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ABSTRACT

The association between vesicular-arbuscular mycorrhizal fungi
and winter wheat was investigated in the field, the greenhouse and
the laboratory.

Extensive early autumn fractional infection of commercially
grown winter cereals was observed in two fields in Sussex over a
three-year period. Fluctuations in seasonal infection levels were
monitored over this period and two trends were noted in different
seasons, an overwinter decline and continued infection spread
through the winter months. The overwinter decline in infection
may be correlated with low thermal time accumulation during the
autumn period and therefore early sowing may be important. This
effect, however, appeared to be influenced by other factors such
as soil moisture status and consequently root growth dynamics.

Three Glomus species were obtained in pure pot culture and
their taxonomy investigated by means of morphology (light
microscopy and electron microscopy) and polyacrylamide gel
electrophoresis of spore esterases. Differences were noted between
spores isolated from the field and their subsequent appearance
in pure pot cultures.

The effect of soil pesticides on the VAM symbiosis was
investigated. In general, herbicide applications at equivalent
field rates had negligible effects on VAM infection development
in winter wheat grown in pots in the greenhouse, and on in vitro
spore germination. Fungicide applications, also at equivalent
field rates, covered the range of response from inhibitory to
stimulatory on infection levels and spore germination depending
on the nature of the active moiety of the agrochemical used.

The indigenous VAM population from one of the Sussex
field sites appeared less efficient at stimulating phosphorus
uptake in winter wheat grown in partially sterile field soil
compared with three introduced Glomus endophytes.

Root and rhizosphere acid phosphatase activities differed
between three VAM fungal infections of wheat grown in sterile sand
culture. High activity did not correlate with increased shoot P
uptake.
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CHAPTER 1

GENERAL INTRODUCTION

It is now generally accepted that vesicular—-arbuscular mycorrhizas (VAM)

are mutualistic symbloses involved In the Interchange of carbon and phosphate
between plants and fungal endophytes. The passage of carbon from plant to
fungus and phosphorus from fungus to plant has been clearly shown (Cox et al. .

1975) .

VA mycorrhizas are formed in most angiosperms. some gymnosperms and
in pteridophytes and bryophytes under tropical. temperate and even arctic
conditions (Hayman., 1982). They form associations with most of the
economically important crops including the cereals. wheat and barley. VAM fungi
have not yet been successfully cultured axenically and hence controlled studies
on the development of VAM infection are difficult. Substantial hyphal growth can
be obtained in vitro from germinated spores but growth ceases when the hyphae
are excised from the parent spore. It has been shown that spores of Glomus spp.
can synthesise new m—-RNA for hyphal growth (Hepper. 1979) and that they
possess an Emden—Meyerhof-Parnas system. a tricarboxylic acid cycle and a
hexose monophosphate shunt (MacDonald and Lewis, 1978). These results
suggest that the fungi resemble saprophytic fungi more closely than most obligate
biotrophs. A limited independent spread of VAM fungi in soil has also been
reported. suggesting some saprophytic ability in soils (Warner and Mosse.

1980) .



1.1. VAM infection development

Studies on the development of VAM infection have shown that neither spore
germination nor initial direction of hyphal growth was influenced by the presence
of host roots. Hyphae from spores were not attracted to roots until they
approached them closely (Powell., 1976a. Mosse and Hepper, 1975). Once a
fungal hypha has contacted the root surface. penetration may occur via an
appressorium either directly or following ectotropic growth. It is believed that
there is some stimulation of hyphal growth in the rhizosphere. and a positive
correlation between root exudation and VAM infection via increased permeability
of root cell membranes has been found (Ratnayake et al.. 1978. Azcon and
Ocampo., 1981). Recent work by Azcon and Ocampo (1984) has indicated.
however, that sugar concentrations inside the root and in root exudates may not
be directly related to plant susceptibility to VAM infection as earlier believed.
Recent evidence has implicated a volatile substance. released by suspension—
cultured plant cells, in greatly improving hyphal growth of G. caledonium (Nicol.
& Gerd.) Gerd. & Trappe in axenic culture (Carr et al.., 1985). Another
important rhizosphere factor is the presence of active populations of
microorganisms. Suggestions that they play a role in the development of VAM
infection is supported by studies on the influence of free-living rhizosphere
microorganisms on VA fungi under axenic conditions. It has commonly been
observed that fungal and bacterial contaminants around or near VAM spores on
agar media have increased hyphal growth (Dodd and Krikun, 1984) but the

reasons behind this phenomenon are unknown.

Once an appressorium is produced hyphal penetration occurs into or more
usually between the cortical cells. Once the first entry point is established. root
colonisation extends in each direction along the root and hyphae multiply inter—

and intracellularly., without invading the endodermis. stele or root meristems
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(Amijee et al. , 1986) . Recent work has indicated that the older a root becomes,
the less chance there Is of infection occurring successfully from appressoria

(Hepper, 1985).

Shortly after infection. an invasive hypha enters a single inner cortical cell
by penetrating the cell wall and invaginating the plasma membrane. This hypha
shows repeated dichotomous branching and an arbuscule. is formed. The
function suggested for the arbuscule is the bidirectional transfer of nutrients, the
mechanism requiring the presence of the living fungal endophyte (Cox and
Tinker, 1976). Cytoplasm content increases in the infected host cell, starch
disappears and nuclel become enlarged and divide. Cell organelles such as
mitochondria and ribosomes also increase in number (Rhodes and Gerdemann,
1980) . Arbuscules are usually functional for 4-13 days after which degeneration
occurs and the host cell and organelles return to their normal state. and
occasionally another arbuscule may subsequently be formed in the same cell
(Hayman, 1982). Later in infection development the endophyte may form inter—
or intracellular vesicles. which are oval to obovoid to spherical lipid-containing
structures. They are thin—walled at first and are believed to have a temporary
storage function, after which they may become thick-walled and

chlamydospore-like.

When the internal infection has become established. external hyphae
ramify, either growing along the root surface forming more penetration points or
extending into the surrounding soil beyond the rhizosphere producing an
extensive fine mycelial network. External hyphae are typically dimorphic with
coarse. thick-walled hyphae channelling into the entry points and bearing resting
spores and fine thin—walled hyphae which are more ephemeral and have an
absorptive function. The density, geometry and size of the external mycelium and

frequency of entry points per unit root length are of great relevance in the
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functioning of VAM associations. Spore production usually signifies the
maturation of the association where large resting spores and/or sporocarps are
produced on the external mycellum. Some specles, howeaver, can form prolific

numbers of spores within the root cortex.

1.2. Physiology of the VAM symbiosis

Current mycorrhizal research is progressing towards a better understanding
of many physiological features of the symbiosis, particularly of the mechanisms
that account for mycorrhizal effects on plant growth and nutrition. Much earlier
work was concentrated on the °“big plant — small plant’ syndrome using sterile
soils with low P levels in pot experiments. This may have over-emphasised the
potential importance of VAM fungi to plants in the absence of equivalent field plot
inoculations under natural conditions to confirm results obtained in pots. Most
mechanisms involved with the symbiosis remain poorly understood. Recent
reviews by Smith (1980) ., Tinker (1980), Hayman (1982, 1983, 1984) , Mosse et
al (1981). Rhodes and Gerdemann (1980) and Gianinazzi-Pearson and
Glaninazzi (1981) have thoroughly discussed many physiological aspects of the
symbiosis including the nutritional relationship., and only the main points are

summarised here.

1.2.1. VA mycorrhizas and P uptake

Phosphorus is by far the most important nutrient involved in the response of
plant growth to VAM infection. and the uptake of P is consistently improved in
mycorrhizal plants compared with non—-mycorrhizal controls (see reviews) . Nye
(1977) concluded that the uptake of nutrients such as P is limited by the rate of
diffusion through the soil and not by the ability of the root to absorb them from low

concentrations in the soil solution. It seems likely. therefore. that VA

mycorrhizas increase P uptake primarily by shortening the distance that
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phosphate ions have to diffuse through the soil to the root. Hattingh et al (1973)

found that VAM hyphae could intercept labelled phosphorus placed 27mm from a
mycorrhizal root, whereas It remained unavailable to non—-mycorrhizal roots. Itis
now fully accepted that hyphal uptake is the mechanism by which infection
increases the uptake of P by the host plant. Phosphate ions. which are in low
concentration in the labile pool (Bieleski, 1973), move slowly by diffusion since
they are readily adsorbed to the soil colloids. Plants take up phosphate ions from
the soil solution in and around the root rhizosphere at a much faster rate than
they can diffuse to the root surface. Consequently, phosphate-depletion zones
normally develop around the absorbing organs (roots or mycorrhizas) of the
plant. This is especially so for coarse, sparse root systems that require high P

inflow rates and absorb it from a relatively small proportion of the total soll

volume. In very dense root systems the inter-root distance is very small, leaving
little unexploited soil for hyphae to ramify into and the inflow of P into roots is
much lower, reducing the likelihood of a response to VAM infection. The
phosphate—depletion zones. 1-2mm wide. coincide with the rhizosphere and
have been shown to be much larger around mycorrhizal onion roots compared
with non—-mycorrhizal onion roots (Owusu-Bennoah and Wild, 1979). Hence. the
position of the extra absorbing mycelial network relative to the zones of P uptake
by the plant roots, determines the degree to which the P nutrition of the host is

improved.

Tinker (1980) suggested that responses to VAM infection can be expected
whenever the maximum diffusive transfer of P to unit length of root (inflow) is
appreciably less than that required to maintain the growth of the plant. It is
therefore likely that P uptake by roots. dependant on diffusion of phosphate ions
over relatively long distances. will be much more sensitive to the drying of soil

than will mycorrhizal transport, which effectively provides a low resistance
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transport pathway (Cooper and Tinker, 1981).

s

It has been shown that both mycorrhizal and non—-mycorrhizal fabsorb P from
the same soluble phosphate pool (Sanders and Tinker, 1971; Bolan et al. ,
1984) . The apparent solubilisation of poorly soluble sources of P, such as rock
phosphates. is probably entirely due to the greater contact between the network

of external hyphae and the surfaces of phosphate particles in soil where P is

being physicochemically or biologically dissociated (Hayman, 1978). It has also
been suggested that VA mycorrhizas reduce the threshold value for effective
phosphate absorption from the soil (Mosse et al.. 1973). Cress et al. (1979)
also claimed that mycorrhizal roots had a much higher affinity for P than non-
mycorrhizal roots, based on a study of the kinetics of P uptake from solution,

however the results are generally inconclusive.

1.2.2. VA mycorrhizas and P transfer to the host

There is now experimental evidence to show that P is translocated to internal
fungal structures as polyphosphate granules contained Inside vacuoles (Callow et
al., 1978). These are moved through the hyphal lumen by cytoplasmic
strearhing to the arbuscuks. although bulk flow may also contribute to the
translocation (Cooper and Tinker, 1981). The specific mechanism for
polyphosphate synthesis., translocation and degradation is active and very
efficient and the calculated inflow of P through external hyphae is approx.
1.000-fold faster than the phosphate diffusion rate through soil (Bieleski.
1973) . Mycorrhiza-specific phosphatase activity has been identified in the young
arbuscules of VAM infections suggesting that these phosphatases may play a key
role in the active translocation and/or transfer mechanisms in VA mycorrhizas

(see Capaccio and Callow, 1982).
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The main site of phosphate transfer to the host, which occurs by an active
mechanism across the membrane of both partners, seems to be the arbuscule
(Cox et al., 1980). This hypothesis is strengthened by the finding that the
plasmalemma-bound ATPase activity of the host Is concentrated around the
arbuscles when VAM infection develops (Marx et al. 1982). It is also now
accepted that the final breakdown of the arbuscules can account for only 1% of
the P inflow to the host cells. Phosphate release by other structures such as
internal hyphae or vesicles might also be involved. but the extensive increase of
contact surface area makes the arbuscules the most likely sites for nutrient

transfer between symbionts.

1.2. 3. Absorption of other nutrients by VA mycorrhizas

It has often been reported that VAM infection also increases the
concentration of nutrients other than P In plant tissues, but it is unclear if this
uptake Is merely a consequence of Improved P supply. For example the
translocation of calcium and sulphur (Rhodes and Gerdemann., 1978a) as well
as zinc (Cooper and Tinker, 1978) by external hyphae of VAM fungi have been
demonstrated. There are variable reports of effects of VAM infection on the
uptake of nitrogen (N) by host plants and recent work has shown increased

uptake and transport of N from two 15

N-labelled sources by G. mosseae (Nicol.
& Gerd.) Gerd. & Trappe infection of celery (Ames et al. . 1983). There are
also several reports of increases in concentrations of N in roots and shoots of
legumes infected by VAM fungi (Smith and Daft, 1977). This effect has generally
been attributed to increased nodulation and nodule nitrogenase activity, resulting
from the improved uptake of P by mycorrhizal plants (Daft and EI-Giahmi, 1975) .,

since P is important for nodulation and fixation of N by Rhizobium spp. (Van

Schreven, 1958).
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An additional role for VAM fungi in improving plant water relations has been
suggested recently. Nelsen and Safir (1982), for example., found that
mycorrhizal onions were much more drought resistant than uninfected plants,
and Allen (1982) concluded that the effect of infection on plant water relations

was due to increased water uptake by the external mycelial network. Doubt about

this theory. however, has been expressed (Fitter, 1985), although it is likely

that hyphae can bind the rhizosphere soil to roots, so preventing the separation

of root from soil during periods of low soll water potential, theraby accounting for

the better water relations of VAM Infected plants (Levy and Krikun, 1980; Dodd

and Levy. unpublished observations) .

1.2.4. Non-nutritional effects of VA mycorrhizas

Mycorrhizas can affect plant growth and vigour by mechanisms other than
improved host nutrition. The production of substances with hormonal activity
have been described for VAM fungi germinating and ‘growing’ in vitro (Barea and
Azcon-Aguilar., 1982b) and higher levels have been observed in VAM infected
plants (Allen et al., 1980). These substances can alter plant morphology and
physiology and some mycorrhizal effects such as earlier stimulation of flowering

(Dodd et al. ., 1983) may be mediated by changes in the hormonal balance.

A role for mycorrhizas in improving soil structure has also been suggested
(Koske and Halvorson., 1981). This may be particularly significant in eroded
soils and sand dunes. since VAM hyphae can bind soil particles into more stable

aggregates (see above) .

VAM infection can apparently also help plants withstand root diseases either
by protecting the root system against pathogen attack or by compensating for root
damage (Schonbeck. 1979). This. however. may largely be due to improved

host-plant nutrition (Graham and Menge. 1982) .
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1.2. 5. Carbon nutrition in VA mycorrhizas

Under low P conditions (optimal for the fungus) ., heterotrophic VAM fungi
obtain carbon (C) compounds from their autotrophic hosts by means of
biotrophic transfer across the living membranes of both partners (Smith, 1980).
Direct evidence for such transfer was obtained by detecting MC—labelled
compounds in fungal structures associated with plants that photosynthesised
withMCOQ (Ho and Trappe.. 1973; Cox et al.. 1975). The VA mycorrhizas do
not appear to form trehalose or mannitol (Hayman., 1974) as in éctomycorrhizas
and ericoid mycorrhizas (Harley., 1975) and lipids seem to be an alternative sink
(Coxetal., 1975). Bevege et al. (1975) recorded results that indicated that the
VA fungus of an infected plant could represent a considerable drain on the supply
of photosynthate of the host. Such a drain may explain the repeated observations
of higher concentrations of P In mycorrhizal plants compared wlth non-
mycorrhizal plants of equal size. since less photosynthate would be converted to
plant dry matter production and sb P concentrations expressed on a dry weight
basis would appear higher (Stribley et al., 1980). There are several reports of
depressions of growth associated with VAM infection (Crush, 1976: Kiernan.
1983) which may have resulted from competition between fungus and host for a
limited supply of photosynthate under high soil nutrient conditions or when host
photosynthesis is reduced e.g. under low light intensities (Wang. 1984).
Although Cooper (1975) considered that there was insufficient fungal biomass
present to account for the depressions in growth she observed. measurements
by Hepper (1977) and Bethlenfalvay et al (1982) show that up to 17% of the dry
weight of roots in VA mycorrhizas may be fungal biomass. a much higher value
than has been reported for other root parasites. Mycorrhizal infection may also
Increase the respiration of roots (Pang and Paul, 1980). The measured

additional diversion of C to structures below the soil surface following VAM
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infection was 10% of the total fixed in faba bean (Pang and Paul, 1980) and 8%
in leek (Snellgrove et al.. 1982). Other biotrophic fungal infections., such as
cereal rusts, also have the ability to alter the distribution of the photosynthate of
the host, and redirect it to the infected zone (Lewis, 1973). Pang and Paul
(1980) . however. suggested that the drain of C to the VAM fungus did not have a
deleterious effect on the growth of the host since mycorrhizal plants may fix more
C to compensate for the ‘loss’ to the fungus. Such a compensation may be
possible as a result of a lower percentage of dry matter in t'he leaves of VAM
plants, which produces a greater assimilation rate per unit of dry matter in the
leaf, though the net rate is the same (Sneligrove et al., 1982). Recent work,
however. on sunflower growing in a low P soil (5ug g—]) and a moderate P soil
(15pg g_]) suggested that leaf expansion was a good indicator of mycorrhizal
effects on plant growth, since there appeared to be differences in the leaf dry
weight: stem dry weight ratio between mycorrhizal and non-mycorrhizal plants

(Koide. 198)5) .

1. 3. Factors affecting mycorrhizal establishment, development and function

The establishment of successful entry points on host roots, the internal and
external development of the fungus (described earlier) . and the resulting plant
responses are all dependent on interactions between the fungus, plant and
prevailing environmental factors. VAM fungi are present in virtually all soils. but
population levels vary greatly for different ecological conditions. Indigenous VAM
populations can be diminished by agricultural practices such as heavy

fertilisation., fumigation and agrochemical treatments.

1.8. 1. Mycorrhizal dependency

Certain plant species require VAM associations to a much greater extent

~

than others. and this is usually referred to as * mycorrhizal dependency’ (MD) ,
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which is defined as “the degree to which a plant is dependent on the mycorrhizal
condition to produce its maximum grewth or yield. at a given level of fertility"
(Gerdemann., 1975). Generally. plants having coarse root systems (>0.5mm
diam.) and lacking root hairs are highly dependent on VAM associations.
Conversely, plants with a dense cover of long root hairs and root systems with
fine rootlets (<0. Imm diam.) respond to mycorrhizas only in P deficient soils
(St. John, 1980). However, differences In the relative MD between crop species
or cultivars (Azcon and Ocampo. 1981) are also related to other inherent

genetic factors which could affect the demand for P.

1.8.2. Fungal specificity

VAM fungi have very little host specificity and any given isolate can infect
virtually any potential host plant (Hayman, 1982) . Each isolate differs. however,.
in effectiveness. which appears to depend more on the specific soil-plant system
that they colonise than on the host itself. The ability of an endophyte to develop a
large amount of external mycelium has been suggested as being positively
correlated with the enhancement of plant growth by VAM fungi (Graham et al. .
1982). The other critical factor for the effectiveness of VAM fungi Is the rapidity
of infection of the root system (Hayman. 1982) ., and Abbott and Robson (1981)
found a close correlation between the efﬂclenéy of a fungal species and the

percentage of root length infected at early stages of plant growth.

1. 3. 3. Soil conditions

Soil pH can influence the predominance of a given spore type. and some
species are better adapted to infect in acid soils than alkaline or neutral soil and

vice versa (Mosse, 1973a. Hayman and Tavares. 1985).

VAM fungi are sensitive to the soil moisture status (Saif, 1981) with

waterlogging being particularly detrimental to mycorrhizal activity. Soil
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temperature affects the preinfection stages of VAM development in that the
ﬁ\(ly
number of appressoria increases as the temperature rises, although this/reflect

increases in root biomass (Smith and Bowen., 1979).

The level and type of nutrients in the soil affect the formation of, and the
response to. mycorrhizas (Smith, 1980). Generally a low to moderate soil P
fertility enhances the degree of VAM development and plant response. It appears
that the water—soluble P level in the soil and its buffering capacity may sometimes
be a better indicator of the potential growth response to infection in a given soil,
than bicarbonate-soluble levels., especially when drought conditions prevail
(Dodd et al., 1983). The general conclusion, however, Is that P levels In the
plant, rather than in the soil. control the establishment and functioning of
mycorrhizas (Menge et al.. 1978), since recent work has also shown that P
inhibition of VAM formation is associated with membrane-mediated decrease in

root exudation (Ratnayake et al. . 1978).

1.3.4. Pesticide applications

Trappe et al. (1984) has recently reviewed the litefature concerning the
effects of agrochemicals on the VAM symbiosis. The information is fragmented
and only highlights the problem that few comparisons can be made between
results from different workers and even the relevance of such results to field
application rates. It is. however., generally accepted that the fungicide benomyl
is particularly inhibitory of the VAM symbiosis (Hale and Sanders. 1982). The
effects of herbicides. nematacides and other chemicals on the symbiosis do not
appear to adversly affect VAM fungi but there are many examples of conflicting

results in the literature.




- 18 -

1.4. The role of indigenous VAM fungl in studies of plant growth responses to

inoculation in natural soils

The contribution that naturally occurring VAM fungi make to the nutrition of
agricultural plants is not known. Natural selection has usually not led to the
dominance of the most effective strains of VAM fungi in a given soil since "the
trend of evolution has been for survival. not high productivity [Bowen, 1980a}".
Hence the indigenous populations have probably evolved to be compatible and
adapted to their ecological niche, but may have evolved at the expense of their
effectiveness. The indigenous strains of VAM fungi could, therefore, perhaps be
replaced with more effective mycosymbionts by inoculation. Nevertheless, any
beneficial effect of the indigenous VAM fungi on the nutrition of agricultural plants
will depend on both the abundance and type of fungi present in the soil.
Extensive mycorrhizas formed by ineffective fungi would be of little value. as
would those formed by effective fungi at an inappropriate stage of plant
development. For plant growth to respond to inoculation, therefore. there must
be either an absence of inoculum or a low Iinoculum potentlal of indigenous VAM

fungi.

The potential importance of the indigenous mycorrhizas for plant growth has
been indirectly demonstrated by the effects of their elimination. Methyl bromide
fumigation of the soil to control root pathogens. a common practice in intensive
agriculture in semi-arid climates such as lIsrael. can cause stunting of crops
such as citrus (Timmer and Leyden., 1978) and pepper (Krikun et al.. 1982).
This phenomenon has been related to the severe reduction of the VAM population
(Menge. 1982). Yost and Fox (1979) showed that at low levels of P in the soil,
the growth of mycorrhizal crops was greatly reduced following fumigation. but

that non—mycorrhizal crops (chinese cabbage) consistently grew better.
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1.5. Factors determining plant benefits from VAM inoculation

There are several factors that can determine the success of VAM inoculation

into field soils:

(a) Crop species

It is important to know which plant species derive more benefit from
mycorrhizas (Pope et al. . 1983) . For each plant there will be a level of available
phosphate in the soil to which this plant will respond similarly whether or not it is

mycorrhizal. Above this level inoculation is not necessary.

(b) Soil fertility

Positive responses are to be expected chiefly in low P soils. Olsens method
for the estimation of the available P is usually used. but other factors like pH
(Hayman and Tavares, 1985) ., organic matter, texture and buffering capacity of

the soil should also be considered.

