cinnamomi

Eucalyptus
sieberi

Pisolithus
sp.

Reduced lesion
length in roots

Howard, 1995

P. cinnamomi

Castanea
sativa

L. laccata
Hebeloma
Paxillus
involutus

Reduced
symptoms

Branzanti et al., 1999

P.
megasperma

Glycine max

?

Fewer plants
killed

Chou & Schmitthenner,
1974

P. parasitica

Citrus spp.

?

Reduced
damage

Schenck et al., 1977

Pythium sp.

P. sylvestris

?

Disease
suppression

Perrin & Nouveau, 1985

?

Reduced
stunting

Stewart & Pfleger, 1977

P. cambivora

Pythium
Poinsettia
ultimum
? = not specified
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Ectomycorrhizal inoculum
One isolate each of Laccaria (ME45), Scleroderma (MH232) and Pisolithus (MH56) were
selected using results from Chapter 2 for their ability to form mycorrhizal associations
with tissue cultured E. marginata (clonal line 11J402). Mycelial slurries were prepared
by inoculating 0.1% PDA broth (Appendix I) with plugs from the edge of 7-day-old
colonies. The slurries were allowed to grow in the dark for 3 weeks at 25  2C prior to
use and were gently shaken by hand once a week.

Plant material and mycorrhizal inoculation
Shoots of the E. marginata clone 11J402S, known to be susceptible to P. cinnamomi
(McComb et al., 1990), were induced to root in vitro as described in Chapter 2. Once
roots were 5 - 10 mm long the plants were removed from the hormone-free medium
(Appendix I) and placed individually into sterile 250 mL polycarbonate tubes containing a
vermiculite/perlite (1:1 vol:vol) substrate. The vermiculite/perlite mix had been
autoclaved in the tubes for 20 min at 121C with 20 mL of MMN solution (Appendix I). A
hole was aseptically made in the medium and 5 mL of mycorrhizal slurry inoculum (or
slurry of culture media without mycelium for the non-mycorrhizal controls) was added at
the time of plant transferral.

The tubes were sealed with air-tight caps and maintained at 25  2C with a light dark
period of 16/8 h (flux density of 150 moles m-2 s-1, fluorescent lamps). After 4 weeks,
the caps were removed aseptically and plantlets were fertilised with 5 mL of autoclaved
nutrient solution (10% Wuxal, Schering, NSW, Australia). The tubes were then sealed
with plastic film (Gladwrap, Glad Products of Australia, NSW). After 2 weeks, one hole
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was pierced through the film to increase gas exchange. Over the next 5 days additional
holes were progressively added until planting out to 75 x 75 x 100 mm square black
plastic pots (Down Under Plastics, W. Australia) which contained autoclaved (121C for
20 min) 1:1 vol:vol perlite/peat. At planting, the ramets were again inoculated with 5 mL
mycelial slurry. The slurry was poured into the planting hole surrounding the roots to
increase mycorrhizal infection. To facilitate later inoculation with P. cinnamomi two
plastic straws were placed at either side of the plant to a depth of 75 mm into the
substrate, and the exposed straw ends were sealed. The ramets were hardened off in a
misting chamber for one week, then grown in an evaporatively cooled glasshouse
(temperature range 16 – 26C) on a heating mat (Thermofilm®, C&M Innovations, NSW,
Australia) set at 20C. To maintain a low P regime, foliar fertilisation was reduced to 1/3
of the manufacturer’s recommended dose of Wuxal, fortnightly.

The E. marginata seedlings were prepared by germinating seed (Nindethana Seed
Service, W. Australia, batch 14589) in steam sterilised coarse white river sand. Within
five days of germination, seedlings were transferred to pots prepared as above and
inoculated with 5 mL of slurry. The seedlings were fertilised with the same concentration
of Wuxal® as the ramets. The plants remained in the glasshouse with overhead watering
twice a day.

Phosphite treatment
Four months after transplanting, the foliage of half of the ramets (32) and the seedlings
(36) were sprayed to run-off with 3 g phosphite/L (0.3%) and 0.25% Synertrol. The
remaining control plants were sprayed with a solution of 0.25% Synertrol. The soil was
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covered with non-absorbent cotton wool while spraying to prevent phosphite entering the
soil. The plants were hand watered to ensure foliage was not wet for at least 48 h after
spraying.

P. cinnamomi inoculation
Ten days after the phosphite treatment, the plants were inoculated with 5 mL suspension
of zoospores of P. cinnamomi (MP94-11) through each straw (approx. 25000
zoospores/mL). The zoospores were produced by the method of O’Gara et al. (1997).
The controls were sham inoculated with 5 mL sterile deionised water. After inoculation,
the straws were removed and the holes filled with sterilised yellow sand. The pots were
waterlogged for 2 h and then allowed to free drain. The plants were hand watered daily
and the low P fertilising regime was continued. Throughout the experiment, the
temperature ranged from 16.6 – 36.0C with an average minimum of 20.5 and maximum
of 32.0C.

Harvest
Prior to phosphite application, five replicate root samples were collected to determine
mycorrhizal status as described in Chapter 4. In addition, the root mass of the phosphite
treated and untreated seedlings and ramets were compared. Roots of five replicate
control (non-mycorrhizal) plants were removed carefully from the soil and washed over a
300 m sieve, then dried to constant weight at 70C.

As plants died, the roots were harvested, washed over a 300 m sieve, and a random
subsample from across the root system was collected. This subsample was surface
sterilised in ethanol for 5 sec, rinsed in water, and cut into 100 × 10 mm pieces, which
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were then plated onto a Phytophthora selective medium (NARPH – Appendix I). The
percentage infection was determined by the number of root pieces yielding
P. cinnamomi.

Eight weeks after P. cinnamomi inoculation, the remaining plants were harvested. Two
root subsamples were taken, the first for P. cinnamomi recovery, and the second for
determination of mycorrhizal status as described in Chapter 4.

Statistics
Data were examined for major violations of the assumptions of multivariate analysis.
There were deviations from normality and the homogeneity for variances (Cochrane C univariate test) produced some significant differences in data sets, so the data were
transformed using arcsine square root. A one way MANOVA was used to determine if
there were significant group differences between the two independent variables, tree type
and mycorrhizal treatment, and the dependant variables, mycorrhizal infection
percentage and P. cinnamomi infection. A coefficient of determination was used to
ascertain the degree of correlation between the proportion of mycorrhizal roots to the
percentage of P. cinnamomi isolated from the roots.

Results
Root mass
There was no effect (p = 0.13) of phosphite on root mass of 7-month-old E. marginata
tissue cultured ramets and seedlings treated with 0 and 3 g phosphite/L (Figures 7.1 and
7.2). There was no difference (p = 0.22) in the length of primary roots of each plant type.
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The seedlings had a well developed tap root, whereas the ramets had several major
roots that were as thick as the primary tap root of the seedlings (Figure 7.1).

a

b

c

d

Figure 7.1 Roots of 7-month-old Eucalyptus marginata tissue cultured ramets (left) and
seedlings (right) treated with 0 (a,c) and 3 g phosphite/L (b,d).
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Figure 7.2 Root mass of 7-month-old Eucalyptus marginata tissue cultured ramets
( ) and seedlings ( ) treated with 0 and 3 g phosphite/L. Values are means of 8 or 9
observations with SE.
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Mycorrhizal status
At 4 months, immediately prior to phosphite application, the percentage of roots of clonal
plants infected by the mycorrhizal fungi was 14, 16.5 and 12.5% for Laccaria, Pisolithus
and Scleroderma, respectively (Figure 7.3a), while seedlings had 15.5, 21.5 and 18.5%,
respectively. There was no difference (p = 0.22) in percentage of roots infected between
ramets and seedlings for any of the fungal treatments.