(c) Native VAM populations

The estimation of the number of VAM spores and of the amount of VAM
infection in roots of preceding hosts has been used as a measure of the natural
infectivity of a soil, but these data have not always correlated with infectivity
(Hayman, 1983). For this reason. soil-dilution techniques have been developed
(Wilson and Trinick, 1983) to assess the most probable number of viable VAM
propagules (i.e. spores. hyphae or root fragments present in viable
conditions) . Nevertheless, as stated earlier, it is also necessary 10 estimate the
effectiveness of the native fungi and the advantages of inoculation (Dodd et al. .
1983. Jensen, 1983). The relative efficiency of VA endophytes as inoculants
could merely reflect a more rapid spread of the infection due to an increased
inoculum level (Tinker, 1978) . this may be important because the demand for P

is higher at the earlier stages of plant growth in annual crops.
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(d) Endophyte persistence

VAM fungi selected for inoculation into agricultural soils must be able both to
enhance nutrient uptake by plants and to persist in soil. Inoculant fungi would be

of little value in self-sown pastures if they were unable to survive beyond the year

of inoculation.
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Aims of the research

Insufficient attention has been paid to the functioning of VA mycorrhizas in
natural ecosystems and in long term arable land. despite their ubiquity. It is
often assumed that VAM fungi are uncommon in agricultural situations,
nevertheless, an understanding of the contribution of VA mycorrhizas to the
growth of winter cereals is imperative since it is known that they can readily form
mycorrhizal associations. The work reported here. therefore, .Is an assessment
of the levels of naturally occurring VAM fungi in low and high P soils sown to
winter cereals in S.E England. and includes investigations of some factors

affecting their development and role in cereal growth and nutrition.

In this thesis | will describe observations made over a three year period
which suggest that VAM associations are common in commercial cereal fields
and that substantial infection can occur early in the development of the crop. An
ecological survey of species of VAM fungi at different field sites will be described
and the relationship between temperature and rainfall and infection development

in cereal roots In the field is investigated.

The initial step in comparing VAM fungi for their ability to increase plant
growth and nutrient uptake is to establish “pure’ pot cultures of single species or
strains of fungi (Fang et al., 1983). It is necessary to maintain isolates of the
fungi in this way because they are biotrophic and cannot be grown in pure
culture. The frequent incorrect identification and reporting of species (actually
mixed cultures) in inoculation studies underlined a necessity to fully characterise
the species successfully isolated from field sites. The subsequent bulking—up of
sufficient quantities of high quality inoculum of the isolated endophytes for future

inoculation experiments was made a prime objective.

Experiments will also be described which were carried out in controlled

conditions and designed to assess the relative effectiveness of locally isolated
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VAM fungi In stimulating the growth of winter wheat in pots and to investigate the
effect of field rate pesticide applications on VAM infection development and in
vitro effects on VAM spore germination. Results of investigations into the
phosphorus nutrition of winter wheat plants infected by the isolated VAM fungi are

also presented.

A field study assessing the relative efficiency of the indigenous VAM

population in a commercial field with that of introduced endophytes infecting

winter wheat will be described.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2.1. Growth Media for Pot Experiments

Coarse durite sand was used as a growth medium for all glasshouse pot
experiments. This growth medium Is widely used in glasshouses for raising
seedlings because it is clean and free from contamination, and there is therefore
little need for further sterilisation. Durite is the by—-product of calcine flint stone
put through a furnace. It consists of 97% silica with small percentages of iron
oxides, calcium oxides and alumina. with a pH of 8. 2-8. 5 (measured in a slurry
of 1:2 sand to distilled water). The phosphorus in the durite, extractable with
0. 5M sodium bicarbonate at pH8.5 (Olsen et al. 1954), was 2mg P L -1 The
levels of exchangeable cations., potassium and magnesium, in the durite

(measured in a TN ammonium acetate extract) were 11mg K L =1

(by atomic
emission spectrometry) and 10mg Mg L -1 (by atomic absorption spectrometry)
respectively. The durite was obtained from Brett Robert & Sons Lid. ., Brett H.O. ,

Wincheap. Canterbury. The durite was steam sterilised at 80°C for 30 minutes or

autoclaved for 1 hour at 120°C. prior to an experiment.

A coarse builders sand was used for initiation of pot cultures and small scale
growth room experiments, where a slightly more water retentive and low
phosphorus growth medium was required. and was sterilised as above before

use.
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2.2 Conditions of Growth for Pot Experiments
2.2.1. Greenhouses

Three greenhouses were used during the course of this study and
descriptions of their light and temperature regimes will be glven in the relevant

Materials and Methods section of each chapter.
2.2.2. Growth Room

Several experiments were carried out in a constant temperature growth room
20 °C, with a relative humidity of 50-60%. Plants were grown under a maximum
light intensity of 4.6KIx, grolux and warm white, and a 16/8 hour day/night

photoperiod was employed.

2. 3. Production of Inoculum

The obligately symbiotic nature of VAM fungl limits the techniques avallable
to establish clean homogenous cultures. It was decided. therefore. to approach

this problem by initiating single—-spore pot cultures., (see Fang et al. 1983) .

Apparently viable single spores of VAM fungi. isolated from the two field sites

under study (see chapters 3 and 4)., were used to inoculate the roots of one
(Atlivn cepa L.)

week old onion/seedlings (cv. Ailsa Craig). which had been germinated in
sterile vermiculite. Inoculated seedlings were transplanted into sterile coarse
sand in 65mm diam. polythene grow bags (1.C.1.). Single spores were placed
onto the roots using storkpill forceps (Gallenkamp) and roots were then covered
carefully with the damp sand. The seedlings were then watered using a wash-
bottle containing either distilled water or one—half strength Hoagland’s solution
(minus P) as required (Hoagland and Arnon, 1950). The plants were

maintained in a growth room for three to four weeks. Successful infection of

seedlings were usually obvious by their improved growth. Plants were.

nevertheless, evaluated for VAM development by immersing the 3-4 week old
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intact root systems in water in a Petri plate. This was then examined under a
stereoscopic microscope (x50) for the presence of either external mycelium or
sporulation. Where extensive mycelial growth had occurred plants were
transfered to 76mm diam. grow bags containing 1. 75kg of coarse sterile sand.
and several fresh onion seeds were sown around this infected plant. These pots
were replaced in the growth room and allowed to grow for a further three months
being regularly irrigated with one-third strength Hoagland’s solution (minus P) .
These "stock" cultures were subsequently used as inoculum for the “bulking” of
inoculum, by chopping the infected onion roots into small sections (<2mm) and
redispersing them through the sand from the same pot(which already contained
detached VAM mycelium and spores). This was used to form layers of inoculum
in 150mm diam. grow bags containing 4kg of sterile durite sand to a depth of
(Zea mays. L»)
25cm, and sown with seeds of onion (cv. Ailsa Craig) or sweet cornA(cv.

Kelvedon Glory). These plants were allowed to grow for up to 5 months in the

greenhouse.

2.3.1. Inoculum for Pot Experiments

Bulk inoculum, consisting of infected roots segments, extramatrical hyphae
and spores. was sieved (<2mm) for use in greenhouse and growth room
experiments. The root systems remaining on the sieve were cut up into small
segments and redispersed in the sieved durite sand. Individual samples of this
inoculum were weighed out and applied as a layer of inoculum below

germinated seeds to ensure rapid contact of emerging roots with the
inoculum. Inoculum for control treatments consisted of autoélaved bulk

inoculum.
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2.3.2. Inoculum for Field Experiments

Bulk VAM inoculum from sweet corn pot—-cultures was air—-dried and sieved
through a 5mm diam. sieve. Root systems. remaining on the sieve. were finely
chopped and redispersed through the sieved durite. This mixture was applied
below wheat seedlings at sowing (see chapter 7). Control inoculum consisted of

sievings from non—in“ect'ed sweet corn pot cultures.

2.4. Sampling of Pot Experiments

The root systems of plants in pot experiments were regularly sampled to
monitor the progress of VAM infection. A hand corer of 3cm diam. was used to
sample to the base of the pot and the subsequent sample used to estimate VAM
infection and spore numbers. Excavated cores. from the sampled pot. were
refilled using sterile durite sand or coarse sand. In the smaller growth room
experiments whole pots were used as a sample and here entire root systems were
removed and sub—-sampled for estimation of infection. Replicate samples were

taken in each case.

2.4.1. Sampling of Field Experiments and Field Survey

Roots were sampled regularly during the growth season to monitor VAM
infection development. Field survey techniques are detailed in chapter 3 and are
identical to the field experimentation sampling procedures. Evaluation of spore
populations, at each field site. was performed .by taking four random.  soil
samples at each sampling in the field study. Four 50g sub—samples were taken
immediately from the original samples (not mixed) and used to estimate viable

spore numbers and species.
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2.5. Assessment of VAM Infection

The percentage of fractional infection was assessed using a modification of
the Hayman and Phillips technique (1970). Roots were cleared in 10% (w/v)
KOH at 90°C for 1-2 hours (field material was cleared for longer periods),
acidified in 1% HCI (v/v) and stained in 0. 1% (w/v) trypan blue in lactoglycerol
(lactic acid. glycerol. distilled water, 5:1: 1 ratio). Chlorazole black E was also
tested at 0. 1% (w/v) and gave excellant definition of arbuscular structures,
although staining took longer ( Brundrett, Piche and Peterson, 1984). Trypan
blue. however, was used routinely throughout this study. Cleared and stained
root samples were then spread randomnly over a grid in a petri dish (9cm diam. )
and examined under a Zeiss (W. Germany) stereoscopic microscope (x32). The
proportion of intersects of roots and gridlines at which VAM infection was
observed was used to determine the proportion of the sampled root system that
was infected. Results are thus given as total percentage fractional infection.
Giovannetti and Mosse. (1980) showed that this technique gave satisfactory
estimates of VAM infection with a low standard error. A slide method was used for
estimation of infection of field material under an Olympus BH binocular

microscope and this is described and discussed in chapter 3.

2.6. VAM Spore Isolation Technique

Spores were Isolated by wet-sleving and decanting field soll or pot
experiment grow-mh medium. 50g soil or sand was dispersed in 1 litre of tap
water, allowed to settle for 10-15 secs. and sieved through 710, 300 and 106r1m
sieves. The fraction on the 106’Jm sieve was retained. The spores from field soil
were then separated from heavier debris in this fraction by centrifugation in 50%
sucrose solution for 2 mins. at 1700 r.p.m. The supernatant, containing
spores, was decanted and washed three times with deionised water in a 37,1m

sieve, and resuspended in deionised water in a Doncaster nematode—counting
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dish., for estimation of spore numbers. VAM spores were characterised by their
size and colour (incident light) ., cytoplasmic appearence (transmitted light),
wall structure and hyphal attachment (see chapter 4), using a stereoscopic
microscope (x50). Spores from pots were isolated as described above from a
weighed sub-sample of the core taken from the pot, and counted in a Doncaster

dish.

2.6.1. Preparation of Spores for Germination Studies

Spores for germination studies were isolated from either field soil or stock
pot cultures as described above. The spores from the 37pm sieve were filtered
through a Whatman #1 filter paper (7cm diam.) to collect spores on a flat
moisture retentive surface. The filter paper was then placed in a Buchner funnel
(under low vacuum) and a second piece of filter paper. of the same size. placed
on top. so forming a sandwich of spores. The spores were then surface sterilised
with 0. 5% sodium hypochlorite (NaOCIl) for 3 mins. and flushed several times
with sterile deionised water using the vacuum. The filter paper was transfered to
a binocular dissecting microscope. situated in a clean air head. Spores were
picked from the filter paper using sterile storkbill forceps and placed onto agar
media in 9cm diam. petri plates or onto 5cm diam. Whatman 17 incubation pads
in 5.5cm petri plates. These incubation pad plates were prevented from
dehydrating by the regular application of an appropriate sterile deionised
solution, every 5-6 days. The agar media used were either Difco or Oxoid
products and are described in chapter 5. The pH of any solution was adjusted
using either 1M HCI or 1M KOH before autoclaving. On agar media 10 spores
were placed on each plate, whilst on the incubation pad plates 6-7 spores were
used. Plates were subsequently wrapped in silver foil. to exclude light and

control water loss, and Incubated in a constant temperature growth room.
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2.7. Analyses of Plants
2.7.1. Yields

Fresh weights of shoot material were measured in greenhouse and growth
room experiments immediately after harvest. Dry weight values were obtained
when small amounts of fresh foliage had been harvested. Shoot material was

subsequently used for chemical analyses.

2.7.2. Concentration of Phosphorus in Shoot Material

Samples of plant material were wet digested in a 4: 1 mixture of concentrated
nitric/perchloric acid and dissolved in 6N HCI. The concentration of phosphorus
in the solution was then determined spectrophotometrically as the yellow
phospho-vanado-molybdate complex (analyses carried out by the analytical

services, ADAS., Wye) .

2.7.3. Concentration of Nitrogen in Shoot Material

The concentration of N in shoots was measured colorimetrically after

Kjeldahl digestion (analytical service. ADAS, Wye) .

2. 8. Statistics

Effects of experimental treatments were statistically analysed using analysis
of variance on the GENSTAT statistical computer program (Alvey et al, 1977).
The statistical significance of treatments or interactions., independent of the
scale of measurement, was determined using variance ratios. and of differences
between means using the least significant difference (LSD) for yields and levels

of VAM infection (Steel and Torrie. 1960) .
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2.9. Ultrastructural studies

All chemicals used in the preparation of material for electron microscopy

were of an analytical grade.

2.9.1. Scanning electron milcroscopy

Spore samples were not fixed but air-dried and mounted directly on
aluminium stubs using double-sided Sellotape. before being sputter—coated with
gold for 2-4 mins at 40mA. Specimens were examined u;sing a Cambridge
Stereoscan 600 (accelerating voltage 15kV, at U.K.C.) or a Hitachi S-430

(accelerating voltage 15kV. at Wye College. University of London) .

2.9.2. Transmission electron microscopy
(a) Preparation of material

Spores were individually picked out with storkbill forceps into fixative (0. 5%
(w/v) paraformaldehyde - 1% (w/v) glutaraldehyde in 0.1M cacodylate-HCI
buffer (pH 7.2)) and gently punctured with a syringe needle (0. 5x16mm) under
fixative. These spores were fixed for 20-30 mins. They were subsequently
washed, post-fixed in 1% (w/v) osmium tetroxide In 0. 1M cacodylate-HCI
buffer. washed and dehydrated through a graded ethanol-water series. Spores
were then embedded in Spurr’s resin (Spurr, 1969). The protocol used in the

preparation of spores for T. E. M. is summarised in figure 2. 1.
(b) Sectioning

Thick sections (1pym) for light microscopy were cut using a glass knife
mounted on an LKB Ultratome Ill. and stained using 1% (w/v) methylene blue
and 1% (w/v) sodium tetraborate (see next section). Stained sections were
examined using light microscopy to facilitate the location of areas of infection for

ultrastructural investigations. The face of the resin block was trimmed to form a




_26_

four-sided pyramid bearing the selected area of interest. Ultrathin sections of
this selected region were cut using a fresh glass knife or a DuPont diamond
knife. The sections were floated onto distilled water and collected on uncoated
hexagonal mesh copper grids (300 mesh). After drying in air. sections were
stained and examined using a Phillips 410 EM. at an accelerating voltage of

80kV.
(c) Staining Thick Sections for Light Microscopy

Thick sections (approx. 1pym) were cut using a glass knife, mounted on an
LKB Ultratome I, and transferred to a drop of distilled water on a glass
microscope slide. The sections were heat-fixed to the slide by warming over a
bunsen flame. Two drops of 1% (w/v) aq. methylene blue and two drops of 1%
(w/v) aq. sodium tetraborate were placed on the sections (borax raises the pH
of the stain to approx. pH9). The slides were gently heated over a flame for 15
secs — it was important not to allow the stain to boil. The slide was allowed to cool
and excess stain washed off with distilled water. The sections were blotted dry

and a coverslip placed over them prior to examination.
(d) Staining Ultrathin Sections

Ultrathin sections. mounted on copper grids. were stained using uranyl

acetate and lead citrate.

() Uranyl acetate was prepared as a 2% (w/v) aq. solution in distilled water

and stored at 4°C.

(1) Lead citrate was prepared using the method of Reynolds (1963). Grids
bearing sections were placed on the surface of the uranyl acetate solution
(sections in contact with the surface of the liquid) contained in small plastic
embedding capsules. The grids were then removed. flushed with distilled
water and blotted dry before being placed on the lead citrate solution,

contained in similar vessels. Sections were incubated in lead citrate for 10
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mins. at room temperature, and then flushed with distilled water and blotted

dry on filter paper.
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CHAPTER 3

PART 1

The early development of VA mycorrhizas in autumn-sown cereals.

3. 1A. INTRODUCTION

It is well established that vesicular—arbuscular mycorrhizas (VAM) improve
phosphorus uptake and growth in a wide range of plants (Hayman, 1983). and
that VAM occur in many field crops under a range of environmental conditions
(Mosse et al. ., 1981) . especially when the availability of phosphorus in the soil is
limited. Phosphorus uptake in annual crops may be significantly affected only if
the infection is well established shortly after seedling emergence (Jakobsen and
Neilsen, 1983). Cereals. such as barley with a dense. fine root sytem., have
been shown to respond less in the field to inoculation with VAM than crops such
as lucerne or onion with a limited root system (Owusu—-Bennoah and Mosse.
1979) . Rapid development of a VAM infection could be a major determinant of
response in annual crops. Sanders et al. . (1977) have, for example, presented
data showing that low percentage root infections by VAM (<10%) can have a
beneficial value to the host out of all proportion to their size, especially when the

plants are very young and a well-developed external mycelium is present.

Most previous studies in temperate climates have suggested that infection of
cereals by VAM does not reach appreciable levels (>30% root length) until late
spring or even early summer. Asai (1934), for example, first observed a lack of
VAM infection in winter wheat and other small grains until late April soon after
grain heads had emerged. In the U. K. infection levels of winter wheat have been
reported as sparse in May. but increasing to a peak in September (Hayman,

1970) . In Denmark. very low infection by VAM (<5% root length) was noted in the
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period up to April (Jakobsen and Neilsen, 1983) . whilst no VAM colonisation was
detected until May in comparable studies in Kansas (Daniels Hetrick and Bloom,
1983). In contrast., more than 50% of root segments of winter wheat seedlings
examined in West Pakistan were mycorrhizal a month after they were sown, (Saif
and Khan, 1975) although this may reflect a much higher temperature regime.
and the fact that large numbers of spores of Endogonaceous fungi were present
in the soil. Higher levels of infection in December (7-8% root length) and March
(15-16% root length) have been recorded in experimental plots of winter wheat in
the U. K. (Buwalda. 1983) but this followed soil inoculation with VAM fungi. Such
investigations have led to a general view that infection by VAM Is unlikely to
significantly influence the growth of winter cereals in temperate climates, at least
until a period after flowering when any effects on grain yields would be much

reduced.

Most studies have tended to concentrate on spring sown crops (Black and
Tinker, 1979: Jensen, 1983). Inoculation of spring barley in the field has shown
that introduced VAM endophytes increased growth to a greater extent than the
indigenous population (Clarke and Mosse, 1981). Other workers, however,
have found that natural infection by indigenous endophytes was established too
late to be likely to increase growth (Black and Tinker., 1979). The potential
activity of a VAM infection may be gauged by estimating total arbuscular infection
in addition to total infection (Hayman, 1974). In this study a survey of two
commercial field sites was undertaken to investigate natural infection levels in

winter wheat grown in monoculture over a three year period.




3.2A. MATERIALS AND METHODS

Soil samples. including cereal roots., were taken from three field sites.
Gofflands 1 (G-1), Gofflands 2 (G-2). near Billingshurst, West Sussex. and
Hamill. near Ramsgate, East Kent. through three consecutive winter cereal
seasons 1982-1985. G-1, a clay loam soll, had been under wheat for four years
prior to 1982 (Map reference TQ12 148240 and figure 3. 1). G-2. another clay
loam soil, had been permanent pasture for twelve years prior to being planted
with winter wheat in 1982 (Map reference TQ12 140236 and figure 3. 1). Hamill
field. a silty clay loam soil. had been under continuous winter wheat since 1977

(Map reference TR 337630 and Fig. 3.2).

On each occasion eight samples were taken from the top 10cm of soil at
approximately 10m intervals along a transect across the field. The line of
transect was different at each time of sampling. The samples were bulked and
eight subsamples consisting of several plants with seminal and nodal roots
attached were obtained by washing them free of soil back in the laboratory. The
roots were then chopped into 1-1. 5cm segments and stained in trypan blue in a
lactoglycerol solution (modified Phillips and Hayman, 1970). At least 80cm of
root length per bulked sample were examined under the low power of the
compound microscope (X100) and the percentage root infection calculated by
noting the presence or absence of internal VAM structures in each field of view
(approximately 1. 5mm) and dividing by the number of fields of view examined. At
the same time the quality of infection was assessed by recording. for each field
of view, the proportion of infection due to arbuscules compared with that due to
mycelium and vesicles, using the scale given in Table 3.1. Qualitative
observations were also made of the relative amount of infection due to fine
endophytes (Glomus tenue) In relation 1o that resulting from Infection by hyphae

of the coarse species.
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TABLE 3.1 - Scale for assessing the quality of VAM infection.

onscsocraele Amount of root cortex infected
0 Absence of VAM structure
1 0-15% of root cortex
2 15-45% of root cortex
3 45-75% of root cortex
4 75-100% of root cortex




TABLE 3.2 - Soil characteristics at each sample site

HAMILL GOFFSLAND-1 GOFFSLAND-2
Sample date phiZ;i;rus S:il Sample date phizgiorus S;él Sample date phizgirus S;il
9/1981 76 7.0 10/1982 16 6.9 10/1982 4@ 6.4
11/1982 59 7.6 2/1983 13 7.0 2/1983 14 6.6
8/1983 - 39 7.6 11/1984 14 6.5 11/1984 3o# 6.5
.6/1984 35 7.5 3/1985 13 6.8 11/1984 40t 6.9
11/1984 62t 7.9 3/1985 76t 6.6

* = bicarbonate soluble P (Olsen) in mg L-‘
e - pasture soil prior to fertilization

* = under 0il Seed Rape

# = chicken manure added at 10 tonnes/hectare prior to sowing




TABLE 3.3 - Crop variety and sowing date at each field, 1982-1984

SOWING DATE

SITE SEASON CROP - VARIETY
G-1 1982/3 Wheat - Avalon 2/10/82
1983/4 Wheat - Rapier 2/10/83
1984/5 Barley 30/9/84
G-2 1982/3 Wheat = Avalon 5/11/82
1983/4 Wheat - Rapier 15[10/83
1984/5 Wheat - Rapier 21/10/84
1984/5 Rye 14/10/84
HAMILL 1982/3 Wheat - Avalon 2/10/82
1983/4 Wheat - Rapier 30/9/83

1984/5

0il seed rape
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None of thoe sites were oxporimontal plots but wore In fiolds on commorcial
farms and were subjectod to agricultural practices normal for intonsively-grown
coroals In North-Waest Europe. In the 1982-3 season for oxample. G-1 and G-2

] ]01

recoived 100kg ha™ ' of NPK fortiliser (0-22-22) prior to sowing and 50kg ha
"Nitram’ (ICl Agrochemicals) at growth stage 7 (fFoeoekes scale). Tho crop
rocelved a post-emergonce herbiclde application and was troated with a broad-
spoctrum fungicide (G-1 recoeived a fFocal application. G-2 rocelved a Sportak
application) in late spring. At Hamill the “Nitram’ application was givon as 50kg

ha ! L

at growth stage 6 and 150kg ha ' at stage 8. Threoe herbicidos wore applied
between growth stages 3 and 6 (Dicurane (3). Avenge (5). Coridor (6)) and five
fungicides were applied as three mixtures between growth stages 7 and 1 (Jupital
+ Bavistin (7). Jupital + Manzate (10. 1) . Corbel + Bavistin (10. 1)). Soil pH and
available bicarbonate-solublo phosphorus (Olsen et al. . 1954) wore detormined
sovoral times during the Investigation and the results are given In Table 3; 2. The

dates of sowing and the respective crops and variotios sown at cach fiold site

during the throe soasons are rocorded in Table 3. 3.