However, at the time of the final harvest (3 months post phosphite spray), the percentage
of mycorrhizal colonisation had decreased for all three ECM fungi in the ramets and
increased for Pisolithus and Scleroderma in the seedlings (Figure 7.3b). At both
harvests, the non-mycorrhizal plants had slight ectomycorrhizal contamination, with thin
white hyphae loosely surrounding up to 3% of the root tips. Phosphite did not affect (p =
0.19) the mycorrhizal proportion of roots in either ramets or seedlings in any of the
mycorrhizal treatments.

Plant death
In contrast to clonal plants and phosphite treated seedlings where there was 100%
survival, 7 untreated seedlings died when inoculated with P. cinnamomi, with most
deaths occurring in the first three weeks (3 control, 3 Laccaria and 1 Pisolithus
treatments). P. cinnamomi was recovered from between 60 and 100% of the root
segments of these plants. No deaths occurred in plants not inoculated with
P. cinnamomi.
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Figure 7.3 Percentage of roots with ectomycorrhizal morphology in a) 4-month-old and
b) 7-month-old Eucalyptus marginata ramets ( ) and seedlings ( ) 3 months post
phosphite treatment. Lac = Laccaria (isolate ME45), Scl = Scleroderma (MH232) and
Piso = Pisolithus (MH56). Values are means of 8 observations with SE.

P. cinnamomi isolation
P. cinnamomi was recovered from 84% and 52% of the untreated seedlings and ramets
(respectively), whether they were mycorrhizal or not. By contrast, in phosphite treated
plants, P. cinnamomi was isolated in 10% of seedlings and 6% of ramets. There was no
difference in P. cinnamomi recovery between mycorrhizal types in seedlings (p = 0.93)
and ramets (p = 0.4) (Figure 7.4).
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Figure 7.4 Percentage of Phytophthora cinnamomi recovery from 100 root segments
from surviving 7-month-old mycorrhizal Eucalyptus marginata ramets ( ) and seedlings
( ), inoculated with P. cinnamomi zoospores. Lac = Laccaria (isolate ME45), Scl =
Scleroderma (MH232) and Piso = Pisolithus (MH56). Values are means of 8
observations with SE.
P. cinnamomi isolation versus mycorrhizal status in plants not treated with
phosphite
There was no correlation between extent of mycorrhizal fungal colonisation and
percentage of P. cinnamomi infected root in ramets (r = 0.48) or seedlings (r = 0.29).
More (p = 0.01) P. cinnamomi was recovered from mycorrhizal than non-mycorrhizal
ramets (Figure 7.5).
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Figure 7.5 Phytophthora cinnamomi recovery ( ) from roots of 7-month-old Eucalyptus
marginata in relation to mycorrhizal infection ( ) (Laccaria, Scleroderma and Pisolithus)
in susceptible clonal line (11J402) and seedlings, 8 weeks after inoculation with
P. cinnamomi zoospores.
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Discussion
Phosphite protected all plants, with virtually no recovery of P. cinnamomi from roots of
mycorrhizal and non-mycorrhizal ramets and seedlings. However, it is not clear whether
the P. cinnamomi was killed by phosphite or whether infection did not occur in these
plants. Van-der-Merwe et al. (1994) provided evidence that there was no difference in
the ability of the zoospores of P. cinnamomi to recognise, encyst, germinate or form
appressoria on roots of phosphite treated or untreated avocado. This was also confirmed
by Guest (1986) who showed that in tobacco seedlings, the encystment, germination and
intercellular penetration of the zoospores of P. nicotianae was not affected by Fosetyl-Al
pretreatment. It has been suggested that the mode of action of phosphite in planta
involves a number of processes, including: an increase in the release and/or activity of
elicitors, an increase in the sensitivity of the host receptors, or by stimulating enzymes
involved in the resistant response (Guest and Bompeix, 1990). In addition, phosphite
could inactivate suppressors of P. cinnamomi by inhibiting suppressor release or activity,
or by decreasing plant reception of fungal suppressors. This suggests that phosphite
enables the plant to react like a resistant host, at the site where P. cinnamomi zoospores
penetrate, thus containing infection (Weste and Cahill, 1982; Cahill et al., 1989).
However, in the current study there was less than 1% recovery of P. cinnamomi from
surface sterilised roots, which suggests that P. cinnamomi may have been killed in this
instance from around the root system. This suggests a direct mode of action as
proposed by Jackson et al. (2000) where a high phosphite concentration at the site of
pathogen invasion inhibited growth of the pathogen in E. marginata, while low phosphite
concentrations interacted with the pathogen where phosphite toxicity inhibits P.
cinnamomi growth. Phosphite has been demonstrated to induce host defences (Albrecht
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et al., 1994b; Perez et al., 1995; Jackson et al., 2000). Perez et al. (1995) observed
metabolic disruption in the pathogen causing the release of elicitors that induce host
defence mechanisms at low levels of phosphite.

In contrast to the work of Van-der-Merwe et al. (1994), Ippolito et al. (1996) found that the
inoculum density of Phytophthora spp. per mg of feeder roots of citrus rootstock was
significantly lower in plants treated with foliar Fosetyl-Al than in untreated plants. A
similar reduction in Phytophthora propagule population was also reported by Farih et al.
(1996) in citrus orchards after using tri-yearly foliar applications of Fosetyl-Al for several
years. However, Timmer et al. (1990) showed that Fosetyl-Al increased feeder root
densities of citrus by 25 - 48%, so Phytophthora parasitica propagule densities were
decreased when expressed on a root weight basis, but not when expressed on a soil
volume basis. This was confirmed by Matheron et al. (1997) who showed in citrus
orchards that Phytophthora population densities did not significantly differ when FosetylAl was applied to trees. However, as phosphite had no effect on root mass in Eucalyptus
or Agonis (Chapter 4) a direct inhibitive effect on P. cinnamomi is likely.

Although the ectomycorrhizal associations of the present study did not protect jarrah
seedlings or ramets, it has been surmised that ectomycorrhizae may suppress root
pathogens by forming a fungal mantle as a physical barrier to pathogen ingress
(Linderman and Hoefnagels, 1992). This was evident in in vitro Douglas fir seedlings
where Fusarium oxysporum colonised 18% of the surface of control roots and 43% of
roots exposed to Laccaria laccata but invasion of roots by the pathogen was reduced
significantly in ectomycorrhizal seedlings compared with the control (Sinclair et al., 1982).
In a glasshouse study of L. laccata mycorrhizal Castanea sativa (chestnut), 7-month-old

117

Chapter Seven
trees challenged with P. cinnamomi zoospores did not show signs of pathogen infection
(Branzanti et al., 1999). However, in the current study, plants with the highest
mycorrhizal infection (Pisolithus and Scleroderma in seedlings) did not have significantly
less P. cinnamomi recovery than non-mycorrhizal plants. This is a direct contrast with
the physical protection theory. Compared to Douglas fir, where most of the short roots
become ectomycorrhizal (Mortier et al., 1988), eucalypts usually have a mixture of
ectomycorrhizas and non-mycorrhizal roots in the field. However, the percentage of root
system colonised in the current study was quite low and this may have given the
pathogen an advantage in the infection court compared to ectomycorrhizal conifers
where the physical barrier may provide protection against pathogen ingress.