3.3A. RESULTS

Figures 3.3 and 3.4 show the % fractional infection of the roots by VAM
during the three growing 'seasons. Fractional infection is the fraction of the
length of host root contalning mycorrhizal infection. During 1982/3 and 1984/5,
the total Infoection levels Increased raplidly at G-1 and G-2. and more gradually at
Hamill. for the two months following sowing. A decrease in fractional infection
then occurred over the subsequent two to three months. Infection levels then
rose rapidly to a peak in .late spring. These trends were refloected by the relative
proportions of arbuscular infection. which dropped to zero by July or August

(Figs. 3.3 and 3.4). In the 1983/4 season a diffoerent. yot consistent, pattern of



% FRACTIONAL INFECTION

FIGURE 3.3 - Percentage fractiona1 VAM infection in the roots of winter wheat
varieties Avalon and Rapier at three sites (G-1, G-2 and Hamill)
during the period 1982-1984.
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Figure 3.3B - Changes in the relative proportions of fine and coarse
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% FRACTIONAL INFECTION

FIGURE 3.4 - Percentage fractional VAM infection in the roots
of winter wheat var. Rapier and winter rye at G-2,

" and winter barley at G-1, during the 1984-85 season.
A = total infection; A = infection due to arbuscles
alone. Bars indicate the L.S.D. values at the 5%
probability level.
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PHOTO 1 - Isolated arbuscular infection in roots of winter
wheat from the Hamill site, November 1982 (x130, B.F.).
PHOTO 2 - Restricted intercellular spread of VAM hyphae,
Hamill, November 1982 (x550, B.F.).
PHOTO 3 - Limited spread of VAM intercellular infection
despite the presence of apparently normal appressoria,
Hamill, January 1983 (x140, B.F.).
PHOTO 4 - Young arbuscular infection sites again with little

lateral spread, Hamill, May 1983 (x140, B.F.).







PHOTO 5 - The disappearence of infection sites in the overwinter
decline of December 1982 at G-1 (x130, B.F.).

PHOTO 6 - Extensive arbuscular infection along wheat roots from
the G-1 site in April 1983. Note the fine endophytic
infection (x140, B.F.).

PHOTO 7 - Vesicular infection in wheat roots from the G-1 site in
June 1983 (x150, B.F.).







PHOTO 8 - Resting spores of Olpidium which resemble vesicles
under the low power of a dissecting microscope (x500, B.F.).

PHOTO 9 - Moribund arbuscles (note the lack of branching) found
in the overwinter decline at G-2 in February 1983
(x550, B.F.).
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root colonisation was observed. Thoro was no decrease in infoction levols during
tho wintor poriod and the mycorrhizal proportion of the root systom Incroasod
stoadlly to a January (G-2) or June (G-1 and Hamill) poak. Infectlon lovcls at
Hamill wore consistontly lower than thoso recorded at oither of the Gofflands
sites. In the 1984/85 season the two patterns of infoection were observed together
In G-1 and G-2. The oarly sown barley (late Soptombor) showed a gradual
increase in infoction through the winter period whon the later sown (Octobor) rye
and wheat levels declined. Slightly lowor poeaks of infection in the wheat crop at
G~-2 in 1984/85 comparod to provious yoars were obsorved which may havo boon
due to the increased soil nutrient status (Table 3.2). Rye in the samo fiold

showed lower infection levels grown undoer the same field conditions.

The trend obsorved in the 1982/83 season can be cloearly seon from
photographs taken through the season (Photos 1-4) at the Hamill site. The
photographs of Novomber 1982 (Photos 1 and 2) show small patches of coarse
arbuscular infection with little latoeral spread. By January infections consisted of
limitod intorcoliular hyphal growth despite the presence of apparontly normal
appressoria (Photo 3). In May. however. coarse arbuscular infoctions
roappoearod but with little latoeral sproad of infection units (Photo 4). At thoe G-1
site the ocarly Octobor/Novembor abundance of coarse ondophytic approssorial
formation and dense intornal infection gave way to the Decomber docline poriod
(Photo 5). By April oxtromoly woll dovolopod arbuscular infoctions occurrod
rogularly along tho roots oxaminod (Photo 6). By June. Iinfection consisted
primarily of vesicles and Intorcellular hyphae (Photo 7). The microscopic
appoearance of the mycorrhizal Infoction also changed during the growing soason
and rofloctod changes in the relative proportion of infoction duoe to ondophytes
with coarse hyphae rclative to those with fine hyph.:sgl‘(j';o?s)typos of ondophyte

wore present in roots from all three sites whon Infoction loevels were high (Photo
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6). but the proportion of roots infoctod by coarse hyphae dropped approciably
aftor late Novomber In 1982 and 1984. During poriods whon Infection lavals woro
lowest (Decambor 1o April, 1982/3 and 1984/5) colonisation was primarily due
to the presonce of the fine endophytos. Few coarse hyphae wore obsorved during
the ovorwintoring poriod of these two growing seasons. Approssorial formation by
hyphae of coarse ondophytes was froquontly noted. but latoral sproad of the
infection did not occur within the root cortex. Tho rise in Infection lovels notod
during the spring poriods was duo to extonsive mycollal and arbuscular growth of
both types of ondophyte within the root cortex. The obsorvations during the
1983/4 (and for barloy at G-2 in 1984-85) soason differed in that the lovels of
infection due to coarse ondophytes persisted overwinter. At the Hamill site
1983/84 the large increaso in total Infection (Fig. 3. 3) consisted of both fino

and coarse endophytic infoctions.

3.4A. DISCUSSION
3.4.1A. Early Infoction dovolopmont

These results describe much more extensive colonisation of winter cereal
roots in the pre-winter period than has previously been noted. It could be that
this early peak In Infoction may have boen overlooked in provious studles for wo
main reasons. Firstly. several reports (Hayman. 1970; Jakobsen and Nielsen.
1983) do not present data-for the late autumn/early winter period. but give
observations only from late winter onwards. Jakobsen and Nielsen (1983).
however. took field samples of winter barley. wheat and rye in late November in
Denmark. six weeks after seedling emergence. They sampled by extracting
cores. but could not distinguish botween fresh roots and the old roots of the
previovus barley crop. so no data were presented. Buwalda (1983) also took

samples In late November but his results were obtained from a fleld that had been
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fallow for seven years. In my study intact plants with attached root systoms were
removed from the soil for estimation of infoction. using a trowel to a dopth of 10
cms. Socondly, differont techniquos usod for ostimation of Infection of stainod
field matorial may give rise to conflicting roesults. In particular. the use of the
grid-line intoersect mothod for assessmont of early scason fiold materlal undor a
low powor dissocting microscope may result in both young infoction sites and tho
presence of fine cendophytes being overlookod. This would rosult in undor
astimation of fractional infection. In contrast. the cortox of roots colloctod lator
in tho scason Is ofton colonisoed by othor fungi which stain using the Phillips and
Hayman mothod (o.g. Olpidium (Photo 8). Polymyxa and Rhizoctonia). Thesc
are somotimes difficult to distingulsh from donse VAM infection under a low powor
dissecting microscope and honce thoir presence may load to ovorestimation of
fractional infection by VAM if this mothod of assessmont Is usod. {as also notod
by Miller et al. . (1983)). In addition. some staining of cortical colls of the root
occurs rogularly which may also appear similar to a doenso arbuscular Infoction if
a low rosolution microscope is omployed. In wintor-sown crops. particularly
towards thoe ond of the season. much of the root matorial loses its cortical
componont during proparation. Tho vascular tissue remaining may subsocquontly
be countod as non-mycorrhizal undor a dissecting microscopa. In this study
such roots were not includod in ostimations of infoction. A compound
microscopoe (x100 magnlification) has been usod for oestimation of Infoction in
fiold material throughout these investigations In order to ovorcomoe thosc

problems.

Early development of VAM Infection in autumn-sown cereals is consistent
with the view that arbuscular colonlsation by VAM is favoured In the young. active
regions of the root system. In my results the most extensive arbuscular phases in

1982/3 and 1984/5 occurred during periods when new root growth was likely to
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be most prolific. particularly during late October and March to May. prior 1o car
cmergence (Barraclough and Leigh. 1984). Estimates of root extension rates for
winter wheat gave flgures of 5-6mm day'] for the winter period comparoed to
18mm day“] for spring (Gregory et al. . 1978) . Agaln little data are available for
early autumn. Barraclough and Leigh (1984) calculated the average growth rate

boetweon March and June for winter wheat, to boe 1g m? day‘].

This figuro was 5
times that calculated for December to March. In contrast. much of the infection
recorded during summer (June to August) consisted of vesicles and intercollular
mycelium with little of the arbuscular component remaining. Total fractional
infection also decreased during the period after anthesis and it may be significant
that Wolbank et al. . (1973) reportod a decline in dry woeight of cercal roots aftor
this growth stage. Buwalda (1983). howover, did not record this docline In
fractional mt.ocuon but noted instecad an ond of season plateau in the amount of

infoctlon praesont. This difference In obsorvations may rofloct difforonces in

mlcroscoplc tochnlquo as discussaed above.

In 198374 tho two poaks in arbuscular activity wore masked by a much highor
carry-over of infection from the autumn “flush’ into the spring. One of the
difficulties in intorproting these trends in infoction. particularly in rolation to the
time course of dovolopmont, Is that % VAM Infoction Is a ratio. Changes In
fractional Infoction thus result from two separate processes. root growth and
growth of the fungus. In this respoect. Barraclough and Loigh (1984) showod that
carly-sown (Soeptomber) crops made substantial root growth by Decembor and
continued to grow throughout the winter at a faster rate than later-sown crops.
By March theso oarly sown crops had ovor 4 timos tho root dry woight of late sown
crops. and had producoed 35% of thelr maximum root longth (presumod to be in
June) compared to only 10% for late sown crops. In Septembaor-sown crops roots

wore presont at 1m dopth by oarly Decombor, yet roots of Octobor sown crops
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were not found at this depth until April. Barraclough and Leigh (1984) also
found that there was substantial differences in root dry matter production at
anthesis., between the two years studied. at both sites. |t would appear that the
observation of an overwinter decline in VAM infection in wheat in this study could
be associated with the slower root growth rates of late-sown wheat during the
period Dec-March noted by Barraclough and Leigh (1984). If the wheat crop
can maintain a rapid root growth rate through this winter period. aided by earlier
sowing. then it may be that VAM fungi. and particularly coarse endophytes. can
establish infections and continue to spread within such an actively growing root
system. For example in 1984/5, early-sown (30/9/84; Table 3.2) barley
showed a steady increase in VAM infection. whereas late-sown (14/10/84) rye
and wheat (sown 21/10/84) had the overwinter decline of VAM infection. The
reduction in total fractional infection levels in G-2 in this same season. may have
been due to the application of chicken manure and its effect on soil nutrients

(Table 3. 2) . an effect also noted by Kruckelmann (1975) for farm yard manure.

Plants at both sites (approximately 250km apart) exhibited the same trends
of infection in each season. so local factors were apparently of minor importance
in establishing these trends. The difference between the results in 1982/3 and
1983/4 might have been due to the change of winter wheat cultivar, especially
since different spring wheat cultivars are known to vary in susceptibility to VAM
infection (Azcon and Ocampo. 1981). Daniels-Hetrick et al. ., (1984) tested 9
winter wheat cultivars in three soils inoculated with indigenous and introduced
endophytes in a glasshouse experiment. After 10 weeks all plants had become
colonised and they noted significant differences in the intensity of infection
between cultivars. However the cultivars supporting the greatest colonisation
varied between the three soils that they tested. On this basis. though. the results

for 1984/85 (Fig. 3. 4) would have resembled those of 1983/84 and not those of

1982/83. In addition. the two wheat cultivars (Avalon, Rapier) used in our
studies have performed similarly with respect to percentage fractional infection in
pot experiments using pure inoculum of three VAM fungi. Figure 3.5 shows the

results and it can clearly be seen that there was no difference between infection
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FIGURE 3.5 - A comparison of the development of VAM infection
with calendar time in the roots of two winter
wheat varieties, Avalon and Rapier, when infected
singly by each of three endophytes, Glomus geosporum,
Glomus monosporum and Glomus mosseae.
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progrossion in the iwo cultivars whon colonisod by those throe coarse

ondophytos.

It is generally believed that the degree of mycorrhiza formation is inversely
correlated with avallable soil phosphorus levels (Mosse et al.. 1981). and the
lower infection levels recorded in Hamill soil are presumed to reflect the higher
lovels of bicarbonate-soluble phosphorus available at this site. It is notable.
however, that over 40% of the root length was Infocted in May 1984. a value far
higher than would be expectod for a soil (Table 3.2) containing over 40mg g~
phqsphorus (ADAS rating 3). This poak in Infection lovels corfospondod with a
poriod of low rainfall. and it is likely that tho drought conditions doprosscd the
soil moisture contont with a corresponding doecrease in phosphorus mobility. The
mobility of phosphorus and other minoeral olemonts in the soil is lowered when soil
water potontials docrease (Olsen et al. . 1961). This is known to lead to P-
doficiont plants during drought stress ovon though the soil phosphorus lovols are
adoquate for groator growth undor non-stress condltions {(Nolson and Safir,
1982). Interostingly. infoction by VAM tonds to be stimulated in plants growing in
conditions of drought-stress (Sioverding. 1981). We obtained our highost
infoction levels in a soil with comparatively low phosphorus availability and it
would be unroasonable to compare those rasults with those obtainod for a highly
fertile soil. Soveral studies. howover. which report nogligible infection lovols in
the late winter period have boon carried out on solls with similar low lovols of
phosphorus (e.g. Jakobson and Nollson. 1983. Daniaols Hotrick ot al. . 1984) .
Such soils are not necassarily marginal with respoct to coreal cultivation, and
large aroas of wintor whoat are grown each yoear undor these conditions (Jarvis ot

al. . 1984).
3.4.2A. Occurrence of Fine Endophytes.

These observations also draw attention to the frequent occurrence of
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infoctlons due to flne ondophytes In tomporate agricultural solls, particularly
during the winter months. and lator towards the ond of the cercal growth socason.
whon those spocies mako up the bulk of tho mycorrhizal Infection. Othar workors
have also notod a prodominance of fine endophytic infection in crops during the
winter months (Jakobsen and Neilsen. 1983). It has beon suggested that the
fine ondophytes are less aggressive than the coarse with respoct to infoction
ability from the growth modium (Wilson and Trinick. 1983). but once infoction
has occurrod the mycolium of a fine endophyte Is capable of producing many
maore secondary infoction loci than that of a coarse ondophyte. Furthermoro. the
fine ondophyte was apparontly slow to infect gorminating seods. but once
ostablishod it was capable of a more rapid sproad from plant to plant than othor
fungi invostigated (Powoll., 1979a). Elmos et al.. (1983) showod this samo
trend of slow initial establishmont of indigenous fine ondophytes infocting rod
clover in unstoerile field soil. with a later rapid phase of sproad of infection. The
coarse ondophyte Introducod Into the same soll, as a soparate treatmont.
showod oearllor colonisation of the red clover which subsoquontly lod to a
slgnificant growth rosponso ovor the control. This occurred daspite the fact that
final total fractional Infoctions of the coarso and fino ondophytos at the ond of the

growth poriod. wore the samoeo.

Fine endophytes are often the most abundant mycorrhizal types in natural
solls (Fitter. 19858). These fungl rarely produce beneficial growth responses.
even in Infertile solls (Powell. 1979b). and. at least in the samples examined
during the course of the preéent study. they seem to produce little external
mycelium. It may be that these two observations are related as Sanders ot al.
(1977) reported that of four VAM Isolates used to inoculate onion seedlings. it
was the one that produced least external mycelium that was the least efficient in

tarms of stimulating growth of the host. However Abbott and Robson (1985)
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showed that thoeir fine endophytic isolate produced high levels of external
mycollum yet Infocted plants had docroased shoot wolghts comparod with control

plants.

The inhibition of spread of coarse endophytic infection. seen over winter in
(Fiqs. 3.3 and 3.38)

1982/83 and ]984/85/1\ within the roots. caused possibly by low temperatures
(Seo next section). may not affect fine endophytes to the same degree. It is
known that they have a different type of spread of infection (Wilson and Trinick.
1983) . Itis also known that fine endophyes are a major component of the all year
round infection that occurs in natural grasslands (Read et al. . 1976). Coarse
endophytes., apparently more aggressive. rﬁay therefo}e play a natural role in
aiding seedling establishment in the Sussex flelds investigated here. G-1 and
G-2. The two peaks of coarse endophytic Infoctlon (Fig. 3.3) may. howovor,
mask a géne_ra! slower linear increase of fine endophytic infection through a
season. The lower levels of infection consistently reported from temperate
agricultural fields (Buwalda. 1983. Jakobsen and Neilsen. 1983. Mosse and
Hayman. 1971) when investigating the natural VAM infection of crops in the field.
may therefore consist chiefly of fine endophytes at certain times of the year.
Rabatin (1979) reported seasonal differences in the percentage length of
graminaceous host root infected with fine endophyte in three field sites in
Pennsylvania. U.S.A. Highest levels were found in the late-winter and spring
period in very P—deficient soils low in molsture. In roots sampled from soils with a
high spring soil-moisture content fine endophytic infection increased to a
maximum later in the growing season. a similar result to that observed here in
the Sussex fields. She suggested that the fine endophytes were particularly
adapted to penetrating host roots during brief seasonal fluxes of P availability

found in spring.
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CHAPTER 3

PART 2

The effects of environmental factors on seasonal differences In the pattern

of VAM development in winter wheat root systems in the field.

3.1B. INTRODUCTION

Where soll temperatures vary conslderably during the growth season of a
crop such as winter .wheat in temperate regions. it has been suggested
(Buwalda. 1983. Mosse. 1981. Black and Tinker. 1979) that temperature may
be tho major rato-limiting factor Involved Iin VAM Infection spread. Buwalda
(1983) suggested that low temperatures in winter contributed to the slower
development of linfectlon in winter sown cereals than in spring sown cereals. Heo
observed a slow steady Increase In Infectlon during the wl‘nter crop season
compared to a much faster increase in infection during the spring crop season.
in inoculated and non-inoculated field experimental plots. He also suggested that
annual differences in the rate of l'ncrease of soil temperatures in spring may
explain annual differences in the rate of development of VAM infection in the roots

of spring barley.

Temporal developmental events over different seasons have been related to
cumulative temperature data 'using the concept of THERMAL TIME (Robertson.
1_968). This concept has been used to help descibe more clearly the effects of
temperature on leaf extension dynamics (Hay and Tunnicliffe-Wilson. 1982) and
leaf ap-bearance (Baker. etal.. 1980) in winter wheat. Buwalda (1983) was the
first to abply this concept to the effects of temperature on VAM infection
development in winter and spring sown cereals. He was successful in eliminating

differences between seasonal variation by plotting infection progression against
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thermal time using 5°C as a basae.

The day-degree hypothesis basically states that for each day (p). the mean

tempeorature . Tp. Is measured and a temperature sum . h, formed according to.

h =Z;Tp -Tc)

Including those terms where Tp is above some threshold (base) value .Tc. The
day-degree sum .h. essentially integrates some under lying temperature—
sensitive process or processes. The approach is based on the notion of a
developmental rate. whose response to temperature Is approximately linear over
a restricted temperature range. Therefore the thermal time (in degree—days)
from sowing to each sampling date Is estimated by summing the thermal timo of
oach day. The use of a base temperature Is arbitrary and it is not known If it has
any physlological significance although Gallagher. et al.. (1979) found that leaf
extonsion was temperature related and stopped around 0°C. This could relate to
photasynthate boing avallable to a VAM symblont. Same. et al. . (1983) showaod
that docreasing root tomperatures also decreasoed the concontrations of soluble
carBohydrate within the roots.  They further found a close corrclation between

root longth infoctod and root concontrations of soluble carbohydrata.

3.28. METHODS

Two calculations of thermal time were made. The first used a computer
program written by J.R.Porter and L.Parry (1984) and Kkindly supplied by
J. Rayner (Rothamsted Experimental Station) which integrated thermal time

values in its calculation. The second involved a more simple calculation of.

(Tmax - Tmin / 2) — Tbase
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for cach day and the subsequont summing of these valuos for ecach day betwoon
sampling dates (Barraclough. personal communication). If the value calculated
for cach day Is less than the Tbase thon no thermal timoe olapses during that
day. Base tomporatures were sat at 0°C. 1°C and 5°C in both casos. All
calculations used daily maximum/minimum air temperatures above grass.
obtained from the Metereological Office (Bracknell. Berks. U.K.) for data
collected from Manston. Kent (TR 332664) and Plumpton. Sussex (National Grid
Reference 53571136). Buwalda (1983) compared the use of air and soll
temperatures and obtained similar relationships between thermal time and VAM

infection.

3.3B. RESULTS

Figure 3.6 shows that there is little difference. initially, botween the two
methods of calculating thermal time. However. as the season progresses the
computed calculation causes the accumulation of more thermal time than that of
the simplified calculation. The simplified calculation was subsequently used to
compare thermal time with calendar time and VAM infection development through

the 1982-1985 wintor wheat seasons.

Plots of calendar time and thermal time against fractional infection (Fig.
3.7) show that the apparent over winter decline in infection levels is reduced in
the thermal time plots. at a base temperature of 5°C. It was particularly
succossful in oliminating the docline porlod at the G-2 site In 1982-83. Daoclino
poriods were not removed usl'ng thoermal time plots at any of the other basc

tompaoraturo lavels usad. 0°C and 1°C (data are not prasontod haera) .

Plotting accumulated thermal time against calendar time for all crops at G-1

and G-2 covering the period September to March (Fig. 3.8). revealed that the

earlier accumulation of thermal time could be a major factor in the elimination of
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an ovor wintor docline In infoction. Two out of the top three thormal time
accumulators showed a continued Increase in Infoction through the wintor.
Howaver there romains the anomaly of the whoat crop In G-2, 1983-84. which
accumulated the second lowest thermal time sum but still showed the increasing

trond of infoction through the wintor.