The strength of the association between the symbiont and the host must be considered.
In Chapter 2, it was shown that the Pisolithus isolates formed well developed ECMs with
a Hartig net and a dense mantle, while Scleroderma produced few Hartig nets and a
thinner mantle. Albrecht et al. (1994a) found that fast ECM colonisers induced strong
host defence responses in an artificial system. In the current study, however, Pisolithus
infection of 40% of seedling roots did not significantly reduce P. cinnamomi infection.

The percentage of ramet root length colonised by ECM fungi declined over time. This
has also been observed in Douglas fir seedlings where at 11 weeks 45% of short roots
were infected with L. laccata, which increased to 74% by week 15 but subsequently
declined to 35% thereafter (Mortier et al., 1988). Mortier et al. (1988) attributed this
decline to a lack of secondary infections. In the current study, this decline may be due to
the larger root system (mass) of the ramets compared to the seedlings. Bennett et al.
(1986) showed that clonal jarrah plantlets had significantly less total root length than
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seedlings of the same age, where the mass is dominated by the large primary roots. The
tissue cultured clonal plants have a different architecture with more structural roots
arising from the base of the stem at a wide angle as opposed to a main tap root in the
seedlings. The root architecture of micropropagated jarrah more closely resembles that
of a mature tree (Abbott et al., 1989). If plants produce more structural roots than fine
roots, there are less sites for ECM to form.

Most studies on the role of ectomycorrhizas as biological control agents for root diseases
have been carried out under glasshouse conditions, and the same results may not be
expressed under natural field conditions. Combined with the fact that only one isolate of
P. cinnamomi and one each of the ECM fungi were used in the current experiment,
extrapolation to natural conditions should be avoided. However, it would be beneficial to
undertake this experiment in an aeroponics chamber to enable continued examination of
mycorrhizal and non-mycorrhizal root tips of phosphite treated plants inoculated with
P. cinnamomi.

P. cinnamomi was recovered from twice as many non-phosphite treated ECM ramets
than control ramets. This suggests that this susceptible clonal line, which had 40%
mortality over 20 months in field trials (McComb et al., 1990), is made more susceptible
to P. cinnamomi infection when in contact with ECM fungi. It has been reported that
VAM infection can increase the incidence of disease (Jalali and Jalali, 1991). For
example, Ross (1972) showed 90% of mycorrhizal (Glomus macrocarpum var.
geosporum) soybean showed symptoms of disease from Phytophthora, whereas only
20% of non-mycorrhizal plants had symptoms. Also, Davis et al. (1979) reported
Verticillium dahliae root infection was greater in cotton plants infected with Glomus
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fasciculatus, than non-mycorrhizal plants. Ross (1972) suggests that the increase in
disease in mycorrhizal plants is due to damage caused by vesicles leading to increased
sites for pathogen ingress. However, this damage is not expected in ECM plants as
there is usually no intracellular penetration. A more likely cause of the increased
susceptibility of mycorrhizal plants could be due to the suppression of the plant’s defence
system. In AM soybean only weak and transient pathogenesis related (PR) gene
expression has been observed (Lambais and Mehdy, 1994) and suppression of PR gene
expression in mycorrhizal tobacco roots has been demonstrated (David et al., 1998). For
example, in tobacco leaves infected with Botrytis cinerea or TMV the accumulation of PR
proteins were lower, and their appearance was delayed in endomycorrhizal compared
with non-mycorrhizal plants (Shaul et al., 1999).

The higher phosphorous (P) status of the mycorrhizal host has been shown to increase
the phospholipid content of roots, which in turn decreases the root membrane
permeability and results in less root exudation, and correlates with reduced disease
severity (Powell and Bagyaraj, 1984). However, Shaul et al. (1999) found that leaves of
mycorrhizal tobacco plants infected with Botrytis cinerea showed a higher incidence and
severity of necrotic lesions than those of non-mycorrhizal control plants. Similar plant
responses were found at both low (0.1 mM) and high (1.0 mM) nutritional levels of P.
Plants growing under nutritional stress often produce more phenolics than those with
better nutrition (Stowe and Osborn, 1980). In their study of allelopathy in barley, the
phenolic compounds from plants with limiting N or P concentrations restricted growth of
other plants roots. Stowe and Osborn (1980) suggest that in mycorrhizal plants, at better
nutritional status than non-mycorrhizal plants, the phytotoxicity of phenolic compounds
produced is decreased.
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In conclusion, phosphite protected mycorrhizal and non-mycorrhizal seedlings and
ramets from P. cinnamomi infection possibly by a direct fungicidal action. This level of
phosphite in the roots did not affect the percentage of root colonised by ECM fungi.
Clonal E. marginata roots had a lower proportion of mycorrhizal and P. cinnamomi
infection compared to seedlings. No evidence was obtained that would suggest that
E. marginata roots colonised by early colonising ECM fungi are better equipped to resist
infection by P. cinnamomi than non-mycorrhizal roots. However, studies are required to
examine interactions at the infection court level rather than at the level of the root system.
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GENERAL DISCUSSION

This is the first major study to examine the effect of phosphite on ectomycorrhizal (ECM)
fungi. This thesis clearly demonstrated that the application of the current recommended
rate of phosphite (5 g/L) (Tynan et al., 2000) to seedlings of Australian tree species did
not significantly affect the formation of ectomycorrhiza, nor the colonisation of new roots
inoculated with three genera of early colonising ECM fungi. Additionally, the foliar
application of 3 g/L phosphite to Eucalyptus marginata in vitro, did not affect the
colonisation of roots from spore inoculum, the formation of a mantle and Hartig net, the
number of laterals produced, or the epidermal cell elongation in mycorrhizas. Unlike
species of Phytophthora, ECM fungi appear to be quite tolerant to phosphite. At low in
vitro phosphate conditions, the biomass of Laccaria generally decreased as phosphite
concentration increased. Phosphite was fungistatic at 1 mM for Laccaria and
Scleroderma, and between 1 and 250 mM for Pisolithus. Phosphite in agar was
fungicidal to three isolates of Laccaria, Scleroderma and Pisolithus at 500, 750 and 250
mM, respectively. These concentrations are generally higher than the phosphite
concentrations (~60 mM) detected in planta that control Phytophthora cinnamomi
(Fairbanks et al., 2000; C Wilkinson, pers. comm.).

Phosphite applied to the foliage can cause both cellular and subcellular effects within
plants. In the current study, phosphite (3 g/L in vitro) decreased endodermal thickening
and increased the percentage of roots with hypodermal thickening in mycorrhizal plants.
Furthermore, phosphite can cause browning or necrosis of root tips (Jackson et al., 2000;
S Barrett, pers. comm.) as a result of phosphite being translocated from the foliage into
root tips (Fairbanks et al., 2000). Moreover, recently phosphite has been observed to
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increase abnormalities in mitosis in root tips of beans (M Fairbanks, pers. comm.). If
phosphite can change host responses, damage root tips and impair meristematic growth
of the root, this fungicide has the potential to decrease ectomycorrhiza formation and
function. In spite of the above observations, in the current study phosphite did not
change the dry weight of the roots or the percentage of ECM produced per plant. If any
root damage had occurred in vivo, then new roots would have had to have formed to
compensate for damage and to have been colonised by ECM fungi. However, necrosis
was not observed in the current studies, which suggests that the levels of phosphite
applied were not phytotoxic for root growth. Alternatively, if phosphite accumulates in the
apposition zone of the root tip (~100 m) where fungal penetration does not occur
(Massicotte et al., 1987) then colonisation may not be affected.