Closer examination of the data available for 1983-84. reveals that where no
winter decline occurred (Fig. 3.7). there was a colncidental dry and mild
autumn (Table 3. 4). with a higher accumulation of thermal time than 1982-83
for the same period (October 1 - January 1) . Theo 1984-85 period. however, had
the highest thermal time accumulation of all three séasons. Table 3. 4 shows the
accumulated rainfall data for each autumn (Fig. 3.9 shows the total seasonal
ralnfall for each season smdiod). Tho 1983-84 season had the lowest rainfall
(wéll below the yearly average) of all three seasons investigated. with 1984-85
being closest to thé yearly average for this site. In the 1982-83 season the
,de'cllne In Infection (Fig. 3.7) began before the beginning of December and
coincided with a period of negligible thermal time accumulation above the 5°C
base (Fig. 3.8). coincldont with a wet poriod (onie third of the total autumn rain
foll from mid-November to mid-Decemboer) . In 1984-85 over one-quarter of the
autumn rain fell in this same period and it accumulatod more thormal time (baso
5°C) than any of the othar three seasons during this time (Table 3. 4) .

Analysis of the Hamill dbata revealed the same trends for the 1982-83 and

1983-84 seasons to those observed at the Sussex site, and results are therefore

not presented here.




FIGURE 3.6 - A comparison of two thermal time calculations (base SOC)
using the VAM infection data from the G-2 site in the
1982-83 season.
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FIGURE 3.7 - A comparison of the relationships_between:the:.development
of VAM infection in the roots of winter-sown barley and
wheat wgen plotted against calendar time and thermal time
(base 5°C), at G-1 and G-2 field sites 1982-1985.
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FIGURE 3.8 - A comparison of the accumulated thermal time (base SOC)
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CUMULATIVE RAINFALL (mm)

FIGURE 3.9 - The cumulative rainfall for each winter cereal season
1982-1985 at the Sussex field site.
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FIGURE 3.10 - The relationship of thermal time (base 5°C) to VAM
' infection development in the winter-sown crops of
Sussex (G-1 and G-2) in the 1984-85 season.
(Arrows indicate the thermal time accumulated up to

% FRACTIONAL INFECTION

501

404

20

101

January 1). ’
w G-2 WHEAT
O~ 6-1 BARLEY

N G-2 RYE

JAN 1

JAN 1

JAN 1

I  § ) 1§ |

100 200
THERMAL TIME - BASE 5 C (DEGREE-DAYS)

300

400




TABLE 3.4 - Total autumn rainfall and thermal time data for the Sussex
site (G-1 and G-2), 1982-1985.

WINTER TOTAL RAINFALL ACCUMULATED THERMAL
CROP BETWEEN SEPTEMBER 1 TIME (BASE 5°C)
SEASON AND JANUARY 1 (mm) OCTOBER 1 TO JANUARY 1

1982-83 614 250

1983-84 388 278

1984-85 503 305
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3.4B. DISCUSSION

Results shown here parallel work by Barraclough and Leigh (1984) with root
dry weight accumulation of winter wheat through two successive seasons. They
showed that plotting root growth data against thermal time eliminated some of the
differences between root growth progression caused by early or late sowing of
winter wheat crops at two sites investigated. However it did not eliminate
differences observed between years. In my study the effect of rainfall on this
Weald clay soil type seems to have had a complementary role to thermal time
accumulation in affecting infection progression. This was probably due to the fact
that close texture and high water content, in clay soils. can often restrict root
development because of anaerobiosis. Trinick (1977) observed that high soil
moisture reduced the mycorrhizal infection of lupins. Reid and Bowen (1979)
showed that Glomus mosseae spore germination was sensitive to soil water
content. These observations might indicate that oxygen content of the soil
environment is important for normal funétioning of mycorrhizas. Saif (1981,
1983) revealed that the mycorrhizal symbiosis functioned best when soil aeration

was at a high level.

in 1984/85 the rainfall was approximately average for an autumn period
(Table 3. 4) but the highest accumulated thermal time (5°C) values occurred for
the October to end of December period for the three seasons studied. In the
three crops sown at the Sussex site, however, only the earliest sown (barley
30/9/85) showed the sustained trend of VAM development through the winter
observed in 1983/84 at Sussex (Fig. 3.7) (Buwalda (1983) obtained his data
from September—-sown winter crops). The later sown winter wheat and rye crops
at the same site showed an overwinter decline (Fig. 3.7). Figure 3. 10 reveals
that more thermal time (5°C) was accumulated by the early sown crop up to

January 1 1985 than by the other two crops. Barraclough and Leigh. (1984)
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showed that earlier sown crops (late September) made substantial root growth by
December and continued to grow throughout the winter at a faster rate than late
sown crops from mid-October onwards(see Discussion of previous section,
3.4A.). The roots of October-sown crops were slow to develop and their dry

weight increased at a much slower rate over winter.

The effects of the soil water content on root growth may not have been as
significant at the field sites studied by Barraclough and Leigh (1984) ., since their
observations were made on winter wheat growing in better drained sandy/silty
loams. It may be therefore that in this soil type the date of sowing could be of
crucial importance to VAM development, in years where the effects of extreme
fluctuations in environmental conditions (e.g. soil temperatures or soil water

status) do not override it.

Results presented here (Figs.3.7.3.8.8.9,8.10) for thermal time
calculations used a base temperature of 5°C only, since trends for 0°C and 1°C
were similar. However Buwalda (1983) showed that there was no effect of season
of sowing on the development of VAM infection when Tbase was set at 5°C,
whereas at 1°C infection developed much faster in the spring-sown crops. This
base level may be very close to the minimum temperature at which translocation
of phosphorus in hyphae of VAM fungi occurs (Bowen et al. . 1975: Cooper and
Tinker. 1981; Hayman 1983). Chilvers and Daft (1982) showed that the coarse
endophyte Glomus caledonicum, in pot experiments. maintained its level of
infection in onion roots through an extended cold period of §°C, but had a
distinctly moribund appearence (weak arbuscular structures and septation of
intercellular hyphae - c¢.f. Photo 9 which shows arbuscles observed in the

decline period of the 1983 winter) . It was also noted that this same fungal isolate
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could only infact Narcissus roots at 9°C. Thus tamparatures below 5°C may bao
Inhibitory to the spread of VAM infection inside the root. During pot studies on the
effects of phosphorus on two VAM fungal isolates growing on winter wheat roots
(Experiment 1 in Chapter 6) infection was also noted to decline to less than 5%.
during the period when night temperatures consistently fell below 5°C. Although
thore appoar to be no roports In the llitorature of the minimum tomporature at
which wintor coroal root growth ceasoes. thore scoms little reason to assume that
this would be different fram that for leaf oxtension 0-1°C (Gallaghor ot al..
1979) . Barraclough and Leigh (1984) showed that the length of winter wheat
roots increase through winter. implying that soil temperatures are rarely less

than the minimum for root growth.

Buwalda (1983) concluded that plotting VAM infectlon against thermal time
rather than chronological time indicated that temperature was the important
factor in the development of VAM Infection In roots of wintor cereals. This is
substantlated here by the reduction of the overwinter decline period (Fig. 3.7).
Buwalda also stated that low temperatures during winter are responsible for the
slow development of infection in roots of winter sown crops. whereas the results
of this study would indicate that the development of VAM infection within winter
cereal roots is probably determined by the effocts of both soil temperature and
soil water status directely on the host root system. As a consequence the root
growth rate of the host and root longevity within a soil, may be the major rate
limiting step for infection development. The soil type could. therefore. again be
a cause of differences ob‘se‘rved between results reported by workers involved in
VAM research. It is interesting to note that in concluding his field
experimentation. Buwalda (1983) sowed winter barley on the previous seasons
fumigated plots (inoculated and non-inoculated). The inoculated plots had a

much higher VAM soil presence than the previous season. due to the previous
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crop finishing with about 40% of its root systom infoctod. and hore tho oarliost
sown crop showed a more rapid riso in infoction (by Novambor 24) than soon in
any of the othor exporimonts. Fractional Infoction thon lovollod off ovor wintor but
incroased again by March 27. The non-inoculatod showod a continual stoady
rise. as noted in the previously. exporimonts. It is possible thorofore that the
highor inoculum potontial of his inoculatod plots could be important in the
dovelopmont of an carly autumn poak in infoction. corrosponding with that
obsorvod at the Sussox site Investigatoed horo. followod by a docline or lovolling
off of Infoction ovoer wintor. This offect Is less dramatic in bettor drained soils,

unlike those of the Sussex sito.

A substantial body of evidence indicates that early sowing is critical to the
achlevment of high average ylelds (Batch., 1981). MIid-October had previously
been considered to be an optimum sowing date for winter wheat but increasingly
It appears that sowing should start earlier (e.g. late September). On
commaerclal fleld sltes such as those Investigated In Sussex, where a high
percentage VAM infection occurs. sustaining infection through winter in an
apparently active state (as indicated by the proportion of infection as arbuscles)
might be thought to be as highly beneficial. so contributing to the advantages of
an early sowing date. This may be of interest to those involved in developing
systems of sustainable agriculture. The results reported here do not quantify the
role (stimulatory or not) of the VAM symbiosis. It is known that the inflow of
phosphorus to roots of winter wheat has a large peak in mid-winter and a smaller
peak in spring (Gregory et al.. 1978). thus infection during late autumn and
early winter could be extremely influential in optimising nutrient uptake in these

plants in agricultural solls.

This work again highlights the number of factors that need. to be considered

simultaneously in order to obtain a clearer view of the role of VAM fungi in a
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natural or agricultural situation. Relationships botwoon soil Inoculum potontial.
rate of sproad and dovelopmont of Iinfoction. and offects on phosphorus uptake
and ylold responses neod to be Invaestigatod. These wlll obviously differ from soll
to soil even for apparontly similar investigations (Graham et af. . 1982. Hayman
and Tavares. 1985). with the same ondophyte. Confusion is ofton causoed by the
assumption that a givon variable such as soil tomporature or soil molsture will
influence the host and its symbiont to a similar doegroe. This Is not nocossarily
true and this problom will only be overcome by studying root and infoction
dynamics togother In future studies. The common prasontation of % Infoction
must includoe data on root longths in ordor that infoctod root longth can bo
calculated. The laborlous and tbdlous nature of this type of work woulid
nocessitate extonsive cooperation betwoeen soll sclontists and mycorrhizal
workers in fiold investigations. For example. material from experiments dealing
diroctly with root growth dynamics in the fiold such as thoso of Barraclough and
Loigh (1983) could also have booen assessod. at the same tbmé. for mycorrhizal

infoction.
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CHAPTER 4

The characterisation of VAM spores from Hamill and Sussex field

sites.

4. 1. INTRODUCGTION

Many VAM fungi in the Endogonaceae produce abundant resting spores in
soil (Gerdemann and Trappe. 1974) that may be important as propagulcs for
initiating endotrophic symbioses (Manjunath and Bagyaraj. 1981. Mosso.
1982) . VAM infected root fragments and hyphae found in soil can also initiate
new infection sites on host roots (Powell, 1976). and spore numbers may
therefore underestimate the potential infectivity of a soil in many cases.
Knowledge of the diversity. distribution and spore population densities can.
however. be valuable in understanding which endophytes are the chief colonisers
of plant root systems in a particular soil. Other authors have analysed variations
in spore densities in relation to season and soil environment (Giovannctti and
Nicolson. 1983. Hayman. 1970. Walker et al.. 1982). As part of the
oxperimental study of the ecological role of VAM fungal infection in winter wheat.
at four field sites. (see chapter 3). a quantitative analysis of the occurrence of
viable spore numbers and species was made. over a three year period. This was
also carried out with the intention of isolating as many species of VAM fungi as

possible as single spore 'pure’ pot cultures for further physiological studies in

later greenhouse experiments.
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Recent descriptions of species in the Endogonaceae have Increasingly relied
upon wall structure of spores to separate species within genera (Walker and
Trappe. 1982; Trappe and Schenck., 1982). Keys designed 1o aid identification
(Hall and Fish, 1979; Trappe. 1982) use characteristics of wall structure using
the light microscope only and are difficult to interpret by the non—-specialist. 71his
has also been due to a lack of photographic material available ’in the literature for
the common species. 1he difficulty in allocating a species name. with certainty,
to a particular fungal isolale, has caused many misidentifications in the
literature. As a result, field researchers have tended to concentrate their studies
on a few well-known and established isolales made available by the established
taxonomic workers. The f{requent use of “mixed’ cullures in inoculation
experiments under the auspices of a ‘pure’ culture have also confused the
literature. Recently, however, several workers have attempted 1o draw together
lhe current taxonomic "melee’ by the use of such aids as murographs (Walker,
1983) which are diagrammatic representations of wall structures, intended to be
used in conjunction with a species description. Other workers have used electron
microscopy as an aid to interpreting spore morphology and particularly wall
ornamentation (Bonfante—Fasolo and Vian, 1984; Walker and Trappe. 1981).
Finally biochemical and serological melthods have also been used 1o aid the
current anatomical (Abbott, 1982) and morphological classifications. The use of
an indirect enzyme-linked immunosorbent assay (ELISA) aided the separation of
four genera in the Endogonaceae (Aldwell et al. . 1985). Work by Sen and
Hepper (1986) showed that the mobilitly of total proteins or specific enzymes,
during electrophoresis. could be used 1o clearly distiguish between the resting
spores of six Glomus spp. . after subjectling spore exiracis 10 polyacrylamide gel
electrophoresis (PAGE) and selective enzyme staining. The banding patlierns of

six enzymes were diagnostic for each species.
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In this study. therefore. a full characterisation of throe puro isolates
obtained from single-spore cultures. G. geosporum, G. monosporum and G.
mosseae was attempted using light microscopy. scanning electron microscopy
(SEM) . transmission electron microscopy (TEM) and selective enzyme staining

of spore extracts after PAGE.

4.2. MATERIALS AND METHODS
4.2.1. Spore identification

Spore dimensions were measured using an ocular micrometer in the
eyepiece of the compound microscope. The results are presented in Table 4.1
as a mean with maxima and minima noted either side. Confirmation of spore
identity was carried out with the help of Dr. C. Walker based on morphological

characteristics of the spore.

4.2.2. Biochemical Procedures

The three species of VAM fungi used — G. geosporum, G. monosporum and
G. mosseae — wore of simllar colour and size and. therefore. distinction could
pose problems for the non-taxonomist. They were obtained in pure culture after
single—spore inoculations of onions. G. monosporum and G. mosseae were very
simllar morphologlcally In pot culture. All fungl were stored In durlte at 4 °C prior
to wet- sieving. 150-200 spores were oxaminod for cach sample to obtain a

photographic rocord.

4.2.2.1. Sample Proparation

Immediately prior to electrophoresis. spores were placed in 5 um of buffered

1

sucrose (150g Lq) containing bromophonol blue tracking dye (500mg L™ ') .
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Tho sample buffer contained:

(. 20mM Tris-HCI

(2).  10mM NaHCO4

(3). 10mM MgCl,

(4) . 10mM B8-Marcaptoethanaol
(5. 0. 1mM EDTA

pH 8.0

The spores were crushed in the buffer and a further Sul of buffered sucrose was
added containing 0. 6g L Triton X-100. Samples were prepared rapidly and

maintained at 6 °C between crushing and loading onto gels.

4.2.2.2. Electrophaoresis

Samples were subjected to electrophoresis in vertical non-denaturing.
polyacrylamide gels of either 65 x 110 x 1. 5mm (Running time approx. 1 hour) or
120 x 110 x 2mm (Running time approx. 2-4 hours) . without a stacking gel. on a

Heath (Zenith) power unit.

RUNNING GEL:

FINAL CONCENTRATION

(1) Tris-HC) (pH 8. 8) 0.325M

(2) Acrylamide 80g L™
(3) Bis-Acrylamide 3.0gL"!

(4) (NH,) 8,04 (Frosh onday) 1.0gL”’

(5) Tomod 0.5g L}

(6) Distilled wator 250mis L™}
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ELECTRODE BUFFER:

(1) Tris-base 0.025M
(2) Glycino 0.192M
pH 8.3

The larger gel systom was subjected to 25mA at 150V, whilst the smaller gels

received 15mA at 100V.

4.2.2.3. Gel Staining

(a) Non-Specific Esterases

Gols were placed In 0.2M Tris—HCI buffer., pH 7.0. for 30 mins. and thon

transfored to a staining solution consisting of:

25mg Fast Blue RR diazonium salt
25ml 0.5M Tris-HCI, pH 7.1

0.75ml 1% a. B Naphthyl acetate in 50% acetone/water

Made up to 25ml with distilled water and filtered

(After Sen and Hepper. 1986)

(b) Acid Phosphatases

Gels were preincubated for 30 mins. in 0.2M acetate buffer.pH 5.0. and

then transfered to a staining solution of:

1mg mi~ ! B-naphthyl acid phosphate. sodium salt
1mg mi~! Fast Blue RR diazonium salt
0.2M Acetate buffer. pH 5.0

(After Zuber and Manibhushanrao. 1982)
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(c) Alkaline Phosphatasos

The procedure that was used for detecting acid phosphatase was also used
here to detect alkaline phosphatase activity. except that the acetate buffer
was replaced by 0.2M Tris-HCI buffer., pH 9.0 and the substrate was

sodium-1- naphthyl phosphate (after Zuber and Manibhushanrao. 1982) .

4.2.2.4. Densitometer scans

After staining for enzyme activity. gels were washed with distilled water and
stored in 7% acetic acid until they were photographed and scanned in a Biorad

donsitometeor.

4.3. RESULTS
4.3.1. Spore Data Survey

Figures 4. 1 and 4. 2 show that counts of apparently viable spores were low in
the cultivated fields investigated over the three year period. Soils from the Hamill
(Avalon) site averaged approx. 10 spores per 50g of fresh soil whilst soils from
Sussex averaged only 20 spores per 50g of fresh soil. The Hamill (pasture) site.
however. did yielded consistently higher spore densities of 35-160 spores per
50g of fresh soil. Results also reveal a sporadic appearence of Acaulospora spp.
and to a lesser extent Gigaspora spp. during the three years. The peaks of
total spore numbers. particularly at the Hamill pasture. occurred around the
peaks of rainfall at each site.I It should also be noted that Acaulospora spp. and

Gigaspora spp. also appeared around these peaks of rainfall, at both sites.
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4.2 Spore numbers isolated from the Sussex field site (G-1 and G-2)

in relation to peaks of rainfall in the period 1982-1985.
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Tho fungi observod at cach site aro listod bolow:

HAMILL SUSSEX

G. constrictum + +
G. geosporum + ¥
G. macrocarpum(?) + +
G. monosporum - +
G. mosseao + .
G. tenue-Fino endophytoes + +
Acaulospora sp. 1 + ~
Acaulospora sp. 2 + -
Acaulospora sp. 3 - +
Gigaspora sp. 1 = +
Red-brown sporocarpic type + +

4.3.2. Spocies Doscriptions
(a) G.goosporum

Original field spores used in the establishment of single—-spore pot cultures
were ectocarpic chlamydospores. They were honey-brown to red-brown.
transiucent. and globose to subglobose. The hyphal attachment was distinct in
having thickened light brown pigmented walls (Photo 10). The wall was 6-15um
thick, with distinct laminations and posslibly bilayered. Tho sporo contonts aro
closad off fom the attachmeont by an oxtension of tho inner wall forming a curvod
soptum (Photo 13, arrowod). Hyphal attachmonts arc stralght or rocurved

(Photos 14 and 15) and simple to slightly funnoel-shapod at the sporo wall.

Only ectocarpic spores were formed in pot cultures and these showed similar
charactaristics to the ficld spores i.e. a wall thickness of 6-124m and hyphal

attachments up to 150um in length (Photo 14). The presence of a thin hyaline




Photo 10 Spore of G. geosporum isolated from field. Note single
laminate wall and thickened wall of hyphal attachment.
Spore has beenparasitized by another fungus, (x 280, BF).

Photo 11 Spore of G. monosporum isolated from field showing
relatively thick outer hyaline wall, thinner pigmented
inner wall and hyphal attachment (x 350, BF).

Photo 12 Spore of G. mosseae isolated from field. Note long
hyphal attachment with septum (arrowed) and single
pigmented wall (x 300, BF).







Photo

Photo

Photo

Photo

Photo

13

Hyphal attachment of pot-cultured ectocarpic spore of
G. geosporum showing curved extension (arrowed) of

inner wall to form a septum ( x II80,BF).
Pot-cultured ectocarpic spores of G. geos orum showing
simple straight hyphal attachment (x 150, BF).

Section through hyphal attachment of a field spore of
G. geosporum showing septum (arrowed) and recurved

attachment ( x 3000, SEM)

Surface texture of spore of G. geosporum isolated from
field. ( x 1000, SEM)

Spore of G. geosporum isolated from soil showing
radial fissures through wall (arrows) and invasive
fungus (x 840, BF)







Photo 18

Photo 19

Photo 20

Transverse section of wall of pot-cultured ectocarpic
spore of G. geosporum showing laminations. Note
innermost electron-dense layer (x 4300, TEM)

Transverse section of pot-cultured ectocarpic spore of
G. geosporum showing layers of arcs of microfibrils

and the inner electron-dense layer (x 9100,TEM)

Transverse section of arced-microfibrils and their
bow-shaped orientation (x 29000,TEM)
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outer wall as described by Walker, (1982) for this species (<1um) could not be
reliably detected. Older spores often split near the middle of the laminate wall
when gently pressed under a coverslip. with the outer portion tending to
"slough’. particularly in field spores. FfFicld spores often contained invasive
fungal structures <(e.g. Photo 16). One such fungus. which occurred
occasionally. is similar in appearence to Anguillospora pseudolongissima. also
noted to have been a frequont hypeorparasite of G. fasciculatum and G. epigaeum

{Daniels and Menge. 1980).

SEM studies of the outer surface of field spores (Photo 17) revealed a
slightly roughened texture but no other distinctive features such as ‘overlapping
plates’as noted by Tewari et al.. (1982) for the closely related and

morphologically similar G. macrocarpum.

In thin section (Photos 18-20). the wall of G. geosporum possessed a
distinctly laminate wall with many layers (>20) of fibrillar subunits arranged
regularly in “arcs’ of microfibrils and appearing similar to those described for G.
epigaeum (Bonfante—Fasola and Vian. 1984) and Acaulospora laevis (Masse.
1970). These bow-shaped structﬁres (Photo 20) displayed a gradually
decreasing radius of curvature from the outer to the inner wall. which may
explain the apparent bilayering effect observed with the light microscope. The
arc-like sub-structure of the outer wall gradually changed towards the innermost
wall layer giving a disorganised appearence to the fibrils. The angle of arcing.
however. changes with the. angle of tilt of the specimen holder and thus is
dopendent on their relative orientation to the electron beam rather than being an
inherent characteristic. The region of the wall adjacent to the protoplast stained
darker and appears to consist of randdmnly orientated microfibrils in a dark
matrix. This has also been observed for G. epigaeum (Bonfante-Fasola and

Vian. 1984) .
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{(b) G. monosporum

The origi.nal field spores used in the establishment of single—-spore pot
cultures were ectocarpic chlamydospores. They were cream coloured with a
green tinge. almost opaque. and globose to ovoid. The hyphal attachment was
difficult to discern and slightly flared (Photo 11). Total wall thickness was 4-
10um. composed of an inner pigmented layer (2-54m) and a persistent hyaline
outer layer (2-5um). This outer layer had throe distinct refractively different

zones (Photo 21) .