It is hypothesised that a high P status in the plant may alter the effectiveness of
phosphite to control Phytophthora cinnamomi. It is known that a high plant P status
reduces ECM formation (Thomson et al., 1986) and in vitro, high phosphate
concentrations in the media reduced phosphite uptake by Laccaria mycelium (Chapter 3).
However, it is still not known if a high P status in planta affects the impact of phosphite on
ECMs. In the current study, the P status of all plants was kept relatively low to
encourage ECM formation and function. Therefore, there is a need to know more about
phosphate and phosphite interactions within the plant, especially in horticultural and
agricultural crops which are regularly fertilised. Future work is necessary with different
phosphate fertiliser regimes to examine the effect of phosphite on ECM development and
P. cinnamomi infection under changing P levels. This may be particularly important for
Australian native plants which have evolved in nutrient poor soils. At present, phosphite
is the only available tool for disease control in native plant communities in Western
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Australia. There is anecdotal evidence that the efficacy of phosphite to contain P.
cinnamomi lesions in stems is reduced in areas exposed to nutrient enrichment (B Dell,
pers. comm.).

When investigating the behaviour of phosphite in planta it would be worthwhile to utilise
the membrane method as developed in Chapter 6 to produce ECM challenged roots. As
it is possible to examine host and fungi separately, it could be determined if phosphite
also accumulates in these roots tips, and if any is transferred to the ECM fungus. It is
unlikely that any of this phosphite is obtained by ECM fungi and transferred to the
extraradical hyphae where it may escape to the rhizosphere. More likely, as seen in
Chapter 2, possible changes to cell membranes resulting in hypertrophy in the cortex
caused by phosphite may lead to damaged cells and leakage to the rhizosphere.
Assuming that ECM possess the same dual uptake system for phosphate and phosphite,
with a high affinity for phosphate, as seen in Phytophthora spp. (Barchietto et al., 1989;
Griffith et al., 1989b), the extraradical hyphae could preferentially absorb phosphate from
the soil. As phosphite is rapidly biodegraded to phosphate by soil microbes (Adams and
Conrad, 1953; Guest and Grant, 1991) a direct affect on ECM is not likely. However, the
accumulation of phosphate in the rhizosphere can indirectly affect ECM if it causes a
change in rhizosphere populations (Wongwathanarat and Sivasithamparam, 1991).

Although fungicides such as Benomyl, Fosetyl-Al and oxine benzoate have been
documented as inhibitors of mycorrhizal formation (Pawuk et al., 1980; Sukarno et al.,
1998; Chakravarty et al., 1990), the mechanisms of disruption are not understood.
Phosphite in plant tissue can act directly on the fungi (Dercks and Buchenauer, 1987;
Smillie et al., 1989), or the reduction of ECM formation in fungicide treated plants could
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be caused indirectly by an enhanced host response. For example, in the present study
host enzyme activity in ECM challenged roots showed variability in expression of
peroxidases and phenolic compounds between ECM genera and host clonal lines.
Phosphite did not alter peroxidase activity or phenolic concentration in the roots of the
resistant E. marginata clone challenged by P. cinnamomi in the presence of either
Scleroderma or Pisolithus. However, in the susceptible clone, in the presence of
Pisolithus, phosphite significantly increased peroxidase activity which resulted in a more
lignified/suberised endodermis or hypodermis, and decreased soluble phenolic
concentration in the roots. The same heightening of host defences at low levels of
phosphite has been observed when metabolic disruption in P. cinnamomi caused the
release of elicitors (Perez et al., 1995).

By utilising clonal plant material and three isolates of each fungus, it was often found in
the current study that each combination produced unique results. Furthermore, it is
doubted whether effects of fungicides observed in vitro on fungal growth and ECM
formation are comparable with those on mycorrhizae in situ in native soil (Unestam et al.,
1989). In the present study, pot trials using soil from an established E. globulus
plantation showed that phosphite did not affect the formation of ECM, however,
environmental conditions favourable to these ECM were provided. Therefore, it is
essential that longer term studies and field work are undertaken, especially if plants are
regularly treated with phosphite. To avoid generalisations, further research should
include a larger number of ECM fungi, including late colonising fungi, more isolates of
ECM fungi and more hosts with a wider genetic variation within hosts.
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Appendix I
MEDIA PREPARATION
C&S – Cairney and Smith’s medium (Cairney and Smith, 1992)
140 mg

MgSO4.7H2O

50 mg

CaCl2

25 mg

NaCl

3 mg

ZnSO4

38 mg

FeEDTA (BDH Ltd, England)

100 mg

Thiamine (Sigma Chemicals)

10 g

D-Glucose (BDH - Merck P/L, Vic)

600 mg

NH4NO3

1000 mL

deionised water

for 10 M phosphate
0.13 mg

K2HPO4

for 100 M phosphate
1.3 mg
and for 1 mM phosphate
130 mg

KH2PO4

The solution was adjusted to pH 5.5 using HCl and autoclaved at 15 psi for 20 min.

Cellophane Membrane
The cellophane was cut in circles of 85 mm diameter, boiled for 1 h in deionised water with
approximately 100 g/L of EDTA (ethylenediaminetetra acetate), rinsed with deionised water,
then boiled for another hour in deionised water. This was followed by autoclaving at 121 oC for
20 min on three consecutive days.
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JMM - Jarrah Multiplication Medium (J McComb pers. comm.)
4.43 g

MS Powder (M5519, Sigma Chemicals, Australia)

20 g

Sucrose

2.5 mL

1 mM BAP (6-Benzyl Amino purine, Sigma Chemicals)

2.5 mL

0.5 mM NAA (Naphthalene Acetic acid, Sigma Chemicals)

2.5 g

Bacteriological Agar (Gibco BRL)

2.5 g

Gelrite (Phytogel, Sigma Chemicals)

1000 mL

Distilled water

The media was adjusted to pH 5.8 using NaOH, then autoclaved at 15 psi for 20 min.

JRM - Jarrah Rooting Medium (J McComb pers. comm.)
2.5 mL

2M

NH4NO3

2.5 mL

2M

KNO3

3.75 mL

0.2 M CaCl2.2H2O

2 mL

0.2 M MgSO4.7H2O

2 mL

0.2 M KH2PO4

2.5 mL

20 mM FeEDTA (BDH Ltd, England)

10 mL

Micronutrient stock solution

10 mL

1 mM IBA (Indole-3-butyric acid, Sigma Chemicals)

20 g

Sucrose

3g

Bacteriological Agar (Gibco BRL)

2g

Gelrite (Phytogel, Sigma Chemicals)

1000 mL

Distilled water

The media was adjusted to pH 5.5 using NaOH, then autoclaved at 15 psi for 20 min.
JHFM - Jarrah Hormone Free Medium
As above (JRM) with the omission of IBA
Micronutrient stock solution for JRM and JHFM
1.24g

H3BO3

3.38 g

MnSO4.H2O

1.73 g

ZnSO4.7H2O

0.17 g

KI

48 mg

Na2MoO4.2H2O

5 mg

CuSO4.5H2O

4.8mg

CoCl2.6H2O

1000 mL

Distilled water
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MMN0.5 Agar – Modified Melin Norkrans Agar (Marx, 1969)
10 g

Bacteriological Agar (Gibco BRL)

0.5 g

D-glucose (BDH - Merck P/L, Vic)

10 mL each of the following stock solutions;
2.5 g/L

NaCl

50 g/L

KH2PO4

25 g/L

(NH4)2HPO4

15 g/L

MgSO4.7H2O

2 g/L

EDTANa (BDH Ltd, England)

100 L/L

Thiamine-HCl (Sigma Chemicals)

8 mL of the following stock solution;
6.62 g/L

CaCl2.H2O

932 mL

deionised water

The pH adjusted to 5.75 to 5.85 using HCl and the medium autoclaved at 15 psi for 20 min.

NARPH – Phytophthora selective medium (Shearer and Dillon, 1995)
0.5 mL

Rifampicin (Rifadin, Hoechst Marion Roussel, Aust)

1.0 mL

Nilstat (Nyastatin BP 100 000 units/mL, Wyeth-Ayerst, Aust)

0.1 g

Ampicillin (Ampicillin sodium power, Fisons, Aust)

0.05 g

Hymexazol (Tachigaren, 99.5%, Sankyo Company, Japan)

0.1 g

PCNB (Terrachlor, 750g/kg Quintazone, Uniroyal, Aust)
17 g

Cornmeal agar (Gibco BRL)

1000 mL

Deionised water

The agar was added to the water and autoclaved at 15 psi for 20 min. The remaining ingredients
were added to 10 mL of sterile water, shaken vigorously and added when the media had cooled
to approximately 45oC.

½ PDA Broth – Potato Dextrose Agar broth
1g

PDA (Gibco BRL)

1g

Bacteriological agar (Gibco BRL)

1000 mL

Deionised water

The solution was autoclaved at 15 psi for 20 min.
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RMA - Ribero’s Modified agar (Ribeiro et al., 1975)
100 mg

L-aspargine

150 mg

KNO3

44 g

FeCl3

26 mg

EDTA (BDH Ltd, England)

15 mg

KOH

41 g

Na2MoO4

87 g

ZnSO4

78 g

CuSO4

154 g

MnSO4

5 g

NaB4O7

1 mL

Microelements stock solution

1000 mL

Distilled water

The medium was adjusted to pH 5.8 and autoclaved at 15 psi for 20 min. The
following ingredients were added when the medium had cooled to approximately 45oC.
1 mg
Thiamine (Sigma Chemicals)
1 mL

Fe3+ stock solution (filter sterilised)

Microelements stock solution for RMA
41.1 mg

Na2MoO4.2H2O

87.8 mg

ZnSO4.7H2O

7.85 mg

CuSO4.5H2O

15.4 mg

MnSO4.H2O

0.5 mg

Na2B4O7

100 mL

Distilled water

Fe3+ stock solution for RMA
44.44 mg

FeCl3.6H2O

2.6 g

EDTA (BDH Ltd, England)

1.5 g

KOH

100 mL

Distilled water
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Spurr’s epoxy resin –dehydration and embedding sequences (Spurr, 1969)

Dehydration in a graded ethanol series
50% ethanol for 20 min (minimum)
70% ethanol for 20 min
90% ethanol for 30 min
95% ethanol for 30 min
100% ethanol for 30 min
100% ethanol for 45 min
100% ethanol overnight

Infiltration with fresh Spurr’s resin (G Thompson pers. comm.)
100% acetone 2 h
5% Spurr’s resin in acetone for 3 h (minimum)
10% Spurr’s resin in acetone for 3 h
15% Spurr’s resin in acetone for 3 h
20% Spurr’s resin in acetone for 3 h
30% Spurr’s resin in acetone for 3 h
50% Spurr’s resin in acetone for 3 h
80% Spurr’s resin in acetone for 3 h
100% Spurr’s resin in acetone for 2 h
100% Spurr’s resin in acetone for 5 h
embedded in fresh 100% Spurr’s resin
Polymerised at 70oC for 24 h

Water Agar
8g
0.6 g
0.62 g
1000 mL

Bacteriological Agar (Gibco BRL)
CaNO3 (Fisons Scientific Equip., Loughborough, Eng.)
H3BO3 (Ajax Chemicals, Sydney, Australia.)
Deionised water

The pH was adjusted to 6.25 to 6.35 using KOH and the medium autoclaved at 15 psi for 20 min.
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Appendix II
SELECTION OF ECTOMYCORRHIZAL FUNGAL ISOLATES
AND PLANT SPECIES

Objective
The aim of this study was to select ectomycorrhizal (ECM) fungal isolates and plant
species that readily form ectomycorrhizae in vitro for use in experiments within this
thesis.

Methods
Pure isolates were obtained from 10 Laccaria and 11 Scleroderma sporocarps collected
from south-west Western Australia (Table 1). In addition, 10 Pisolithus isolates from the
Murdoch University mycorrhizal fungi collection were used. All isolates are identified by a
Murdoch isolate number. To identify the isolates selected for further studies, descriptions
of fruiting bodies and measurements of spores were compared to those provided by
Bougher and Syme (1998).

Table 1 Ectomycorrhizal isolate collection from south-west Western Australia
Genus

Isolate number

Place of isolation, probable plant host

Laccaria sp.

ME45

Stirling Dam, Corymbia (Eucalyptus) calophylla

ME46

Serpentine

ME47

Murdoch University, Pimelea sp.

ME48

Murdoch University Swamp

ME49

Jarrahdale, Nettleton Rd, Kennedia sp.

ME50

Jarrahdale, Thomson Rd, C. calophylla

ME51

Jarrahdale, Thomson Rd, E. marginata

ME52

Illawarra State Forest, swamp vegetation
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Table 1 cont.. Ectomycorrhizal isolate collection from south-west Western Australia
Genus

Scleroderma sp.

Pisolithus

Isolate number

Place of isolation, plant isolated from

ME53

Illawarra State Forest, sclerophyllous vegetation

MH215

Albany, E. globulus plantation

MH216

Albany, E. globulus plantation

MH225

Waroona Golf Course, E. marginata

MH226

Willowdale rehab, E. marginata

MH227

Jarrahdale, Eucalyptus sp.

MH228

Jarrahdale, Eucalyptus sp.

MH229

Jarrahdale, Eucalyptus sp.

MH230

Jarrahdale, Eucalyptus sp.

MH231

Jarrahdale, Eucalyptus sp.

MH232

Yalgorup National Park, Eucalyptus sp.

MH233

Nannup, forest

MH31

Mullering Brook, Eucalyptus sp.

MH56

Kalbarri, Eucalyptus sp.

MH81

Western Australia, Eucalyptus sp.

MH82

Western Australia, Eucalyptus sp.

MH98

Western Australia, Eucalyptus sp.

MH108

Morowa, Eucalyptus sp.

MH115

Western Australia, Eucalyptus sp.

MH118

Western Australia, Eucalyptus sp.

MH182

Murdoch University, Eucalyptus sp.

MH219

Augusta, E. globulus

MH508

Rockingham, Allocasuarina

MH541

Wubin, Allocasuarina or Melaleuca
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Screening of isolates
All isolates of Scleroderma and Pisolithus were screened aseptically in vitro with
Australian native species to ascertain which isolates would form mycorrhizae. Laccaria
generally do not form mycorrhizae in vitro (T Burgess pers. comm.) and therefore were
not screened.