In pot cultured material two spore types were observed. ectocarpic and
sporocarpic. the latter being the larger spore type (Table 4.1). Ectocarpic
spores were smaller than those found In the fleld. There was a marked change in
spore colour from field spore to pot cultured spore. The pot cultured spores
becoming distinctly honey-brown. and shiny. The spore contents are separated
from the subtending hyphae by a curved septum. Subtending hyphvae are usually
strongly recurved and appressed to the spore WaH (Photo 22). During spore
maturation a thick and more persistent hyaline outer wall develops (Phd(o 23.
c. 1. G. mosseae). The presence of a ‘roticulate ridged’ surface toxture is
observed in young spores (Photo 23) which seemed to correspond with the outer
surface of the inner pigmented layer when observed by light microscopy. The
outer hyaline wall of sporocarpic spores is very persistent. possibly due to the
protection afforded it by the tightly interwoven hyphal peridium (Photos 24 and

28) . Sporocarps may contain 1-3 spores (c.f. G. mosseae) .

SEM studies confirm these observations. Photos 25 and 26 show the surface
appearence of a pot culture spore and a flold spore. respectively. Photo 26
shows the outer hyaline wall with smooth and soil "weathered’ regions. Photo 27
shows a separated outer wall and the 'reticulate ridges’ below on the surface of

the outer surface of the pigmented wall.




Table 4.1 Dimensions of spores of three VAM endophytes isolated
from field samples and pure pot cultures

ENDOPHYTE

ORIGIN OF SPORE AND SIZE RANGE (um)

FIELD SPORE ECTOCARPIC POT-
CULTURE SPORE

SPOROCARPIC SPORE
POT-CULTURE

G .geosporum

(160-)230(=290) (136=-)210(=264)

G .monosporum

(180-)250(=300) (108-)130(~-190)

(152-)204(-230)

G .mosseae

(160-)205(=304) ( 98=)125(-176)

(144-)195(=-225)




Photo

Photo

Photo

Photo

A

22

23

24

Wall structure of field spore of G. monosporum.
Note tri-layered appearance of outer hyaline wall
(numbered) due to different refractive properties
(x 2500, NIC)

Pot-cultured ectocarpic spore of G. monosporum, showing
recurved hyphal attachment (x 500, NIC)

Young pot-cultured ectocarpic spore of G. monosporum
with thickened outer hyaline wall extending down

along hyphal attachment. Note also 'reticulate-ridges'
of spore surface beneath hyaline layer (x 760, NIC).

Pot-cultured sporocarp of G. monosporum containing two
spores inside a tightly interwoven hyphal peridium
(x 190, BF)







Photo

Photo

Photo

Photo

25

26

27

28

Pot-cultured ectocarpic spore of G. monosporum
showing a split in a hyaline outer wall and
revealing the inner layer. Note the flared
hyphal attachment (x 350, SEM)

Spore of G. monosporum isolated from field showing
short hyphal attachment and zones of rough and smooth
hyaline outer wall surface (x 300, SEM)

Outer wall of pot-cultured ectocarpic spore of
G. monosporum showing edge of split wall and

'reticulate ridging' on the outer surface of the
pigmented wall (x 3500, SEM)

Pot-cultured sporocarp of G. monosporum. Note the
tightly interwoven thin hyphae enveloping the
spore (x 200, SEM)







Photo

Photo

Photo

Photo

29

30

31

32

Transverse section of ectocarpic pot-cultured spore of
G. monosporum showing thick pigmented inner wall and

a thinner, more electron-lucent outer wall (arrow) with
a roughened surface (x 6300, TEM)

Transverse section of inner wall of pot-cultured
ectocarpic spore of G. monosporum. Wall laminations are
evident. (x 19500, TEM)

Transverse section of separated walls of pot-cultured
ectocarpic spore of G. monosporum with faint laminations
in the inner pigmented wall (x 10400, TEM)

Transverse section of outer wall of pot-cultured
ectocarpic spore of G. monosporum showing two zones
of different electron-density and appearance. Note
thin layer (arrow) on the inner surface of the wall.
(x 13900, TEM)
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TEM of thin sections of spores reveal the structures of inner and outer walls
(Photos 29 and 30). The inner pigmented wall is shown as a more electron-
dense. homogenoué wall with faint laminations (Photo 31). Unlike G.
geosporum. however. there does not appear to be a dark staining zone near the
protoplast. There are no clear indications of an arc-like sub-structure to the
fibrillar wall but sufficient spores have not been sectioned to confirm their
presence or absence. They are certainly less distinct than those of G.
geosporum but a detalled study is necessary to discover thelr exact nature. The
outer wall appears mare irregular and electron—-lucent with two distinct zones
(Photo 32); the outer zone having been apparently degraded in places. There
appears to be a dark staining thin layer Between the inner and outer walls
(arrowed Photo 32) which may be equivalent to the ‘reticulate-ridged’ layer

observed with the light microscope and tho SEM.

(c) G. mosseae

The original field spores used in the establishment of single—spore pot
cultures were ectocarpic chlamydospores. They were cream. translucent.
globose to ovoid with a flared hyphal attachment (Photo 12) up to 150um in

length. Only a single pigmented wall could be discarnaed (2) -3-(4) um in diam.

In pot culture threoe spore types were observed: ectocarpic. éndocarpic and
sporocarpic. the latter being the largost spore type. Ectocarpic spores were
smaller than those found in the field (Table 4.1). As was observed for G.
monosporum. spore colour of pot-cultured spores had changed to a honey-
brown colour. The spore contents are divided from the subtending hypha by a
curved septum which extends for up to 70um down the attachment (arrowed
Photo 33. sece Dodd and Krikun, 1984). Examination of sporoes in various stages

of maturation in pot culture revealod the initial appearence of a rolatively thick




Photo 33 Pot-cultured ectocarpic spore of G. mosseae showing
relatively long hyphal attachment with septum (x 420, BF)

Photo 34 Young chlamydospore of G. mosseae showing early hyaline
wall (x 1050, NIC)

Photo 35 Maturing pot-cultured ectocarpic spore of G. mosseae
showing bi-layered structure, inner pigmented wall and
outer hyaline wall (x 1260, NIC)

Photo 36 Pot-cultured sporocarp of G.mosseae showing split in
outer hyaline wall. Note peridium of thick loosely
interwoven hyphae in contrast to the sporocarp of
G. monosporum (x 350, SEM)

Photo 37 Optical section of spore of G. mosseae from field,
showing 'lignituber-like ingrowths' through the wall
caused by parasitic attack (x 500, BF)

Photo 38 'Cracks' which appear to traverse the wall of a pot-
cultured ectocarpic spore of G. mosseae. This artifact
is caused by fragmentation of the inner interstitial
layer between the outer hyaline wall and the inner
pigmented wall (x 1680, BF)

Photo 39 Field spore of G. mosseae showing 'reticulate-ridging'
on the surface of the spore (x 350, SEM)







Photo

Photo

Photo

Photo

Photo

40

41

42

43

Ll

Surface of pot-cultured ectocarpic spore of G. mosseae
lacking an outer hyaline wall (x 600, SEM)

Surface of pot-cultured ectocarpic spore of G. mosseae
with split hyaline outer wall (x 550, SEM)

Surface of the hyaline outer wall of a pot-cultured
ectocarpic spore of G. mosseae showing rough texture
(x 10000, SEM)

Surface of pot-cultured sporocarpic spore of G. mosseae
showing the outer hyaline wall (H) split revealing

the thin inner 'reticulate-ridged' interstitial layer (I)
overlaying the outer surface of the pigmented (P) wall

(x 2100, SEM)

Higher magnification of a region from Photo 43 showing the
reticulated area (x 8000, SEM)
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(1-2um) outer hyaline layer with a faint inner pigmented wall developing inside
this (Photo 34). The hyaline wall thon toends to become ovanescont as tho inner
wall develops (Photo 35) and whon the spore is mature it may be absont
altogether (this absonce is not so froquontly obsorved with octocarpic pot
culture sporos of G. monosporum) . Sporocarpic spores tond to rotain thoir outor
wall moroe consistently up to maturity as was the case in G. monosporum. Tho
poridium of G. mosseae sporocarps consists of loosely Intorwovon thick walled
hyphae (in contrast to the tightly interwoven thin walled hyphal poridium of G.
monosporum) (Photo 36). Sporocarps may contain from 1-6 spores. ficld
spores frequently have ‘lignituber-like ingrowths’. presumably synthesised
during parasitic attack. Theso appear as dark brown and give tho fioeld sporos a
spotted appearcnce under the low power of the dissecting microscope (Photo
37). Using Nomarski Interforonco microscopy. octocarplec spores from pot
culture are sometimes obsorved to have a very thin outor hyaline wall which
fragmonts undor slight pressure of a coverslip. This can occasionally load to a
‘cracked’ appearonce as if fissuros are present through the pigmonted wall
(Photo 38). The cracks are. however. an artifact and may lcad to
misidontification of species 6.g. G. monosporum.and are cquivalont to the
‘reticulate ridged’ layer observed clearly under SEM of G. monosporum spores

(soee provious soction) .

Examination of spores using the SEM reveals evidence to substantiate the
presence of an interstitial I‘aycr between outer and inner walls. Photos 39-41
show ectocarpic spores with and without the hyaline outer walls. Photo 39 is a
field spore and note the area of 'reticulate-ridges’ on the spore surface. The
outer surface of the hyaline wall does not have any distinct reticulation (Photo
42) . Photo 43. however. clearly showé the presence of a thin layer between

outer and inner wall surfaces and it appears to be peeling away in certain areas.
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Figure 35 shows a close—up of this layer overlaying the outer surface of the inner
pigmented wall. It appears that this reticulate layer fragments as the spore
matures and especially where the outer hyaline wall is weathered away. G.
mosseae spores seem to have a more evanescent outer wall than G. monosporum

spores in pot culture.

(d) Acaulospora spp.

These spores appeared in spore slevings at Irregular Intervals through the
study period (see Figs. 4.1 and 4.2). in all four flelds. Two distinct types were
observed amongst the few spores available from the Hamill site. Photos 45-47
show details of Acaulospora sp. 1 from Hamill pasture. Photo 45 shows the
diagnostic collapsed mother vesicle (arrowed) still attached to the red
azygospore. The two structures are held together by the occluded pore (arrowed
Photo 47). Theo wall consisted of a hyaline outer layer overlylng an inseparable
inner pigmented wall. Note the inner membranous layer. a further characteristic
of Acaulospora and Gigaspora spp. (arrowed Photo 46). This spore type most

closely resembles Acaulospora laevis.

Another spore type which appeared sporadically in the Hamill avalon field
was Acaulospora sp. 2. This was honey coloured. but its outer hyaline wall was
ornamented and there were 2-3 membranous walls situated on the inside of the
pigmented wall (arrowed Phato 48) . SEM observations showed the outer surface
to be ornamented with short protuberances (Photos 49 and 50) . This spore most

closely rosemblos Acaulospora spinosa (Walker and Trappe. 1981).

All attempts to pot-culture both spore types using single and multiple spore
inoculations failed. Other Acaulospora spp. were observed at the Sussex field
site but spores were too few to investigate morphology in detail and attempts at

initiating pot cultures were unsuccessful.




Photo 45

Photo 46

Photo 47

Photo 48

Photo 49

Photo 50

Azygospore of Acaulospora sp. from Hamill Pasture with
attached collapsed mother vesicle (x 180, BF)

Wall structure of Acaulospora azygospore showing a

thin outer hyaline wall (H), an inner red pigmented
wall (P) and a detached inner membranous (M) wall
(x 1470, BF)

Details of the occluded pore attachment formed between
the mother vesicle and azygospore (x 1250, SEM)

Wall structure of honey-coloured Acaulospora spore
from Hamill Avalon field, showing the complexity of the

wall. The arrows indicate the inner membranous walls
(x 1090, BF)

Surface morphology of honey-coloured Acaulospora spore
showing the presence of short 'spines' (x 500, SEM)

Close-up view of spines on surface (x 2000, SEM)
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(0) Fine Endophytos (G. tenus)

The presence of these has only been detected after staining of field root
material at each field site (see chapter 3). Photo 51 shows typical internal root
mycelium with "attached vesicles’ (Hall. 1984). These are likely to be small
appressaoria aiding spread of infoction from cell to cell. and from this point of
view are not ;vesicles'. This view is supported by work done by Trinick et al. .
(1983) on the spread of fine endophytes within roots. Photo 52 shows another
structure occasionally seen within stalned roots. Such fan-like structures have

been called "anomalous’ hyphae by Hall. (1984).

(f) Other Species

Spores observed in field sievings. from all sites. have included empty
spores of a type resembling either G. macrocarpum or G. fasciculatum. It has
not been possible to identify these on the basis of available keys. G. coastrictum

has also been observed regularly. but failed to initiate pot cultures.

A common spore type which was found in large numbers in all fields. but
especially in the disturbed sites. was a red-brown sporocarpic spore These
spores. approx. 100um in diam. . have been seen in groups of 1-6. The spores
are not coverod by a peridium. but are attachoed to a yellow weft of coarse hyphao
(Photo 53). They are commonly observoed with radial fissures through their walls
and have beon seon to contain zoosporangia inside thoe spore. Thoese spores
consistontly failod to initiate pot culturos despite thoeir numbors and thoir

relevance to the Endogonaceae is uncertain and neods further study.




Photo 51

Photo 52

Photo 53

Fine endophyte infection in the roots of winter wheat
from the Sussex field site. Note the presence of
'vesicles' or appressoria (x 500, BF)

Fan-like fine endophyte structure occasionally
observed in root infections from the field (x 670, BF)

Dark red-brown sporocarpic spore type present in
large numbers in the cultivated field sites. Note
the thick walls and pigmented hyphal matrix (x 500, BF)




51
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4.3. 3. Electrophoretic Study

Photo 54 shows a photograph of the banding patterns obtained for esterase
activity following electrophoresis of the spore contents of G. geosporum, G.
monosporum and G. mosseae. Two banding types could be distinguished. black
bands (due ta hydrolysis of 1-naphthyl acetate) and red bands (from 2-naphthyl
acetate. Sen and Hepper. 1986). Faint bands (1) could not be placed with
certainty in either category. G. geosporum produced only one black band (4B).
whilst G. monosporum and G. mosseae produced two common bands (3B and
5B). G. mosseae. however. could be distinguished from G. monosporum by the
production of a red band (2R) which was the fastest to develop on the gel. An
extra fainter band (1) could also be detected for G. mosseae. Densitometer
scans of the gel confirmed the banding patterns observed and indicated relative
intensities of bands (Fig. 4.3). The scan of the G. monosporum track indicated
the vague presence of a band equivalent to (1) . which was observed strongly for

G. mosseae.

No bands of activity were obtained from alkaline phosphatase staining. One
band was detocted on gels stalned for acld phosphatase activity but only for G.
mosseae samples. This was white with a yellow background and ran at Ef =0.61.
It should be noted. howevoer. that this result was inconsistent during six gel runs.
A photographic record was not obtained since the band quickly disappearoed cven

when fixed in 7% acetic acid.




Photo 54 Banding patterns of esterase activity following
polyacrylamide gel electrophoresis

= G. geosporum
G. mosseae

= G. monosporum
red band
black band
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G. MONOSPORUM

2R

G. MOSSEAE

3B

Figure 4.3 Densitometer scannings of esterase bands from three VAM
endophytes
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4.4. DISCUSSION
4.4.1. Sporo Survey

Results of the spore survey revealed low numbers of apparently viable spores
in cultivated fields compared to an adjacent undisturbed pasture. Allen and
Boosalis (1983) also noted higher spore numbers in a grassland adjacent to
disturbed fields growing wheat. Spore numbers decreased further with continued
wheat production. Other work. however. has suggested that soils from perennial
(undisturbed) ecosystems contain fewaer VAM spores than[i:cultivated fields
supporting annual crops. due to the potential for easier root to root infection in
grasslands containing many species of the Graminga(Hayman. 1982. Sward et
al. 1978). Previous ecological studies in New Zealand grasslands. scrub and
forests have yielded spore densities in the range 6-1590 per 100g of fresh soil
(Hayman. 1978). Sward et al.. (1978) found spore numbers in similar
quantities to those observed in this study. as did Hayman (1970) who followed
spore numbérs through a winter wheat season and found 58-189 per 50g of soil.
Hayman (1970). however. found that spore numbers increased in the summer
months and woere much lower in tho winter period. The extremely high spore

numbers (72-180 g~

soil) quoted in the literature. for natural ecosystems.
(Read et al.. 1976) compared with these lower values may be due to the
inclusion of the many dead emptly spores present in slevings in counts. | have
only counted apparently viable spores (cytoplasm visible) . | have also omitied
the red-brown spore type from counts since most of these spores appeared
empty and parasitised.” The inclusion of thése spores in the final spore totals
would have dramatically increased the levels reported in the cultivated fields.
probably above that of the pasture site. Read etal.. (1976) also noted this spore
type and its predominance in natural ecosystems in Easto_rn England. and this

1

might help explain the figures of 72-180g ' obtainod. These spores have not
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been shown to form mycorrhizas. at least in this study. so their relevance to
mycorrhizal ecology is questionable. It should also be noted that the smallest
sieve mesh size used when wet sieving spores was 106um . and therefore

small-sporod spocies may have beon ovarlooked.

Changos in spore numbers did occur through the study of tho Hamill pasture
site. and to a lesser dogree at the Sussex sites. The poaks in spore densities.
occasionally observod. appear to be coincidont with or immodiatoly following
rainfall poaks for that area (Figs. 4.1 and 4.2). Sward ot al.. (1978) also
noted this correlation in three disturbed Australian heathland sites. Walker ot
al.. (1982) revealed a statistically significant corrclation betwoen spore
numbors and moean gravimetric soil moisture content at their two ficld sites in a
two yoar survey. It has also boon inferred that soil wator status plays a role in
sporulation of VAM spores in other arid and tropical climates (Dodd and Krikun.
1984 Giovanotti, 1985. Redhead. 1977). Raeports from the litorature (Hayman.
1970. Roldan-fajardo ot al.. 1982; Walker et al. . 1982) have stated that thore
is a genoral trend for spore populations to be least in spring and greatest in carly
autumn. These tronds may be related to root senescence. The results presented
here do not follow this trend and again underlines the difficulties in predicting
VAM populations in soil. Factors affecting distribution include soil fertility. soil

moisture. soll dopth, soll disturbance. plant suscoptibility.

Examination of levels of individual VAM specios sporulating through the study
period showod differont pano.ms. Whilst lovels of Glomus spp. followed a similar
trond to that of the ovorall spore population. the intormittont appoarancong)oros
- of Acaulospora and Gigaspora spp. (Figs. 4.1 and 4. 2) desocrves furthor study.
since other workers have also noted differencoes in sporulation with time for thoir

VAM species investigated (Walker et al.. 1982). It Is known that spores of

Acaulospora spp. have a long constitutive dormancy poriod prior to quiescence
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(Tommerup. 1983a). A quiescent spore fails to germinate unless physical and
chemical conditions are favourable. and germination is only prevented because
the environment is unsuitable i.e. exogenous dormancy. A constitutively
dormant spore is one that fails to germinate although it is exposed to physical and
chemical conditions that will support germination and hyphal growth of apparently
identical. non—-dormant spores of the same species. In the same experiments
spores of Glomus spp. had short constitutive dormancy perlods of 6 wooks in wot
soil. which was reduced to one week in dry soil. Soil moisture had apparently no
effect on the change to quiescence of spores of Acaulospora spp. Tommerup
(1983) suggested that short dormancy periods. such as those of Glomus spp..
would prevént the spores germinating immediately after formation thereby aiding
the survival of inoculum in maoist field soils. Tommerup. (1985) also reported
that the fallure of quiescent spores to germinate in moist soils was due to
fungistasis. A long dormancy period. such as that of Acaulospora spp. would
have advantages for sufvival through diverse soil environmental conditions over a
longer time period. The full complement of VAM species in a particular soil
would. therefore. include individual species capable of immediate spore
germination and root infection with the onset of conditions suitable for host
development (Glomus spp.) and complementing these would be species from the
Acaulospora genus, capable of long term dormant survival prior to qulescence
ahd potential germinability. These fungi would. therefaore. not react to a
temporary onset of favourabie soil conditions in an otherwise extended period of
unfavourable conditions. The role of different VAM genera within the overall
endophytié population 6f a soil obviously requires further study since it is known
that Acaulospora and Glomus spp. are prevalent in these grassland ecosytems

(Crush., 1973).
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The low spore numbers found in the cultivated fields is an example of tho
regularly observed lack of correlation between spore numbers and root infection
levels in soils (Allen and Allen. 1980. Dodd et al. . 1983. Hayman and Stovold.
1979) . Winter wheat root systems became heavily mycorrhizal in the Sussex soils
soon after seedling emergence (chapter 3). dospite low numbers of viable
spores. The inability of dormant spores to germinate and infect plant root
systems may be one major factor contributing to the lack of such a relationship.
(Tommerup. 1983a). It should be stressed that direct spore counts ignore the
contribution of soil hyphae. infected root fragments and root vesicles (Tommerup
and Abbott. 1981. Powell. 1976). to mycorrhizal infectivity. The most probable
number (MPN) method attempts to quantify the total number of VAM infective
propagules in a soil (Porter. 1979). and would have probably given an estimate
of the relative proportion of fine endophytic infectivity in this study. Attention.
however. should also be drawn to the fact that certain species. such as G.
occultum. Walker. stain lightly. or not at all. in the period shortly after root
penetration (Schenck and Smith, 1982). It has recently been shown that MPN
counts alone are inadequate in soils containing endophytes such as this
(Morton. 1985). and it was suggested that spore numbers should be included

with MPN counts to give a more accurate assessment of soil infectivity.

The large standard errors observed for samples at the Hamill pasture site
(Fig. 4.1). highlight the variation within individual samples. This could well be
important in natural. undisturbed sites. with a large variety of plant species.

rather than in cultivated sites with its intensive monoculture.

4.4.2. Spore ldentification and Taxonomy

The rango of morphological types of VAM species at four field sites has been
described in this chapter and a thorough microscopical study has been carried

out of three spore types obtained in pure culture. G. geosporum, G.
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monosporum and G. mosseae. Two morphologically different spore types from
two different soils. and Isolated from thelr fleld characteristics G. monosporum
(Sussex) and G. mosseae (Hamill) . became very similar morphologically in pot
culture. The use of interference microscopy along with SEM and TEM studies
revealed only small differences between the two pot-cultured isolates. More
significant differences were detectable in the morphology of the sporocarps.
The change in morphology was most dramatic for G. monosporum and was
consistently observed with each of six single-spore cultures established. Pot
Cultured spores have now been placed into sterile soil from where the spore was
Isolated to show if the original field morphology can be thus reestablished.
demonstrating the potontial importance of edaphic factors on spore morphology.
The validity of the current taxonomic systems rests on a basic assumption that
spore morphology is not influenced by Interactions with hosts or soil
environments. To this extent. recent work by Morton. (1985) revealed that this
does hold true for G. occultum and G. diaphanum. (Morton and Walker) . In this
study. pot culture spores of G. monosporum and G. mosseae showed

considerable similarities in wall structure under the light microscope.