Agonis flexuosa, Melaleuca scabra, Eucalyptus globulus and E. sieberi seed was
purchased from Nindethana Seeds, Albany, Western Australia (batch numbers 12229,
10100, 11624 and 11429 respectively). A uniform pure seed fraction was obtained by
sieving. Seed sterilisation techniques and germination rate of each species is shown in
Table 2. The seeds were immersed in 70% ethanol containing 1 drop of the surfactant
Tween 80, then placed into NaOCl on a magnetic stirrer. The seeds were rinsed in at
least 6 changes of sterile deionised water and blotted dry on sterile paper towels and
placed onto 9 cm Petri plates containing Water Agar (Appendix I) and incubated in the
dark at 25 ± 2 oC. Two days after germination, when the radicle length was 5 – 10 mm,
the seedlings were aseptically transferred to 250 ml polycarbonate tubs containing 70 ml
of MMN0.5 medium (Appendix I) set on a slope. This medium was overlaid with a
cellophane membrane (Appendix I) to prevent the growth of mycelia and roots into the
agar, whilst allowing nutrient and water transfer to occur. The Pisolithus and
Scleroderma isolates were placed on top of the cellophane membrane to the tubs as
squares of actively growing mycelia from 3-week-old colonies on MMN0.5 medium. As
hyphal growth was slow these tubs were prepared approximately one month prior to
germination of the seedlings. The tips of plant roots were placed against the margin of
the colony. There were 3, 3, 5 and 5 seedlings/ tub for E. globulus, E. sieberi,
A. flexuosa and M. scabra respectively, with 2 - 3 replicate tubs. The tubs were
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incubated at 25 ± 2oC with an 16/8 h day/night cycle for 4 weeks. This experiment was
repeated once.

E. marginata (jarrah) clonal material was also used to assess the mycorrhizae
compatibility. The initial jarrah clonal shoots were supplied by Alcoa’s Marrinup Nursery,
Western Australia. Shoots were maintained on jarrah multiplication medium (JMM,
Appendix I) and were divided and transferred to fresh media every 4 - 5 weeks. The
shoots were kept at 25 ± 2 oC in a 16/8 h day/night cycle. Roots of clonal lines 326J51,
1J30, 324E12 and 11J402 were induced by transferral of shoots to jarrah rooting medium
(JRM, Appendix I), kept in the dark for 7 days, then transferred directly to hormone-free
media (JHFM, Appendix I) and returned to the day/night cycle. Roots developed in 4
days and plantlets were selected if there were 2 - 4 roots, 1mm long. The root tips were
placed against the fungal colony, with only 2 plantlets per tub. There were 5 replicate
tubs.

Table 2 Sterilisation and germination of native seeds
Species

NaOCl
(%)

Bleaching
time
(min)

Time to
germination
(days)

Total
germination
(%)

7.5

10

20

40

Melaleuca scabra

5

5

20

25

Eucalyptus globulus

10

15

8

80

E. sieberi

10

10

8

40

Agonis flexuosa
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Assessment of plant/fungal association
The plants were removed from the tubs after 4 weeks and examined at 7x magnification.
Observations were made of: the presence of a fungal mantle, the root shape, presence of
root hairs and lateral root infection. Where the mantle was difficult to remove from the
root surface, root samples were collected, a 5 mm segment taken 2 mm back from the tip
of the primary root and prepared for fixation in Spurr’s resin. The root portions were fixed
in 3% glutaraldehyde in 0.025 M phosphate buffer (pH 7) (Bonfante-Fasolo et al., 1987;
Tonkin et al., 1989; Burgess et al., 1994). The samples were then washed in three
changes of 0.02 M phosphate buffer (pH 7) and dehydrated in an ascending ethanol
series, followed by acetone (Appendix I). The root portions were then infiltrated and
embedded in Spurr’s epoxy resin (Appendix I). Longitudinal sections of roots from a
preliminary experiment showed Hartig net formation began 2.5 mm behind the root tip.

Assessment of fixed tissue
The blocks were then cut to allow sections to be taken at the mid point of each root
sample, therefore at 4 - 5 mm from the root tip. Thin sections (0.75 - 1 m) were cut
using glass knives on a Sorvall JB4 microtome and these were mounted onto slides.
Sections were stained with a solution of 1% methylene blue and 1% azure II in 1% borax.
This stained plant cell walls and fungal hyphae enabling detection of Hartig net
development and morphological changes in root epidermal cells. The slides were
examined under 10 – 40x magnification with an Olympus compound microscope. For
each interaction, between 4 and 10 roots were examined. Epidermal cell elongation was
calculated as the cell width:length ratio.
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Results and discussion

Scleroderma isolates MH232 and MH233 formed mantles, and the colonised roots had
thickened root tips and root hairs were mostly absent (Tables 3 and 4). Isolate MH230
produced mantles in half of the eucalypts and in most cases suppressed root hair
production. Pisolithus isolate MH56 formed putative mycorrhizae with all eucalypts.
Isolates MH108, MH182 and MH219 formed mantles in most associations (Tables 3 and
4). While it is recognised that plants with mantles and no Hartig net are still considered
to have ECM (Warcup, 1980; Brundrett et al., 1996), for studies within this thesis, those
associations in which a partial or complete Hartig net was formed were selected. The
formation of a Hartig net can be a good indicator of host-fungus compatibility (Burgess et
al., 1994; Dell et al., 1994).

Only partial Hartig nets were formed by isolates of Scleroderma with some penetration
between elongating epidermal cells (Table 5). With the exception of isolate MH219,
Pisolithus isolates had hyphae between the epidermal cells and in full contact with
anticlinal walls of elongated epidermal cells in most associations (Table 5). Therefore,
Pisolithus isolate MH219 was excluded and the remaining three isolates of Scleroderma
and Pisolithus were used in experiments within this thesis to determine if phosphite
affects the formation of ECM.

Identification of the fungal isolates
The Laccaria isolates were tentatively identified as L. lateritia (G J L Malencon), on the
basis of size, structure and colour of the fruiting bodies. The basidia contained 2 – 4
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sterigmata. The Scleroderma isolates MH230, MH232, MH233 had tough, leathery
yellow to cream sporocarps with spore diams. (including spines) no greater than 10 m.
These isolates were identified as S. verrucosum (C H Persoon). The Pisolithus isolates
were tentatively identified as P. alba (B Dell, pers. comm.).
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Table 3 Interaction between aseptically germinated seedlings and ectomycorrhizal fungi in vitro

n = number of roots examined
Eucalyptus globulus

Host

n
Ectomycorrhiz
al fungi

Scleroderma
MH215
6
MH216
3
MH225
3
MH226
6
MH227
6
MH228
6
MH229
6
MH230
6
MH231
6
MH232
9
MH233
6
Pisolithus
MH19
6
MH56
9
MH82
6
MH98
6
MH108
6
MH115
6
MH118
6
MH182
6
MH219
6
MH508
6
MH541
6
Control
6

Eucalyptus sieberi

*

thick root tips that were covered in mycelia

Agonis flexuosa

Melaleuca scabra

Mantle
present

Myc.
root
tips *

Root
hairs

n

Mantle
present

Myc.
root
tips *

Root
hairs

n

Mantle
present

Myc.
root
tips *

Root
hairs

n

Mantle
present

Myc.
root
tips *

Root
hairs





































6







5







10







6
6
6
9
6
6
6
6




























5
5
5
5
10
5
5
5














/ 













5







5
10

















































6
9
6
6
6
9
6
6
6
6


































5
10
5
5
5
5
5
5
5
5
5
4















/ 
























10
10










5







5







5
4










6







Appendix II
Table 4 Interaction between four tissue cultured Eucalyptus marginata clonal lines and ectomycorrhizal fungi in vitro
covered in mycelia
n = number of roots examined
Clonal line

324E12

11J402

* thick root tips that were

326J51

1J30

n

Mantle
present

Myc.
root
tips *

Root
hairs

n

Mantle
present

Myc.
root
tips *

Root
hairs

n

Mantle
present

Myc.
root
tips *

Root
hairs

n

Mantle
present

Myc.
root
tips *

Root
hairs

5







5







5







10







10






4







Ectomycorrhiz
al fungi

Scleroderma
MH215
MH227
MH229

5







4







MH230

10







10







10







10







MH231

10







10







10







10







MH232

10







10







10







10







MH233

10







10







10







MH56

10







10







10







10







MH98

10







10







10







10







MH108

6







10







6







6







MH115

10







10







10







Pisolithus

MH118

6







10







MH182

6







6







6







4







MH219

10







10







10







10







MH508

10







10







5







6







6







MH541

control

6







6
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Table 5 Hartig net formation and epidermal cell ratio in mycorrhizal associations between
Scleroderma and Pisolithus, and Eucalyptus sieberi, E. globulus and two clonal lines of tissue
cultured E. marginata (11J402 and 324E12) in vitro.
Host

11J402

324E12

E. globulus

E. sieberi

+

-

++

+

Epidermal cell ratio*

0.8

0.7

0.7

0.7

Hartig net

++

+

++

+

Epidermal cell ratio

1.2

1.1

1.0

0.9

+

+

-

+

1.3

0.7

0.9

0.7

Hartig net

++

+++

++

++

Epidermal cell ratio

1.3

1.0

0.8

0.9

+

++

++

+++

Epidermal cell ratio

0.8

1.1

0.9

1.5

Hartig net

+++

++

++

+++

Epidermal cell ratio

1.1

1.0

0.7

1.2

+

+

+

+

0.9

0.9

0.7

0.8

-

-

-

-

0.5

0.6

0.5

0.4

Scleroderma
MH230

MH232

MH233

Hartig net

Hartig net
Epidermal cell ratio

Pisolithus
MH56

MH108

MH182

MH219

Hartig net

Hartig net
Epidermal cell ratio

Control

Hartig net
Epidermal cell ratio

*
= epidermal cell ratio is the inner tangential cell wall:radial cell wall length
Hartig net rating:
++++ = epidermal cells entirely surrounded by hyphae.
+++
= hyphae in full contact with anticlinal walls of epidermal cells
++
= hyphae in between epidermal cells
+
= hyphae not penetrated between epidermal cells
= no mantle
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THE EFFECT OF SOIL DRENCHING WITH PHOSPHITE ON
ECTOMYCORRHIZAE
Objective
The aim of this study is to determine if phosphite, applied as a drench, reduces the
percentage of roots infected with ectomycorrhizal (ECM) fungi.

Methods

Experimental design
A random complete block design consisting of one plant type (Eucalyptus globulus
seedlings), two soil types (gravelly clay and sandy soil), 4 ECM fungal treatments
(uninoculated control = non-mycorrhizal, Laccaria, Scleroderma and Pisolithus), and four
phosphite treatments (0, 25, 50 and 100 g phosphite/L). For each treatment, there were
six replicate plants, with a total of 192 plants.

Soils
A gravelly clay soil (pHH2O 5.8) (gravel) was collected to a depth of 20 cm from the
jarrah forest within the Alcoa World Alumina Jarrahdale minesite. A grey sandy soil
(Bassendean sand, pHH2O 6.3) (sand) was collected to a depth of 20 cm from a former
Banksia woodland on Murdoch University, Western Australia. Both soils were sieved (1
cm), then steam pasteurised for 3 h at 70C.
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Plants and mycorrhizal inoculation
E. globulus seedlings were prepared by germinating seed (Nindethana Seed Service,
W. Australia, batch 11624) in autoclaved (121oC for 20 min) coarse white river sand.
Within five days of germination, seedlings were transferred to 75 x 75 x 100 mm square
black plastic pots (Down Under Plastics, W. Australia) which separately contained the
two soils and were inoculated with 5 mL of mycelial slurry into the planting hole. The
mycelial slurries were prepared as in Chapter 7.

Phosphite application
After 4 months, when the seedlings were between 120 and 150 mm high, phosphite
(Fosject 400 - UIM Agrochemicals) was applied as a soil drench to field capacity (0, 2.5,
5 and 10 g phosphite/plant) for each soil type.

Growth conditions
The plants were kept in a heated glasshouse with overhead watering twice a day, and
foliar fertilisation was reduced to 1/3 recommended dose of Wuxal (Schering, NSW,
Australia), fortnightly. After phosphite application, the plants were watered sparingly for
the first 48 h so as not to dilute the phosphite, using the control mycorrhizal plants as an
indicator of when water was required to sustain the plants. Thereafter, they were
watered daily to container capacity. The average minimum and maximum temperatures
during the experimental period ranged from 20 - 28 and 23 - 38oC, respectively.
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Observations
The plants were examined 1, 3, 5, 10 and 28 days after phosphite application for foliar
phytotoxicity symptoms. Symptoms were different from those observed in foliar
applications of phosphite, so a separate rating system for symptoms was developed
(Table 1).

Table 1 Phytotoxicity rating system for mycorrhizal seedlings of Eucalyptus globulus
drenched with different concentrations of phosphite
Rating

Description of foliage

0

No visible effect

1

Light damage – slight wilting, <25% leaf chlorosis

2

Moderate damage – >25% leaf chlorosis

3

Plant death

Harvest
Root samples were taken at 1, 14 and 28 days after phosphite application, to examine
the extent of burn of roots in comparison to mycorrhizal percentage. Two cores were
taken from each plant (10 mm diam. x 40 mm). The roots were removed under 70×
magnification. Using the intercept method of Newman (1966), the percentage of burn on
roots was determined. Burn was seen as darkened patches penetrating the cortex and
stele in the root tips. These roots were cleared by autoclaving (10% KOH) for 20 mins,
rinsed in water, stained in lactoglycerol trypan blue for 4 h, then destained in lactoglycerol
(Brundrett et al., 1996). ECM were quantified using the intercept method (Newman,
1966).
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Results and Discussion

Mycorrhizal status
Prior to phosphite treatment the percentage of mycorrhizal roots of the Pisolithus
inoculated seedlings were lower (p = 0.002) in sand than in gravel, while in Scleroderma,
Laccaria and non-mycorrhizal seedlings there was no difference (p = 0.31) between the
two soils (Table 2). In plants that survived for 14 and 28 days after phosphite treatment,
there was no change (p = 0.34) in percentage of mycorrhizal roots. In contrast,
Seymour et al. (1994) observed a decrease in Glomus (VAM) colonisation in maize
grown in a soil drenched with phosphite.