The taxonomic descriptions (with photographs) of G. monosporum in the
literature (e.g. Gerdemann and Trappe. 1974. Hall. 1984). have shown it to
have apparent ‘ochinulations’ present between the outer and inner walls. This
has been caonsistently used as a distinguishing feature of G. monosporum. It has
also been noted that this is ﬁot a constant feature and apparently only oabserved in
a minority of spores in a population (Nemec et al. . 1981. Walker for this isolate
- personal communication) . SEM and TEM studies of G. monosporum and G.
mosseae in this work have shown them to have similar wall ultrastructure. G.
monosporum. however., has a more persistent outer hyaline wall than G.

.mosseae. In both cases a thin layer was observed between the outer walls with a
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‘reticulate ridge’ surface morphology with the light microscope and SEM. This
has been seen to fragment In such a way as to glve tho Impression of thin
‘fissures’ running between the two walls (Photo 38) which have an echinulate
appearence. No true echinulations were ever observed using SEM or TEM. The

relationship of this layer in respect to the inner and outer walls is clearly seen in

the ectocarpic G. monosporum spore shown in Photo 55. It may be that the

frequent report of a thin outer hyaline wall for G. mosseae at maturity (Nemec et
al. . 1981) may represent this interstitial layer and not the more evanescent outer
wall. which is usually only observed in younger spores. Preparations of G.
geosporum showed no similar architecture under the SEM, which suggests that

these wall features are not artifacts of tho technique.

TEM studies of G. geosporum reovealed finer dotalls of the wall laminations
observed under the the light microscope. G. geosporum possesses an arced
organisation of the fibrils of the fungal wall similar in appearence to those
described by Bonfante-Fasolo and Vian. (1984) for G. epigaeum. and by
Mosse. (1970) for Acaulospora laevis. This organlsation has already been
described for chitin fibrils in the cuticle of crabs and other Crustacea (Livolant,
Giraud and Boullgand. 1978) and In the cuticle of lnsocts‘ (Noville. 1975).
Similar bow-shaped structures have been described in algal chitinous walls. but
had not been previously recorded in fungal walls (Pearlmutter and Lembi.
1978) . In a primary wall of a plant such arced patterns are transient and bccome
dispersed by extension during morphogenesis. a mechanism passibly controlled
by an endogenous ‘clock’ (Roland et al. . 1983) . In the mature VAM spore wall,
howevor., whero thore Is no more extonslon. the arced structure remains and the
number of layers could be used to “date’ the periods of wall deposition. in a way
analogous to that of ageing trees by counting 'tree-rings’. The increase in arc

curvature going from theo outer older arcs to the Inner younger ones suggests a




Photo 55 - Pot-cultured ectocarpic spore of G. monosporum,
showing a flaking interstitial layer (l) underneath
the hyaline outer layer (H) and overlaying the
inner pigmented (P) layer (x 600).







Figure 4.3 - Murographs of G. geosporum, G. monosporum and G. mosseae.
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progressively accelerated rhythm of wall synthesis leading to the dispersed

nature of the innermost layer of the G. goosporum wall (Photos 18 and 19) .

In summary. tho combined uso of light microscopy. SEM and TEM can help
the taxonomist to study spore architecture and morphology. aiding taxonomic
ldentification. With the subsequent use 'of murographs (Fig. 4.3) in published
material (Walker., 1983). the establishment of a standardised taxonomical
grouping of the Endogonaceae could be possible. Current leading taxonomists

~should collaborate to formulate a unified and yet flexible key for the
Endogonaceae. utilising the results of light and EM procedures along with data
from new techniques like ELISA. gel electrophoresis and monoclonal antibodies.
| suggest that this should be made a major priority which will help to stop the
present emphasis on creating and publishing "new’ species on the basis of slight

morphological differences.

4.4.3. Electrophoretic Taxonomy

The results of staining spore contents for esterase activity following PAGE
were successful in differentiating between the three VAM fungi tested. This
indicates 'that such a chemotaxonomic method can be used to help distinguish
between VAM fungi at the species level. Sen and Hepper (1986) showed that this
maethod is reproducible between assays. and for one VAM species maintained
under a range of conditions.. such as on different hosts in a variety of soils. Their
results indicated that the mobility of six enzymes. including esterases. was not
influenced by the environmental or physiological conditions under which the
spores used had been raised. Using esterase staining. all six of the Glomus spp.
that they tested could be separated. They subsequently gave recommendations
for the enzyme stéins, needed to differentiate between any particular pair of

species. The methods of enzyme staining are so sensitive that only relativoly fow

sporos are needod. much less than that needed for the production of antibodies
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(Kough et al.. 1983). The method can therefore be used to check homogeneity
of ‘pure’ stock cultures. Sen and Heppor (1986) stated that it would be
preferable to run authenticated fungi as standards on the same gel when
unknown strains are being identified rather than relying on absolute mobilities. In
this study. however. the pattern of esterase banding obtained for G. mossecae
was easily identified by Sen and Hepper (pers. comm. ) as equivalent to their G.
mosseae isolate banding pattern. even though | had modified the gel technique
that they had used considerably {the stacking gel was removed. an 8% running
gel used compared with the‘ 6% gel used by Sen and Hepper (1986) and thinnor
gels were also used}. |t may thus be possible to provide a directory of banding
patterns. eospecially esterase. which could be useful in alding the current

taxonomic problems.

From this work it has been possible to separate two species with very similar
morphologies using enzyme staining. The problems of distinction caused by two
Intergrading morphological species like G. monosporum and G. mosseae can be
solved conclusively. Species designations have recently been made using
electrophoretic patterns for proteins in Rhizopus spp. (Seviour et al.. 1985).
Botrytis spp. (Backhouse et al.. 1984) and within
Sclerotinia (Tariq et al.. 1985) where fewer interspecific difforences wero
~observed. Tho future uso of proteln banding patterns as an ald to taxonomy in theo
Endogonaceae should be investigated andﬁmplomomed as soon as possible.
since it requires the use of a simple biochemical technique which rapidly gives

resrults.

The absence of any particular enzyme activity, like acid and alkaline
phosphatases in this study. does not imply that these enzymes are missing
merely that they could be labile and become inactivated during separation. or

that the detection method used for the enzyino may be Inappropriate for this
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fungus.

The potential application of this technique in helping to differentiate between
several VAM endophytes within a single root system (Sen and Hepper peors.
comm.) could provide a long needed breakthrough in identifying species in

mixed infections.
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CHAPTER 5

The eftects of pH, temparature and pasticldaes on spore

germination of G. geosporum, G. monosporum and G. mosseae.

2. 1. INTRODUGTION

No VAM endophyte has yet been maintained axenically. Spores. however.
germinate readily and have limited hyphal growth on water agar (Mosse. 1959).
but fail to germinate on high nutrient agars. Low nutrient concentrations.
however. greatly improve hyphal growth (Daniels and Graham. 1976). Spore
germination of various species has also been reported to be stimulated by dark
storage of spores at 6-10°C (Hepper and Smith. 1876) . addition of dialysed soil
oxtract (Daniels and Graham. 1976). and particular optimum pH levels (Green
etal.. 1976). It has also been suggested that other microorganisms stimulate
germination by metabolising self-inhibitors contained in the'spores (Daniels and
Trappe. 1980). since improved germination and hyphal growth has frequently
been noted when contaminated spores are incubated on agar media (Dodd and
Krikun, 1984. Photo 59). vyet inhibition of spore germination is commonly

recorded when spores are incubated in sterilised soils (Wilson. 1984) .

Considerable variation has been found in the germination of spores isolated
from either stock pot cultures or directly from agricultural soils (Daniels and
Duff. 1978). This is especially marked following storage of spores in soil. on
damp filter paper or in sterile solutions (Sward et al. . 1978). The inhibition of

spore germination of spores of several species following formation indicates an




Initial constitutive period of dormancy (Tommerup. 1983). This period was

several weeks for Glomus spp.. and up to six months for Acaulospora laovis. It
has also been noted recently that ectocarpic and sporocarpic spores of the same
species differed in their ability to germinate with the increasing age of the stock

pots from which they were isolated (Hardie. 1984) .

The addition of pesticides to the soil may also affect spore germinability.
The use of pesticides to control plant pathogens and pests is commonplace.
Concern has developed recently amongst agriculturalists about the effects of
pesticide usage on non-target beneficial mycorrhizal fungi. Diverse groups of
fungicides and herbicides are frequent(y used in wheat cultivation in temperate
zones and the widespread and Intensive application of these toxicants may result
In indiscriminate Kkilling of both pathogenic and non-pathogenic beneficial
microorganisms (Domsch. 1964). Evidence indicates that some systemic
funglicides. such as benomyl. are capabloe of eliminating VAM fungl from the soil
(Menge. 1982: Jalali and Domsch. 1975). Little work. however. has been
conducted on the effects of such chemicals on the ability of VAM spores to
germinate following exposure to such pesticides. particularly herbicides

(Tommerup and Briggs. 1981).

The developmém of a VAM symbiotic relationship with a host can be divided

Into four stages (Tommerup and Briggs. 1981):

(i) spore germination. or initiation of hyphal growth from infected root

inoculum.
(ii) growth of hyphae through the soil to roots.
(ili) penetration and successful initiation of infection in roots.

(iv) spread of infection. development of a mycorrhizal relationshlp with roots and

spore production.
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Many previous investigations on the‘effects of agricultural chemicals on VA
mycorrhizas. reviewed by Trappe (1984). have assessed final changes in the
percentage of infected roots. and spore production. Thus. changes measured
are the result of the response of each of the four stages to the added chemicals
(this aspect is covered In detall in the following chapter) . It was decided to carry
out parallel experiments to the pot experiments (following chapter). to test the
offects of four herbicides and three systemic fungicides on the germinability of
spores (stage i) of three VAM endophytes. The herbicides chosen are used
imehsively in winter wheat cultivation in S. E. England and were all used during
the 1982-85 period on the fields at Hamill and Sussex. In advance of these
experiments, several tests were necessary to select the best axenic system to
use to test the pesticides in the concentrations relevant to normal field rate
applications. This Iinvolved the testing of the three VAM endophytes to find the

temperature and pH optima necessary to achieve maximum germination.

5.2. MATERIALS AND METHODS
5.2.1. Experiment 1

This experiment involved the preliminary investigation of germinability of
spores isolated from fleld and stock pot cultures on Water agar (WA) and WA
amended with 0.1% (w/v) nutrient broth (NB). over a range of pH 6-9.
Temperature screening. 5—2500. was carried out for all three ehdophytes on the
incubation pad plates (see chapter 2). The duration of tests varied between 15-
21 days and were carried out at 25%c unlloss stated otherwise. The incubation
pad plate technique was used because it eliminates the difficulty of incorporating
pesticides into molten agar (SOOC is the temperature at which most active
pesticide moieties become unstable). 50 spores per treatment were incubated

for agar tests. whilst 35 were used on the incubation pad plates. Fleld spores
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were isolated from their original moist field soils after storage at 4°C in a cold
room for two months. For tomperature studios. all throe ondophytos woro
incubated at pH 7.5. chosen after by the proliminary study outlined above.
Spores for this test wero isolated ftom stock pots stored for approx. 6 months in a

cold room at 4°C.

5.2.2. Exporimont 2

This experiment compared stock pot culture age with the ability of spores to
germinate on incubation pad plates at a range of pH values 6-9. Tests were
performed on batches of spores which had been stored for between 3-24 monihs
in a cold room at 4°C. Final checks on germination were made after 20 days.

following incubation at 259C.

5.2.3. Exporimant 3

Batches of spores. of each endophyte. capable of the highest germination
rates were selected after preliminary experiments. The incubation pad technique
was then used to study the effects of sevaral pesticides on spore germination.

The following four poSt—emergence herbicides were used in Experiment 3:
(i) Avenge (Cyanamid Ltd.)

(ii) Ceridor (Elanco Ltd.)

(ill) Dicurane (Ciba-Geigy Ltd.)

(iv) Harrier (1.C. 1. Plant Proiection)

These are all used in the autumn and spring at times when infection of the wheat
root systems by VAM. initiated by germinating spores and infected root
fragments. appears to be important (chapter 3). It was decided to attempt to
closely approximate the éoncentration of residual soil herbicide in the top 2-3

cms of soil after spraying. Nicholls and Buxton (1982) simulated the movement
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and degradation of two active herbicide moleties. one of which (chlortoluron) is
the active Ingredient of Dicurane. During the period 1974-1981 they used a
computer to try to estimate the level of residual herbicide activity .erly to remain
In the upper soil layers. taking into account the weather data. Their results
indicated that. on average. 50% of applied chlortoluron was likely to be
recovered from the top 2-3 cms of soils in the spring following an autumn
application. This flgure was used as a basis to set for the concentrations that a
VAM spore would be likely to encounter during this perlod. The fleld rate
application in kg or L por hectare was roduced to the amount applied to a 10 cm?
surface area (the approx. area of the incubation pad petri plate). This was
considorod as 100% of the applied harblcide and a socond concentration of 50%
was used to simulate the maximum average concontration likely to be
encountoroed in t‘ho soil through the autumn poriod following Nicholls and Buxton’s
hypothasis {not accounting for the adsorption proportiocs of posticide or soil). It
should be noted. howovor. that the average soll tomporatures in the autumn in

the fiold range from 6°C in September 1o 3°C and below in February (Nicholils

and Buxton, 1982).

() Avenge 630

This is a wild oat herbicide for use as a post-emergence spray on cereals
from the two leaf stage (1 on Feekes scale) to end of tillering growth stages (3) .

It is translocatable and is appliod at a rate of 1. 58kg hoc:tanf1

with a wetlting
agont. It is sold In solid form and its active ingrodient is difonzoquat mothyl

sulphate (1.2-dimethyl-3. 5-diphenylpyrazolium mothyl sulphate: Fig. 5. ). It

is also known to control early mildow on wintor barloy.




Figure 5.1. - Chemical formulae of active moieties of herbicides.
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(i) Coridor

This post-emergence herbiclde is a suspenslon concentrate containing:
(a) 18.75% (w/v) bifenox (methyl 5-(2.4 dichlorophenoxy)-2-nitrobenzoate:
Fig5. 1)
(b) 46.25% (w/v) mecoprop (2-(4-chloro-2-methylphenoxy) propionic acid:
Fig. 5. 1)
It is used for the control of broadleaf weeds in cereals. lts recommended
application rate is 3-4L hectare*] applied between the three leaf (2) and second
node (7) stage. Mecoprop is a translocatable post—emergence herbicldo of the
chlorophenoxy group. weed death resulting from extreme hormone-like
responses giving rise to distorted tissues. It is thought that phenoxy herbicides

may act on the cell nucleus by interforing with protein synthesis. .

(iii) Dicurane 500L

This is a a pre- or post-emergence herbicide in a liquid formulation
containing 50% (w/v) active ingredient chlortoluron (3-(3-chloro—-p-tolyl) -1.
1-dimethylurea It controls black—-grass. wild-oats. othet annual grasses and

many broad-leaved weeds in most major varieties of wintoer wheat and barloy.

The recommended application rate is 7L hectar_e] '

(iv) Harrier

This liquid formulated. post-emergence herbicide contains:
(a) 45% (w/v) mecoprop
(b)) 1.5% (w/v) clopyralld
(c) 5% (w/v) ioxynil (4-hydroxy—3. 5-duodobenzonitrile. Fig. 5.1).

It kills broad-leaved weeds and is a non-ester water based formulation. It is
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applied at a field rate of 5L hectare™ .

5.2.4. Exporimont 4

Threa current systemic funglcldes, Tor wintar cereals, ware usaed 1o test the
effect of estimated residual soil concentrations of fungicide on VAM spore

germination:
(i) Bavistin FL (BASF Ltd.)
(ii) Calixin (BASF Ltd.)

Ciii) Tilt Turbo (Ciba—-Geigy Ltd.)

() Bavistn FL

This is a flowable formulation containing 50% (w/v) carbendazim (methyl-
2—- benzimidazole carbamate. Fig. 5.2). It is a broad spectrum fungicide with
systemic. protectant and curative properties but can be used only up to full ear
emergence in cereals. It is. however. recommended to be used from when leaf

sheaths become ercect (5) to first node (6) at a ficld rate of 0. 5L hectare_].

() Calixin

This is a liquid formulation containing 75% (w/v) tridemorph (N-tridecyl-2.
6-dimethylmorpholine. Fig. 5.2). It is applied to control the cereal diseases
powdery mildew. Rhynchosporium and yellow rust. It is systemic with eradicant
and prophylactic properties. Application usually occurs between the leaf sheath
erect stage (5) and thé appearence of the flag leaf (9) to control mildew. at a

fiold rate of 0. 7L hoctare™ .




Figure 5.2. - Chemical formulae of active moieties of fungicides.
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CHID THt Turbo 375

This is an emulsifiable concentrate containing:
(a) 12.5% (w/v) propiconazole
(b) 25% (w/v) tridemorph

It has contact and systemic action against a wide range of cereal disoases
including., Rhynchosporium. net blotch, rusts, mildew and septoria. Eyespot is
also suppressed at low levels. Clearence has been given for applications of three

1

sprays per crop at 1L hectare '. with provision that one is made in the autumn.

The spores used in these fungicide experiments were isolated from
Experiments F1 and F2 in the following chapter. One batch (0O) was taken from
the control treatment where no fungicides had been applied to the wheat crop
grown in pots in the greenhouse. The second batch (M/S/B) was a treatment

which had received three sprays in each of the two experiments:
ta) Milgo E (a.i. ethirimol. Fig. 5.2)

(b) Sportak (a.i. prochloraz)

(c) Bavistin FL (a.i. carbendazim. Fig. 5.2)

The spores had been stored in their respective durite environments (air—dried)
for 3—-4 months at 109C. This experiment was designed to compare the effects of
a funglcide on two types of VAM spore populations. one which had allowed -
formation of spores in a fungicide free environment. and one which had been
exposed to several fungicides. by residual activity in the soil and via the systemic

activity of the fungicide within the host.
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5.3. RESULTS
5.3. 1. Exporimont ]

pH tests using field spores of G. mosseae and G. monosporum on WA alone
indicated a pH optimum of 7 for the former endophyte and 8 for the latter (Fig.
5.3). G. mosseae spores Incubated on WA+NB had reduced germinability (9~
23%) . whilst those of G. monosporum had higher germination percentages
(39-52%) over the pH range 6-8. Germination of G. monosporum spores at pH
9 on both media was low. Although germination percentages for G. monosporum
were consistent over the pH range 6-8 on WA+NB. most hyphal growth occured
at pH 7. More extensive hyphal growth was also noted on WA+NB compared with
WA alone (Fig. 56.4). Field spores of G. geosporum were frequently
contaminated (see chapter 4 and Photo 57) therefore no reliable' data were
recorded. It should be noted that no vesicles formed on WA treatments of either

endophyte but were observed on WA+NB at pH 7-8 for both endophytes.

Spores of G. mosseae from a pot-culture stored at 4°¢ tor 6 months did not
gorminate on WA alone. but showed a peak of germination at pH 7-8 on WA+NB

0f 43-45%.

5.3.2. Experiment 2

Table 5.1 shows the effoect of temperature on the spore geormination of
endophytes. All three species have highest goermination percentages at 257G
(Photo 58 shows G. monosporum on SW+NB at 25°C). No germination was
obsorved on incubation pads with sterile deionisoed water (SW) alone and at 59¢C
and 10°C with the SW+NB solution. As a consequence of this and the data from
Experiment 1. further experiments were carried out on incubation pad plates
moistened with sterile deionised water containing 0. 1% NB (SW+NB). at pH 7.5

at 25°C in the dark. It was noted during these studies that some erratic




PHOTO 56 - Field spore of G. monosporum germinating on WA+NB agar
at pH 8.0 showing extensive hyphal growth (x 150, B.F.).

PHOTO 57 - Field spore of G. geosporum incubated on water agar at
pH 7.0 showing fungal colony originating from within
the spore (x 160, B.F.).

PHOTO 58 - Germinating pot-cultured spore of G. monosporum on an

incubation pad plate containing a solution of SW+NB at
pH 7.5 (x 100, B.F.).

PHOTO 59 - Bacterially contaminated field spore of G. monosporum
germinating on water agar at pH 7.0. Improved hyphal
growth is observed with increased frequency of
secondary spores (vesicles) on the mycelium (x 150, B.F.).

PHOTO 60 - Short, swollen germ tube of a pot-cultured spore of
monosporum exposed to Tilt Turbo on an incubation pa
plate at pH 7.5. (x150, B.F.}.
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Figure 5.3. - Field spore germination of G. monosporum
and G. mosseae on water agar (WA) and water
agar with 0.1% nutrient broth (WA+NB) at
different pH's . (germination after 20 days).
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Figure 5.4. - Hyphal arowth from field spores of G. monosporum
incubated on water agar (WA).and
water agar amended with nutrient broth (WA+NB).
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Table 5.1. - Effect of temperature on the spore germination of three
VAM fungi (from pot cultures) on incubation pad plates.
Germination after 20 days.

INCUBATION % SPORE GERMINATION
TEMPERATURE
G.GEOSPORUM G.MONOSPORUM G.MOSSEAE
0
i SW SW+NB SW SH+NB SW SW+NB
5 0 0 0 0 0 0
10 0 0 0 0 0 0
20 0 10 0 18 0 7
25 0 23 0 53 0 3




% SPORE GERMINATION

Figure 5.5. - Effect of age of cold stored (4OC) pot cultures
on the spore germination of G. geosporum, G.
monosporum and G. mosseae on incubation pad plates
at different pH's (germination after 20 days).
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germination of spore balches occured which seemed 10 be linked 1o the age of
the stock pot culture from which they were obtained. Results from studies on the
effect of cold (4°C) storage of spores (Fig. 5.5). indicate a trend towards zero
after periods of one year in storage for G. monbsporum and G. mosseae. There
appears to be a storage time for these two endophytes of around 3-6 months. at
which time high percentage germination can be attained under optimal
conditions. - Results for G. geosporum showed that moderate lovels of
germination could still be attained after storage for 9 months. Germination of G.

monosporum at pH 9 was again low as in Experiment 1.

5.3.3. Experiment 3

Table 5.2 shows the results of herbicide application on spore germination.
Avenge totally inhibited germination of spores of all three endophytes. Ceridor
and Harrier behaved similarly to each other in apparently stimulating germination
at the higher concentration. whilst preventing germination at the lower
concentration. This is noteworthy since both contain tridemorph as the active
herbicide moiety. Dicurane had little inhibitory effect on germination and
appeared to stimulate germination of G. monosporum and G. mosseae above
control levels. A preliminary test (data not presented here) using spores of G.
monosporum and G. mosseae exposed td higher higher concentrations of Ceridor

(5ul m™ Y and Dicurane (Sul mi™hH

strongly inhibited germination. Both
herbicides reduced gormination of G. mosseae from control levals of 91%
(Ceridor 23% and Dicurane 37%) . 'G. monosporum. however. whose control

germination was 67% was completely Inhibited by both herbicides (0%) . Plates

had been incubated at 25C. pH 7. 5 for 20 days.