Table 2 The mean percentage of mycorrhizal Eucalyptus globulus roots in 4-month-old
seedlings grown in gravel and sand. Mycorrhizal contamination can be seen in the noninoculated control.
Treatment

Gravel

Sand

Control (non-mycorrhizal)

5.7

5.9

Scleroderma

37.1

32.4

Laccaria

21.8

23.6

Pisolithus

50.3

31.1

Foliar phytotoxicity
Phytotoxicity symptoms increased with increasing concentrations of phosphite drench.
The treatment with 10 g phosphite resulted in all leaves becoming brown and crispy
within 24 h. All plants treated with 5 g phosphite had begun to brown and wilt by day 3
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and were dead by day 5. With 2.5 g phosphite, large brown, dry patches occurred on the
leaves by 3 days (Figure 1), followed by death of the youngest and oldest leaves after 10
days.

Generally at 5 days post-drench phytotoxicity symptoms were greater in sand than
gravel. Non-mycorrhizal seedlings did not display any phytotoxicity symptoms in gravel,
while in sand at 5 days a range of low phytotoxicity ratings from 0.5 to 1.2 occurred
(Figure 2). Scleroderma seedlings displayed more (p = 0.02) symptoms in sand than in
gravel. Marks and Smith (1990) report that phosphite is ineffective as a drench in nonsterile soils high in organic matter, which may be due to binding properties in these soils,
or microbial degradation of phosphite to phosphate (Adams and Conrad, 1953).

There was no correlation between the percentage of mycorrhizal roots and foliar
phytotoxicity symptoms of seedlings treated with 2.5 g phosphite. There was an inverse
correlation between foliar toxicity and survival 28 days after treatment with 2.5 g
phosphite, where symptoms were low, survival was high.

Plant survival
As phosphite concentration increased, plant death resulted earlier. All plants that were
treated with 10 g phosphite were dead within 1 day, while those treated with 5 g
phosphite were dead within 5 days. At 2.5 g phosphite, there was greater than 50%
survival in gravel which had a higher content of organic matter than the sand where there
was less than 50% survival of plants in all fungal treatments after 28 days (Figure 3). All
non-treated plants survived.
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Figure 1 Foliar phytotoxicity in 4-month-old Eucalyptus globulus seedlings, control (left),
and treated (right) 24 h after drench with 2.5 g phosphite, showing burnt leaf tips and
margins.
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a
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2.0
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Phytotoxicity rating
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Figure 2 Ratings of foliar phytotoxicity symptoms in ectomycorrhizal Eucalyptus globulus
seedlings in a) sandy soil and b) gravelly soil, drenched with 2.5 g phosphite at time 0.
Non-mycorrhizal control , Laccaria
, Scleroderma
and Pisolithus X. Values are
means with one SE bar.

At 2.5 g phosphite, plants inoculated with Laccaria were the most affected with only a
50% survival in gravel, and all plants dead in sand by 28 days (Figure 3). Laccaria tends
to have more external hyphae than Pisolithus or Scleroderma which may explain the low
survival rate of these plants. The non-mycorrhizal plants had the highest survival rate in
gravel (100%), while only 38% survived in sand.
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a

Plant survival (%)
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Figure 3 Survival of mycorrhizal and non-mycorrhizal Eucalyptus globulus seedlings in
a) sand, and b) gravelly soil treated with 2.5 g phosphite. Control
, Laccaria
,
Scleroderma
and Pisolithus X

Root phytotoxicity
Root burn symptoms increased with increasing concentrations of phosphite. Burn in root
tips was seen up to 1.0 mm distally, the total length of some short mycorrhizal lateral
roots, and in approximately 10-15% of cases at the junction of roots (where they join the
higher order root) for up to 0.8 mm (Figure 4).
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Figure 4 Phytotoxicity symptoms at root junctions of Eucalyptus globulus seedlings
drenched with phosphite. Extent of necrotic zone shown with arrows.

One day after treatment, more than 20% of the fine roots were burnt by 5 and 10 g
phosphite. This reduction of fine roots may explain significant decreases in root stock
diameter, plant height and canopy cover observed by Walker (1989) in phosphite
drenched Citrus reticulata. Similarly, Pegg et al. (1985) found 17% of avocado feeder
roots were decayed 11 weeks after established trees were drenched with 1.5 g ai/L
Fosetyl-Al. However, de Boer and Greenhalgh (1990) reported increased shoot weights
in Thryptomene calycina drenched with 0.5 g/L phosphite. Clearly the amount of
phosphite applied determines the amount of damage to roots.

In the current study, there was no difference (p > 0.25) in root phytotoxicity symptoms
between the gravel and sand media 1 day after treatment, except for non-mycorrhizal
seedlings treated with 10 g phosphite (p = 0.001), and Pisolithus seedlings treated with
2.5 g phosphite (p = 0.013). By 14 days, the only difference (p = 0.031) seen in root
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burn at 2.5 g phosphite between gravel and sand was the Pisolithus seedlings (Figure 5).
The plants showing the greatest amount of root burn at 14 days (2.5 g phosphite) were
the non-mycorrhizal seedlings, and those inoculated with Pisolithus and Laccaria tested
in sand. Pisolithus seedlings in gravel with 2.5 g phosphite had the least amount of burn

Root phytotoxicity (%)

at 14 days, although one of the plants had died by 10 days.

25
20
15
10
5
0
Cont
gravel

Cont
sand

Lac
gravel

Lac
sand

Scl
gravel

Scl
sand

Piso
gravel

Piso
sand

Figure 5 Root phytotoxicity symptoms at 24 h , 14 and 28 days
in mycorrhizal
Eucalyptus globulus seedlings in a sandy and a gravelly soil drenched with 2.5 g
phosphite. Cont = non-mycorrhizal, Lac = Laccaria, Scl = Scleroderma, Piso =
Pisolithus. Values are means with one SE bar.

In surviving plants, there was no relationship between percentage of mycorrhizal roots
and root toxicity at 28 days from 2.5 g phosphite treatments. In sand, where the greater
amount of phytotoxicity was observed in roots, survival was lower than in gravel. There
was a positive correlation (r = 0.771, p = 0.05) between low root phytotoxicity ratings at
24 h and high survival rates in gravel.

While root phytotoxicity symptoms after 1 day were high (approx. 20%) in nonmycorrhizal seedlings, leaf phytotoxicity ratings were low in both gravel and sand.
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Although the non-mycorrhizal plants in sand had low leaf phytotoxicity ratings and
sustained the same amount of root damage, there was considerably less survival by
28 days than in gravel. By 14 days after drenching with 2.5 g phosphite, the percentage
of burnt roots in the remaining non-mycorrhizal plants decreased in gravel, leading to a
greater survival rate than in sand. This could be attributed to new root growth.

Mycorrhizal plants suffered less (p = 0.03) root burn while exhibiting the same amount of
phytotoxicity symptoms in leaves after 1 day (2.5 g phosphite) compared to the nonmycorrhizal plants. This indicates that ECM fungi can protect the root from some
damage.

There was no correlation between leaf and root damage when phosphite was applied as
a drench. Walker (1989) suggests that leaf burn is seen more in glasshouse experiments
and may occur as a result of osmotic stress created by high concentrations of soluble
salts. For example, 1-year-old potted almond seedlings showed leaf burn when 10 g ai/L
potassium phosphite was applied, while 20 g ai/L did not produce phytotoxic symptoms in
4-year-old cherry trees in the field (Wicks and Hall, 1988).

The present study showed that in surviving plants mycorrhizal percentages were not
changed. However, drenching with phosphite, as opposed to foliar application, is
potentially more harmful to plants due to root damage. Nevertheless, careful
consideration of soil type, season, plant type, plant age, physiological and mycorrhizal
status would allow drenching to be utilised to reduce leaf phytotoxicity symptoms.
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