Table 5.2. - Effect of four herbicides (highest concentration
is equivalent to field application rate) on the
spore germination of three VAM fungi on incubation
pad plates (SW+NB). Germination after 20 days.

HERBICIDE PESTICIDE % SPORE GERMINATION
TREATMENT RATE G. MOSSEAE G _MONOSPORUM| G GEOSPORUM
CONTROL 0 20 8 0
-1
0.8yug ml 0 0 0
AVENGE
=1
1034pg ml 0 0 0
-1
2ul ml 58 25 26
CERIDOR
-1
1pl ml 0 0 0
=1
3'5Pl ml 25 21 4
DICURANE
) -1
1.75 pl ml 26 38 33
-1
2'5f1 ml 22 22 50
HARRIER
-1
1;25Pl ml 0 0 0
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5.3.4. Exporimont 4

An initlal test of equivalent fleld rate applications of Bavistin and THt Turbo on
spore germination of G. mosseae completely inhibited germination. So. for the
purposes of the main screening experiment. the concentrations were reduced by
a factor of 10. Work by Carr and Hinkley (1985) had Indicated that

concentrations of 10-100 ng mi™}

of benomyl covered a range of response to
application. i.e. from normal germination rates to inhibition of spore

germination of G . caledonicum.

Table 5.3 shows that Bavistin completely inhibited germination of spores of
G. monosporum and G. mosseae from both (O) and (M/S/B) stock cultures. G.
geosporum (0) spores did germinate In the presence of Bavistin (15-16%) but
this was lower than control G. geosporum spores (41%). G. geosporum
(M/S/B) spores did not germinate when exposed to Bavistin. Calixin appeared to
have little effect on germination of spores from control cultures (Q). it did.
however. appear to inhibit spores of G. geosporum from the (M/S/B) stock
cultures at the higher concentration. Tilt Turbo appeared intermediate between
Bavistin and Calixin In Inhibiting germination on spores of all three endophytes
from control (0O) cultures. but did have a noticeable inhibitory effect on G.
mosseae spores from the (M/S/B) pot cultures at both concentrations. G.

geosporum germination was also inhibited at the higher concentration.




Table 5.3. - Effect of three systemic fungicides (highest concentration
is ten times below normal field rate application rate) on
thecspore germination of three VAM fungi from two pot
culture sources placed on incubation pad plates (SW+NB).
Germination after 20 days.

PESTICIDE |[PRIOR PESTICIDE % SPORE GERMINATION
SPRAY RATE
TREATMENT |SERIES G.MOSSEAE  |G.MONOSPORUM |G:GEOSPORUM
+/= 7
CONTROL - 0 33 37 41
+ 0 43 9 50
BAVISTIN = oEml il 0 0 16
- 12:5nl T}- 0 0 15
+ 25n1 ml 0 0] 0
+ 12.5nl ml~ 0 0 0
CALIXIN = 50nl ml:i 33 29 24
= 26nl ml_ 13 40 29
4 50nl ml_) 26 6 0
+ 25nl ml 38 17 41
TILT - a5l ml 10 27 15
TURBO = 17.5n1 ml~ 17 14 i
+ 35n1 mi~! 4 13 0
+ 17.5n1 ml~ 0 7 28
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5.4. DISCUSSION

The best temperature for the gormination of spores of three Glomus
endophytes was revealed as 259G in this investigation, which corroborates work
done previously on G. epigaeum (Danlels and Trappe. 1980. Graham. 1982)
and G. mosseae (Schenck et al. 1975). both in soil and on agar media.
Tommerup (1983b). however. achieved germination of spores of G.
caledonicum at 5°C and 10°C using spores sandwiched between membrane
filters and buried in a Lancelin sand. There was. however, a lag in the onset of
germination below 20°C for all three endophytes tested by Tommerup (1983b).
but all species did eventually reach the same germination percentages found at
25°9G. This apparent lag at lower temperature may explain low or negligible
germination found in this study and in other studies using short spore incubation
periods of around two weeks (Daniels and Trappe. 1980 Koske. 1981. Graham.

1982) .

All three endophytes in this study appeared to have an optimal pH range for
germination between 7-8 when incubated on weak nutrient media. This
correlates well with other Glomus spp. studied (Daniels and Trappe. 1980:
Green et al. 1976). Field spores of G. monosporum and G. mosseae did show
an optimal pH value when Incubated on water agar. but tho relevance Is unclear
since pot-cultured spores did not germinate under these conditions. so further
investigation was impeded. It was noted. however. that germination of G.
monosporum was reduced at bH 9 in both field and pot culture spores throughout
the studies. whilst G. geosporum and G. mosseae were unaffected. This may
reflect an adaptation to the local edaphic factors from where spores were
aoriginally isolated. since G. monosporum was isolated from a soll of pH 6.5.
whilst G. 'geosporum and G. mosseae were Isolated from a soll of pH 7.5. This

preferénce for a lower pH on agar media has been noted for two Gigaspora spp.
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which were common in more acid soils (Green et al. . 1976) . Whilst the same
workers found that G. mosseae. more common in alkaline soils. had a more
alkaline pH optimum for germination. It is noteworthy that in Experiment 1 the
fleld spores of G. monosporum showad significantly higher hyphal growth (Table
2.4) at pH 7 on WA+NB and the effect of pH on hyphal growth may be a more
important factor. Carr and Hinkley (1985) also noted that whilst spore
germination of G. caledonicum was unchanged over the range of pH 5.3-7.4. a
significant optimum of pH 6.6 was recorded for hyphal growth. This aspect is

o ) =
worthy of further investigation. (5% also  Abbott and Rebsen, [C{QS)

Considerable variability has been found in the germination of spores isolated
from stock pots and directly from agricultural soils (Mosse. 1959; Daniels and
Graham. 1976. Hepper and Smith. 1976. Daniels and Duff. 1978). This may be
oxplained. to some extent. by periods of constitutive dormancy in VAM fungal
spores (Tommerup. 1983a). In this study. however. there was a trend towards
reduced or inhibited spore germination with spore age (Fig. 5.5) for G.
monosporum and G. mosseae. despite storage at low temporatures (4°C) and
subsequont incubation on woak nutrient media. This result is consistont with work
reported by Hardie (1984) for two isolates of G. mosseae. which notoed the same
t}ond for ectocarpic spores stored for up to a year. Certain VAM fungi. like those
studiod by Hardlo (1984), and G. monosporum and G. mossoeae In this study,
produce both eoctocarpic énd sporocarplc spores and In these oxamplos
ectocarpic spores have been usod in oxporimontation. Sylvia and Schonck
(1983b) also noted that maximum gormination of spores of three Glomus spp.
was rolatively low and possibly due to storage of the VAM lInoculum in
rofridgorated soil over a long poriod affecting spore viability. Tommerup (1985)

found that gormination of quiescent spores of three VAM ondophytes was

prevented in soils under crops or pastures and pot cultures of VAM fungi undor
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long term storage. Water—soluble. heat-lablle compounds which were extracted
from the crop and pot culture solls prevented germination of spores. Sell-
inhibitors were also implicated in regulating germination. Most of the early
germination studies. however. were conducted on sporocarpic spores (Mosse.
1959: Hepper and Smith., 1976). Hepper and Smith (1976) reported that
storage of G. mosseae sporocarps at 6°C for soveral woeoks onhanced
gormination. In other studies. howevor. agoing of spores of Gigaspora spp. in
tho cold had a dotrimontal offoct on gormination (Sward ot al/, 1978. Kosko,
1981). It may be that ectocarpic spores. when nowly formed. are quiescont but
have only a limited poriod of time in which to germinate bofore long term storago
in the same soil causos spores to bocome daormant under the influonce of
exogenous factors i. e. mycostasis. Tommerup (1985) doefined mycostasis "as a
form of oxogenous dormancy associated with the biological proparties of the soil.
resulting in the absonco of spore gormination when physico-chamical proportios
of the soil are othorwise conducive to gormination”. Danlols and Trappe (1980)
have sﬁggostod that after a time. cortaln microorganisms or plant exudates are
nocedoed to oither motabolize solf-inhibitors in the spore or p.roduco chomicals
that can stimulate germination. Spores of other biotrophic fungi are known 1o
produce self-inhibitors (Macko. 1981). This may be important since it has been
shown that the absonce of a bactorial population can roduce VAM sporo
gormination (Wilson., 1984). For the two ondophytes studiod here. G.
monosporum and G. mosseae. a porlod of botween 3-6 months storage would
appoear to be nocessary to obtain maximum spore gormination using the
incubation pad system describod. Daniols and Graham (1976) also showod that

spores stored at 10°C for 4 months germinated more readily than freshly isolated

spores.
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Results of the herbiclde tests, at concentrations equivalont to those found in
the top 2-3 cms of soil after fleld applications. showed that individual herbicides
affected spore germination differently. Avenge totally inhibited spore germination
of all three ondophytes. It is known to have the ability to control early mildew
infoctions on barley and its a.i. DMS (Fig. §.1). :ﬁay therefore possess more
general fungicidal properties. It should be noted that Avenge was the only
herbicide tested used as the solid form with a wetting agent. and this might have
been a factor. Although the low levels of germination observed in the controls
(Table 5.2) hindered interpretation of the results. Ceridor and Harrier did
appear to behave similarly. in that spore germination was apparently inhibited at
the lower concentration used. whilst a neutral to stimulatory effect was noted at
the higher concentration (particularly for G. geosporum) . Both these herbicides
contain the a.i. mecoprop in the same concentrations in their formulations
(approx. 45% w/v). which apparently causes weed death by extreme hormone-
like responses of the weed leading to distorted tlésues. Previous work has shown
that plant hormones. along with amino aclds, vitamins and other organic
substances present In the plant rhizosphere. are capable of being produced by
common soil micrborganisms and that they may enhance the development of VAM
fungi in the absence of any host plant (Barea and Azcon-Aguilar. 1982
Hepper. 1979. Hepper and Jakobsen. 1983). Thus the hormone-like activity of
mecoprop could indicate a type of chemical which could aid spore germination
and development of hyphal growth at a particular concentration. since extensive
hyphal growth was noted but not quantified. The Inhibition at lower
concentrations cannot be easily explained. Dicurane generally produced neutral
to stimulatory responses, pafticularly at the lower concentration. Tommerup and
Briggs (1981) tested three herbicides on the spore germination of two Glomus

species and Acaulospora laevis. Herbicides were incorporated into soil at
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oquivalent field rates and up to ten times this concentration. No inhibition of
germination or hyphal growth was observed even at the higher concentrations. It
has. however. been noted that a number of herbicides have stimulated growth of
some ectomycorrhizal fungi in axenic culture at low concentrations (Trappe et

al.. 1984).

Results of the fungicide tests were clearer and effects of low concentrations
of fungicides on spore germination were demonstrated. Bavistin inhibited
germination of spores of G. monosporum and G. mosseae in both stock culture
batches. Spore germination of G. geosporum was only inhibited completely in
the (M/S/B) cultures. which had experi enced two Bavistin sprays. This would

indicate that the levels of 12-25ng ml-]

of Bavistin used may represent the
concentration at which it becomes inhibitory to spore germination of G.
geosporum under axenic conditions. Carr and Hinkley (1985) also noted that

10ng mi™}

of benomyl inhibited spore germination and hyphal growth of G.
caledonicum on water agar. but below this concentration germination and normal
hyphal growth was observed. The Inhlbition was attributable to tho activity of
carbendazim. one of the hydrolysis products of benomyl. and the a.l. of
Bavistin. Carbendazim is believed to disrupt microtubule formation. affecting
nuclear division and hyphal growth (Howard and Aist. 1980). Tommerup and
Briggs (1981). however. showed no effect of carbendazim on spore germination
and hyphal growth when incorporated into soil with concentrations as high as

1 of soil. Carr and Hinkley (1985) suggested that this was probably due

100pg g
to carbendazim being adsorbed onto the sandy soil used. decreasing the
amounts to which the spores were exposed below inhibitory levels. This.
however. may reflect the natural field situation since carbendazim is known to

have a highor adsorption coefficlent than benomyl In soll (Bateman and Nicholls.

1982) . Carr and Hinkley (1985) also noted that spores of G. caledonicum could
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germinate when removed from media containing at least 100ng benomyl mrl.

suggosting a funglstatic rathor than a fungicldal offact. This may haolp oxplain tho
temporary offects of bonomyl soll droenches on the dovelopmont of VA

mycorrhizas (Boatman et al. 1978; Spokoes et al, 1981).

Calixin had little offect on spore gormination whon comparoed with controls in
both (0) and (M/S/B) cultures tested. excopt at the higher concontration uscd
for G. geosporum (M/S/B) spores. whore no germination occurrod (Table
5.3). A similar roéult was noted for G. geosporum (M/S/B) sporos incubated
with Tilt Turbo at the higher concentration. Both fungicides contain tridemorph as
an a.i.. whilst Tilt Turbo also contains propicanazole. Both these active moioctics
aro known to Inhibit storol blosynthosis In fungl (Davidse and do Waard. 1984),
particularly in the Ascomycotina. Basidiomycotina. and Doutoeromycotina. Tilt
appeoarod to roduce spore gormination rolative to control lovels, but but to a
lesser oxtont than Bavistin. Propicanazole was shown to bo the most inhibitory to
VAM infection of citrus roots of four sterol inhibiting fungicides investigatod by
Nemec. 1985. Storol inhibiting fungicides have been shown not to have a major
effoct on spore gormination of their target fungi. but 1o cause gorm tubos and
hyphao to become swollon and/or oxcessivoly branched (Davidse and de Waard.
1984). Swollen ends of short gorm tubes were observed in these studics.

particularly In the Tilt and Calixin treatmonts (Photo 60) .

A reduction in spore gorminat)on of the (M/S/B) sporos of G. monosporum
was notod compared with (0) germination lovels. This was not noted for tho
other two ondophytes testod. Gormination of the (M/S/B) sporos of G.
geosporum also appoarod to be inhibited by the higher concontrations of Calixin
and Tilt as well as both concontrations of Bavistin. These. (M/S/B). sporos had
formod In an onvironmaont which had boon oxposaed to both Bavistin and Sportak,

another sterol inhibiting fungicide similar in activity to Calixin and Tiit. It may bo
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that the presence of such toxicants in the local environment, at the same time as
these spores were formed. produced a spore population different from that found
in the absence of these chemicals. with regards to germinability. Prior exposure
of spores to these chemicals in the original pot would poten tially have been over
a long period since such pesticides are known not to beo easlly leachad from pots
during normal irrigation. and to be in fact ‘cycled’ around the pot due to the
offects of evaporation of water from the pots (P. Nicholls. Rothamsted. pers.
comm. ). Short term adaptation can occur in VAM fungi since it is already known
that a strain of G. mosseae tolerant to heavy metals was isolated from a heavily

polluted spoil site (Gildon and Tinker. 1981).

Most work on the effect of fungicides on mycorrhizas in axenic culture has
boeen carried out on ectomycorrhizas and results showed that they tended to
depress growth (Trappe ot al. 1984). It was particularly noted that when sevoral
species of fungl were exposed to a glven fungicide in a culture modium. thoy

tended to differ in response. This appears to be the case in this study.

As yet, it is difficult to translate results in axenic conditions to natural field
conditions for VAM fungi. and even ectomycorrhizas. due to the problems of
complex microorganism interactions in the plant rhizosphere and soil properties.
The differential sensitivity of different species to edaphic factors and pesticide
applications. however. may be useful for controlling mycorrhizal formation in
oxperiments. This series of screening experiments has determined the effects of
temperature. pH and pesticide applicationsvon spore germination of several

different VAM isolates.




_90_

CHAPTER 6

The effects of pesticides and phosphorus applications on the VAM

symbiosis of winter wheat grown in pots.

6. 1. INTRODUCTION

The application of systemic fungicldes to field crops to control cereal
diseases. is now common practice (ADAS. 1984). Annual surveys have shown
that the proportion of winter wheat fields receiving fungicide applications has
Increased from 1% in 1974 to 59% in 1980 (Priestley and Bayles. 1982). If these
applications were to have adverse effects on VAM fungi. phosphorus uptake by
the crop could be affected with a consequent effect on yleld. It is known that
benomyi. which rapidly breaks down to form carbendazim. signlificantly
decreased P uptake by VAM infected plants compared to unsprayed controls
(Boatman et al. 1978). Bailey and Safir (1978) found that VAM infection of
soybeans was reduced and yields docreased by benomyl application. They
postulated that reduced germination of propagules. hyphal growth or reduced
host-fungus compatibility could account for the effects of benomyl application.
They did not. however. consider possible effocts on P uptake. Many other
reports of the inhibitory action of of benomyl have been covered in a recent
review by Trappe et al (1984). Bavistin FL is a systemic fungicide currently in

widespread use on U. K. cereal crops and has carbendazim as Its active moloty.

Recent trends in the development of new fungicides for the control of

diseases of small grain and forage crops have been towards systemic. stcrol-
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Inhibiting. triazole—based products with broad spectrum activity agalnst powdery
mildews. rusts and leaf spots. The goal of new funglcide development has been

to formulate products that are effective against a wide range of plant pathogens

when applled at low rates and preferably with only one application needed. Tilt

Turbo (a.i. propicanazole) and Sportak (a.l. prochloraz) have been two such

fungicides. widely used on cereals in S. E England. Nemec (1985) has recently

screened four such sterol-inhibitors and found propicanazole to be the most

inhibitory of VAM infection of Citrus roots.

Two members of two other systemic fungicides (grouped
according to their mode of action) were chosen to be screened for any inhibitory
offects on VAM Infections. namely Milgo E (a.l. ethirimol) and Calixin (a.l.
tridemorph) . These have been previously tested on the VAM symbiosis via soil
application. as Indeed have most funglcides in VAM studles, and found to have
inhibitory effects on VAM infection and sporulation (Jalali and Domsch. 1975).
Tridemorph is a fungicidally active morpholine derivative. giving broad spectrum

control along with curative and eradicant properties.

Besides fungicides. most agricultural crops are also treated with
herbicides. Herbicides by their nature. are toxic to a wide range of plants. many
of them potential hosts to VAM fungl. The possibility therefore oxists that those
chemicals could Iinhibit the effectiveness of VAM fungl by preventing infection
processes. subsequent sporulation and P uptake. The published literature on
herbicide/VAM interactions is much sparser (Trappe et al. 1984). although
studies using normal field rate applications have indicated that they may have
little obvious effect on the symbiosis. It is. however. noteworthy that VAM
infection of a Chenopodium sp. was promoted by a simazine application. possibly
correlated with an apparent Increase In the rolease of amino aclds and sugars

from the roots (Schwab et a/. 1982). It may be. therefore. that the host plant is
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more sensitive to increased herbicide dosage than its VAM partner (Smith et al.
1981. Ocampo and Barea. 1982). Smith et a/ (1981) tested six herbicidos
incorporated directly into soil in pot and field experiments and found no effect of

normal application rates on VAM infection and sporulation.

This study. as a follow up to work described in the previous chapter. was an
assessment of the effects of such pesticides on the four stages of the
development of a VAM relationship with its host. outlined In the Introduction of the
previous chapter. Four herbicldos were, therefore. chosen to cover a range of
modes of action. Avenge 630. Ceridor. Dicurane and Harrier. as well as five
fungicides. Bavistin FL. Calixin. Milgo E. Sportak and Tilt Turbo. all of which
have widespread use in S. E. England on cereals. It must be acknowledged that
pesticide screening such as this should really be performed in a range of soils
and under conditions as near to‘ those pertaining at the time that the pesticide is
applied In the fleld. In my work | have attompted to apply sprays at the
recommended crop growth stage used in intensive cereal agriculture in the
U.K.. Previous studies have not always related the time of application or the

concentration of pesticide used to that expected In tho field.

6.2. MATERIALS AND METHODS
6.2.1. Experiment ]

The effect of infection of two VAM fungi. G. geosporum and G. mosseae. on
winter wheat var. Avalon was investigated in durite at three different phosphorus
levels. The fungi were both originally isolated from the Hamill field site and were
pure cultures raised from single—spore inocula. This initial experimentation was
designed to identify the conditions needed for maximum VAM infection of both

isolates and to study the effects of added superphosphate on growth of host plant

and its symbiont.
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Four kg per pot of stoam sterilised durite was used amended with threeo
superphosphate levels: 0g (OP). 2.3g (2P). and 4. 6g (4P) per pot. This gave a
range of phosphorus levels equivalent to the Olsen P levels found in field soils
used for cereal crops (Table 6.1). The superphosphate was thoroughly mixed
into the durite. Inoculation was carried out by the addition of 100g of finely
chopped infected roots. from pot cultures of either endophyte. as a band
approx. 8 cms below the durite surface. Control pots received a similar 100g
allquot of autoclaved Inoculum along with 100mi of a flitrate of the pot culture of
both endophytes. Each pot was sown with seven seeds. thinned to six plants if
necessary after 14 days. There were 8 roplicate pots per treatment arranged in a
randomised design. Plants were Initially grown In an unheated glasshouse.
During the period 25/10/83 (sowing date) to 11/1/84. the minimum nightime
temperatures regularly fell below 59C and it was noticed that VAM infection was
Inhibited. As a result a greenhouse heater was Installed to maintain night
temperatures above 9°C. Plants received a half strength Hoaglands nutrient
solution (-P) each weok. whilst In the warmer early summer period. betwoen
nutrient applications. plants were also watered daily with tap water. Root
infection levels, foliage fresh weights (including separate ear and straw fresh
weights at harvest) and internal shoot N.P.K levels (pooled data). were

measured at 42, 70, 110 and 170 days.

6.2.2. Experiment H1

After consideration of the results of Expt. 1. no superphosphate was added
to durite Iin order to achieve high root infoection levels. This would allow Inhibitory
offocts of pesticlde application on VAM: infoection levels to be monltored most

offectively.




Table 6.1 Chemical characteristics of the durite growth medium

in Experiment 1.

PHOSPHORUS - -1 1
pH N(mg L 1) P(mg L ) K(mg L ™)

TREATMENT

OP 8.5 5 7 88

2P 7.6 0 52 86

4P 7.0 0 117 74
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Fungal treatmonts wore as follows:
(a) G. geosporum
(b) G. monosporum
(c) G. mosseae
(d) non-inoculated control
(e) non-inoculated control +P

the latter treatment receiving 2. 3g of superphosphate dispersed through the pot.
Six seeds of Avalon were sown per pot. thinned to 5 plants after 14 days. Five

herbicide spray troatments were used at day 107 at equlvalent field ratos

1,

(calculated on an area basis). Avenge (1.58 kg ha—]). Coridor (4L ha
Dicurane (7L ha™!). Harrier (5L ha~ ") and a wator sprayed control. Each
concontration was applied to five replicate pots of each fungal treatmont until
initial runoff. lrrigation was as for Expt. 1 and infoction lovels wore moasurod
after 49. 101 and 146 days. Reosults of total and ear frosh weight yiclds and foliar
NPK lovols (poolod) at harvest are presontod. Chlamydospore numbors wore

dotorminod by wot-sloving four roplicate 10g samploes obtalnod from poolod

sub-samploes at harvest.

6.2.3. Experiment H2

In order to investigate the effect of potential soil herbicide residues and a
second herbicide application on a subsequent wheat crop. the same durite was
re-used for similar treatments after dry sieving through a 4mm sieve to remove
most of the old root system. No additional inoculum was added but 2.3g of
superphosphate was added to the control +P treatment. Sprays were applied as
before at day 50 and irrigation was as for Expt. 1. Infection levels were measured
after 43. 65 and 98 days. Results of total fresh weight yields and foliar NPK levels

(from pooled data) at harvest are presented. Chlamydospore spore numbers
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were determined as for Expt. H1. Both these experiments. Expt. H1 and H2,
wore carried out In the same greenhouseo at differont times (Univarsity of Kent) In
a randomised block design and statistically analysed as 5x5 factorials. Expt. H1
covered the perlod from November to April. whilst Expt. H2 occupled the period
from mid-June to mid-Septeamber. These seasonal difforences should be noted

when comparing the results of these experiments.

6.2.4. Experiment F1
Four fungal treatments were included in this experiment;
(a) G. geosporum
(b) G. monosporum
(c) G. mosseae
(d) non-inoculated control

all wore Inoculated as In Expt. 1. Six seeds of Avalon were sown per pot and
thinned to five after 14 days. Three fungicides were tested separately along with a
triple piigrunie of each fungicide and a water sprayed control treatment. The
sprays were applied at the récommonded cereal growth stages at equlvalent field
rates (calculated on an area basis). Mllgo £ (1. 25L ha 1) at day 38, Sportak
(1.0L ha™ 1) at day 56 and Bavistin FL (0. 5L ha~!)at day 75. the triple spray
p:’:gj»’&a\me {M/S/B) recoived each of these sprays on the same days. There woroe
five reoplicates of each treatment arrangoed In a randomisoed block design and
rasults wvore statistically analysed as a 4x5 factorial. Infection lovels weoro
measuroed after 38. 75. 104 and 135 days (harvest). Frosh weights of shoot
matorlal wore dotormined aftor 75, 104 and 135 days. Internal follage NPK lovols
(poolod) were obtained for water sprayed control troatmoents after 75. 104 and
135 days and for the M/S/B treatmont at 104 and 135 days. Chlamydospore

numbers wore detorminoed as for Expt. H1.
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6.2.5. Exporimont F2

As for the herbicide experiment. Expt. H2. it was decided to re—use the
same durite to assess the potential effects of any residues along with a second
application of the same spray on a subsequent wheat crop. The durite from Expt.
F1 was dry slovod through a 4mm slove to remove the old root systams. and all
pots received 3g of KNO‘3 and 1g of superphosphate to improve plant growth.
The control +P treatment received an oxtra 2. 5g of superphosphate. Six Avalon
seeds were sown‘per pot and thinned to flve plants after 14 days. Milgo E was
sprayed after 86 days and Sportak after 128 days. The experiment was harvested
after 186 days. The Bavistin FL spray treatment was not assessed due to an
apparent plant disorder causing a loss of plant material. Infoctlon levels were
measured after 86. 128 and 186 days (harvest) . Final total and ear fresh woight
yields are presented. Follar NPK levels for water sprayed control treatments after
86. 128 and 186 days along with levels for  all treatments at harvost.
Chlamydospore numbers were determined as for Expt. H1. Both these
experiments were carried out in a temperature controlled greenhouse at Wye
College. Wye. Expt. F1 covered the period April to August whilst Expt. F2

covered the period October to May.

6.2.6. Experiment F3

This experiment was designed to screen two different systemic fungicides
and Bavistin FL for offocts on‘a young rapldly spreading VAM Infoction of wheat.
These two new fungicides Calixin and Tilt Turbo were tested because of their
recent widespread use in cereal production in the S.E. of England and more
particularly on the two farm sites studied here (see chapter 3). Four fungal

treatments were set up.
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(a8) G. goosporum

(b) G. monosporum

(c) G. mosseae

(d) non-inoculated control

prepared as in Expt. 1. Fresh durite'was used for this experiment with 3g of KNO4
disporsed through each 4kg of durite por pot. Five pre-gorminated Avalon scods
wore sown per pot and four fungicidal treatmonts were usoed at equivalent fiold
rate applications: Bavistin FL (0.5L ha~!). Tilt Turbo (1.0L ha”'). Calixin
(0.7L ha‘}) and a non-sprayed control. These were applied until runoff at day
56. A randomised block design was‘used and results statistically analysed as a
4x4 factorial. Infection levels were measured at day 26. 56. 74. and 88
(harvest) whilst final fresh weight yields and shoot NPK levels (pooled) were
obtained at harvest. This experiment was carried out in an unheated glasshouse

at the Estate Centre. University of Kent during the period July to October.

6.3. RESULTS
6.3.1. Experiment 1

An initial development of infection was inhibited during the early winter
poriod (Decoember-January) ., whon tomporatures consistontly foll bolow 5%
causing fractional infoection loveols to fall to less than 5% (Fig. 6.1).
Tomporaturos Increased towards the ond of January, due to tho use of a
groenhouse heater. and infoction increasoed sharply In the OP treatmants of both
endophytes (Fig. 6.1). Infoection increcased steadily but slowly in the 2P
troatmonts. and thoere was little infoction in the 4P treatmonts. A similar
temporature-rolatod declino overwinter was also notod for fiold VAM infoctions of
winter wheat in the same season (scee chapter 3). Despite this decline period.

G. geosporum at OP significantly incroased ylolds (P0. 01) ovor the OP control at




Figure 6.1 Effects of superphosphate addition on development of VAM
infection in Experiment 1. Error bars show levels of
significance (LSD, P = 0.05).
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Fresh weight yields and shoot concentrations of nutrients of

wheat plants in Experiment | (day 70).
treatment are given, with levels of significance.

Mean values from each

F values Significance |
Phosphorus 61.84
Fungi 21.09
Phosph X Fungi 4o.03
Treatment oP 2P Lp LSD Value
PO5 PO1 P0OO1
Phosphorus 2.783 3.492 L.,042 0.25 0.33 0.44
Treatment Control [G.geosporum [G.mosseae
Fungi 3.600 3.992 3.475 0425 0.33 0.44
Treatment
Interaction| Control |G.geosporum |G.mosseae
oP 1.975 L4.175 2.200
2P . 962 3.775 3.087 0.44 | 0.58 |[0.75
Lp 3.862 4,025 4.237
%z Element (DW) Foliage
Phosphorus Fungal
Treatment Treatment N P K
opP Control 3.51 0.21 5.50
G. geosporum 3.68 0.37 5.07
G. mosseae 3.63 0.23 | 5.34
2P Control 4.0l 0.54 | 5.52
G. geosporum 3.06 0.47 | 5.40
G. mosseae 3.88 0.45 | 5.35
Lp Control 3.59 0.47 | 5.33
G. geosporum b1y 0.51 5.49
G. mosseae 3.85 0.50 5.45




Fresh weight yields and shoot concentrations of nutrients of
wheat plants in Experiment 1 (day 110). Mean values from each

treatment are given, with levels of significance.

!

F values Significance

Phosphorus
Fungi
Phosph X Fungi

16.43
2i: J5
3.93

Treatment LSD Value
P05 PO1 POO1
Phosphorus | 3 30 6.40 5.72 1.1 1.5 | 2.0
Treatment Control |G.geosporum |G.mosseae
Fungi 4.6k 5.90 L4.89 NS NS NS
Treatment
Interaction| Control |G.geosporum|G.mosseae
oP 2.19 557 2:15
2P 6.10 5.69 7.42 2.0 2.6 | 3.4
4p 5.62 6. 44 5.10
% Element (DW) Foliage

Phosphorus Fungal
Treatment Treatment N P K
oP Control 3.36 0.20 |5.00

G. geosporum 3.46 0.31 |4.90

G. mosseae 3.58 0.23 |[5.20
2P Control 3.86 0.46 |[L4.50

,G. geosporum 3.92 0.44 |4.80

G. mosseae ND ND ND
Lp Control 4,03 0.52 4,50

G. geosporum 3.98 0.46 |4.90

G. mosseae ND ND ND




Table 6.4 Ear yields of wheat plants in Experiment I (day 170). Mean

values from each treatment are given, with levels of
significance.

!

Significance

Phosphorus
Fungi
Phosph X Fungi

Treatment oP 2P 4p LSD Value
P05 PO1 P0OO1
Phosphorus 2.40 3.77 3.81 0.6 0.9 1.2
Treatment Control |G.geosporum |G.mosseae
Fungi 3.42 357 3.00 NS NS NS
Treatment
Interaction| Control |G.geosporum |G.mosseae
oP 1.36 3.32 2.52
2P L. 84 3.45 3.01 12 1.8 2.7
Lp 4,05 3.92 3.92
% Element (DW) Foliage

Phosphorus Fungal
Treatment Treatment N P K
0oP Control 1.80 0.18 1.20

G. geosporum 2.40 0.33 [1.40

G. mosseae 1.90 0.23 120
2P Control 2.60 0.38 1.10

G. geosporum 2.30 0.33 1.30

G. mosseae 2.40 0.34 1.50
Lp Control 2.60 0.41 1.30

G. geosporum 2.50 0.39 1.50

G. mosseae 2.30 0.35 1.30




Table 6.5 Straw yields (F.W.) of wheat plants in Experiment 1 (day 170).
Mean values from each treatment are given, with levels of
significance.

F values Significance

Phosphorus 12.64
Fungi 4.83 %
Phosph X Fungi 1.65 NS
Treatment oP 2P Lp LSD Value
P05 PO1 POO1
Phosphorus 9.87 15.28 14.64 2 .4 3.1 4,1
Treatment Control |G.geosporum |G.mosseae

Fungi 11.38 15.03 13..37 2.4 3.1 Lo

Treatment
Interaction| Control |G.geosporum [G.mosseae

oP 6.55 13.60 9.40

2P 13.09 16.04 16.71 NS NS NS

Lp 14.51 - 15.45 13.94
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day 70. presumably due to the increased Internal P lovels observed (0.37%
against 0.21%:. Table 6.2B). It was. however. Intaresting to note that the 2P
control plants had significantly higher yields (P0.001) than either of the
ondophytic 2P treatments. and slightly higher internal P lovels (0. 54% against
0.47% and 0.45%. Table 2). Both these significant growth effects had also been

noted at day 42 when plant heights were measured (data not presented) .

By day 110. infection levels of G. geosporum and G. mosseae at 0P had
Increased to 36% and 29% respectively (Filg. 6.1). and plants Infaected with
either endophyte had higher internal P levels than the OP control (Table 6.3C) .
Total fresh weight yields of G. geosporum at OP were significantly higher
(P0.001) than the other two OP treatments (Table 6.3B). Control plants at 2P
produced a higher yield than the equivalent endophytic plants. but this effect was
not significant at P0. 05. Control plants at 4P produced significantly lower yields

than cohtrol plants at 2P,

At day 170. high infoction levels waere observed in the OP treatments (G.
geosporum 68% and G. mosseae 85%:. Fig. 6.1). Infection levels were much
lower in the 2P treatments (G. geosporum 16% and G. mosseae 10%) and
extremely low in the 4P treatments. Treatments at 2P and 4P produced
significamly higher ear and straw ylelds (P0.001) than OP treatments ovorall
(Table 6.4B and 6. 5B) in non-inoculated and inoculated plants. The control
treatment and G. geosporum inoculati_on resulted in higher ear yields than G.
mosseae Inoculation. but this effoct was not significant. G. geosporum at OP
produced significantly higher (P0. 01) ear ylolds than the OP control. Inoculation
with G. mosseae at OP also resulted in higher yields than the OP control. but this
was not significant at P>0.05. Table 6.4C shows that plants infected with G.

geosporum contained almost twice (0.33%) the internal P of the control at 0P

(0.18%). with G. mosseae between the two (0.23%). The concentration of
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shoot P in plants at OP inoculated with G. geosporum was practically the same as
that observed In the G. geosporum ueatment at 2P. There was also no
significant difference between the ear yields of these two treatments (Table
6.4B). G. geosporum treatments produced significantly higher straw ylelds
(Table 6. 5B) than the control treatments (P0.01) and G. mosseae treatments
(P0.05). The interaction of phosphorus x fungi was not significant at P0. 05
despite the apparent differences between the 0P treatments. and the fact that
there had been a significant effect noted at the previous harvest (day 110). To
eliminate this masking effect. the OP and 2P treatments were extracted from the
table and analysed Indlvidually by one way analysis of variance. Although both
endophyte treatments 'at 2P produced higher straw vyields than tho 2P
control(Table 6.5B). this was not significant at P0.05. G. geosporum.
however. at 0P produced significantly higher straw yields than the equivalent

control (P0.001) and plants inoculated with G. mosseae (P0.01).

6.3.2. Experiment H1

Infection in'the roots of all plants inoculated with one of the three endophytes
was slow to dovelop and spread in this experiment (up to 80 days). At the time of
herbicide application (day 107). therefore. fractional infoction lovels wore loss
than 20% for all endophytes. with G. monosporum levels especially low (<10%) .
Table 6.6 shows final infection levels which were still low. Any effects of
herbicide application on VAM levels were consequently on a well developed root

system with a late infection and spread of the endophytes.

Table 6.7 shows the effect of the four herbicides on total final fresh weight
yields. The highly significant effoct of overall herbicide application (F value
20.35). was ontirely due to the lowering of ylelds by Dicurane. This may have
been a phytotoxic effect on wheat. The same effect was noted on final ear yields

(Table 6.8B8) which were also significantly reduced (P0.001). Ceridor and
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Harrier significantly increased ear yields (P0.01) over water-sprayed control
ylolds. All three VAM fungl and the control +P treatmeont significantly Increased
total yields (Table 6.7B) over the non-inoculated control treatment (P0.05).
whilst both G. geosporum and G. mosseae treatments were significant at
P0.001. These inoculant effects were consistent in each individual herbicide
treatment including Dicurane. Significantly increased ear yields over water-
sprayed control levels (Table 6. 88B) were noted for G. geosporum (P0.01) . G.
mosseae (P0.05) and control +P (P0.05). All three endophytes significantly
increased ear yields (P0.05) over non-inoculated control yields when sprayed
with Harrier (G. geosporum at P0.001., G. mosseae at P0.01 and G.
monosporum at P0.05). These increased ylelds produced by G. geosporum and
G. mosseae were apparently related to their higher infection levels within the root
systems unlike those of G. monosporum at harvest (Table 6. 6). Infection by G.
monosporum and G. mosseae was unaffectod by herbicide application. but G.
geosporum infection was significantly higher in the Harrier treatment than the

water—-sprayed control G. geosporum treatment (P0.05) .

Control +P treatments resulted in higher internal shoot P Ievols.than the
other treatments (Table 6.6). but only plants infected by G. geosporum had
higher levels than the non-inoculated control. It should be noted that although
G. mosseae Infoection had little effect on Internal P levels., It was consistent in
producing plants with the  highest internal N and K levels in all herbicide
treatments (Table 6. 6) . This might explain the increased yields observed despite

low internal P levels.

6.3.3. Experiment H2

During tho course of this experiment the non-Inoculated control treatments.
became infected and were therefore omitted from any analyses and as a result

only data for the three endophytes are presented. The phytotoxicity (apparently
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cumulative) of Dicurane had severely stunted plant growth by the 50 day sampling
and so these treatments were also eliminated. It was. however. noted that there

had been little effect of Dicurane on VAM infection levels in roots of G.

geosporum and G. mosseae -plants at this stage (Fig 6. 2) . but levels were lower

In G. monosporum plants compared with lts water-sprayed control. This may.

however. been due to the poor condition of these plants at the sampling time.

Overall. earlier infection. and therefore. higher final infection levels were
observed In this experiment compared with Expt. H1. Herblclde application did
not have a significant effect on infection by G. geosporum. at harvest. but
Ceridor had significantly reduced (P0. 05) infection at day 65 (Fig 6. 2) relative
to the other treatment lovels. Ceridor had a similar effoct on infoction of plants by

G. mosseae at harvest. Avenge signiﬁcantly reduced G. mosseae infection at day

65 and at harvest relative to water—sprayed control plants and those treated with
Harrier. Ceridor and Harrier significantly reduced Infection lavels of G.
monosporum below water—sprayed control levels at day 65. but this effect had

diminished by harvest.

Table 6. 9B shows that. at harvest. Avenge (P0.001). Ceridor (P0.05) and
Harrier (P0.001) had significantly reduced yields relative to water-sprayed
controls. Plants Infected by G. geosporum (P0.001) and G. mosseae (P0.01)
significantly outylelded those Infected by G. monosporum. This offoct was
consistent in all herbicide treatments. except in the case of Avenge which
significantly (P0. 05) reduced yields of plants infected by G. mosseae relative to
those infected by G. geosporum. Yields of all plants inoculated with endophytes
and also receiving an Avenge application were reduced relative to water-sprayed
controls. and this was significant at P0.001 for the G. geosporum and G.

mosseae treatments.

Inoculation with G. geosporum and G. monosporum consistently resulted in



Table 6.6 The effect of herbicide applications on VAM infection levels and
shoot nutrient concentrations (DW) of wheat at harvest in
Experiment HI1.

Pesticide Fungal % Element (DW) in Shoots % Final VAM
Treatment Treatment N P K Infection¥
Control Control (+P) 0.85 0.17 1.39 0
Control 0.78 0.10 1.34 0
G.geosporum 0.74 0.11 1.37 31
G.monosporum 0.74 0.11 1.32 10
G.mosseae 1.02 0.09 1.89 36
Ceridor Control (+P) 0.77 0.16 1.43 0
Control 0.88 0.09 1.42 0
G.geosporum 0.83 0.10 1.58 23
G.monosporum 0.02 0.09 1.34 8
G.mosseae 1.03 0.09 1.78 36
Dicurane Control (+P) 1.53 0.28 2.48 0
Control 1.39 0.18 2.54 0
G.geosporum 1.61 0.22 3.07 37
G.monosporum 1.36 0.19 2.33 9
G.mosseae 1.61 0.14 2.83 35
Harrier Control (+P) 0.85 0.16 1.33 0
Control 0.76 0.10 .22 0
G.geosporum 0.87 0.12 1.58 L6
G.monosporum 0.82 0.09 1.23 14
G.mosseae 0.99 0.09 1.62 32
Avenge Control (+P) 0
Control 0
G.geosporum ND#* ND ND 26
G.monosporum 12
G.mosséé}ﬂﬁw 33

*LSD (P0.05) for significant difference between G. geosporum treatments
= 6.0. Differences between treatments of the other two endophytes
were not significant.

ND= DATA




Table 6.7 - Effect of herbicide application on total fresh weight (FW)
yields of shoots of wheat at harvest of Experiment HI.
Mean values of results are quoted with levels of significance.

F Value Significance
Herbicide 20.35
Fungi 6.41 R
Herb X Fungi 1:.70 NS
Treatment [Control | Dicurane .Ceridor Avenge |Harrier LSD
PO5 PO1 POO1
Herbicide | 24.96 18.59 24 .84 24.61 24,74 1.73 2.29 | 3.0
Treatment |G. G. geo- G.mono- | Control|Control
mosseae | sporum sporum (+P)
Fungi 25.05 24,81 23.46 21.14 | 23.38 1.73 2.29 3.0
Treatment | G. G. geo- G.mono- | Control|Control
Interact'n] mosseae| sporum sporum (+P)
Control 25:76 25.36 23.48 22.98 | 27.24
Dicurane 20.12 19.82 18.58 15.70 | 18.74
Ceridor 27.38 25.16 27.14 22.82 | 21.70 | NS NS NS
Avenge 25.00 24,50 24,32 24,20 | 25.04
Harrier 26.98 29.22 23.80 20.02 23.70




Table 6.8 - Effect of herbicide application on ear yields
(F.W.) of shoots of wheat at harvest of Experiment HI1.
Mean values of results are quoted with levels of significance.

F Value Significance
Herbicide 106.54
Fungi 3.55
Herb X Fungi 3.52 | wwx
Treatment | Control | Dicurane Ceridor Avenge |Harrier LSD
P05 PO1 P00
Herbicide |3 336 0.964 3.796 3.448 |3.832 0.33 | 0.43 [0.56
Treatment |G. G. geo- G.mono-= | Control|Control
mosseae | sporum sporum (+P)
Fungi 3.156 3.336 2.996 2.748 |3.140 0.33 | 0.43 [0.56
Treatment G. G. geo- G.mono- | Control|{Control
Interact'n| mosseae| sporum sporum (+P)
Control 2.580 3.540 3.340 3.300 [3.920
Dicurane 1.340 1.100 0.780 0.760 0.840
Ceridor 3.960 3.760 4,360 3.340 3.560 0.73 0.97 125
Avenge 3.520 3.640 2.660 3.460 3.960
Harrier 4,380 5.6h0 3.840 2.880 3.420




Table 6.9 Effect of herbicide application on total shoot yields (F.W.)
at harvest in Experiment H2. Mean values of results are
quoted with levels of significance.

F values Significance

Herbicide 18.35
Fungi 11.63
Herb X Fungi 3.70 ;
Treatment Control | Avenge |Harrier |Ceridor LSD Value
PO5 PO1 POO1
Herbicide 16.38 10.19 12.69 14.04 |y 2.3 3.0
~ [G._mono- | G. G. geo-
Treatment [*55rim  |mosseae sporum
Fungi 11.32 13.88 14.76 - 1.49 | 2.0 2.6
Treatment G. mono-|G. G.geo-
Interaction | sporum |mosseae | sporum
Control 13.56 | 17.70 | 17.88
Avenge 10.66 8.18 11.72
- .0 | 4.0 g
Harrier 8.64 | 13.92 | 15.50 3 2.3

Ceridor 12.44 15.74 13.94




Table 6.10 Effect of herbicide application on the % fractional
infection and concentrations of nutrients in shoots of
VAM-infected wheat plants at harvest in Experiment H2.

Herbicide Percentage Element (DW) Final %
Treatment Fungus in Shoots VAM
Infection
N P K
Control G.geosporum 2.09 0.12 4,27 72
G.monosporum 2.17 0.11 L. 24 72
G.mosseae 1.96 | 0.09 3.29 76
Avenge G.geosporum 2.83 | 0.17 4.93 76
G.monosporum 2.69 0.18 5.18 64
G.mosseae 2.26 0.10 4.10 43
Ceridor .G.geosporum 2.39 0.10 3.79 63
G.monosporum 2.17 | 0.11 4, 55 L7
G.mosseae 2.25 0.09 4,21 4]
Harrier G.geosporum 2.57 0.14 4,99 73
G.monosporum 2.48 0.12 5.03 56
G.mosseae 2.24 1 0.10. 4.67 65
g




Table 6.11 Effect of herbicide applications on spore production
of VAM fungi at harvest in Experiment H1 (A) and
H2 (B), with levels of significance and means of treatments.

(A)

Herbicide Treatments with Spores per 10gm LSD
Fungi (FW) Soil

Control|Avenge | Ceridor | Dicurane|Harrier P05
B
mosseae 1% 1 4 1 3 NS
G.
monosporum 0 2 0 1 1 NS
geosporum 14 11 8 9 9 NS
(B)

Herbicide Treatments with Spores per 10gm LSD
Fungi (FW) Soil

Control |Avenge | Ceridor | Dicurane| Harrier PO5
G.
mosseae 18 6 10 ND 32 12
6.
monosporum 12 6 2 ND 12 7
6.
geosporum 66 24 30 ND 28 21

* means of four replicates
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plants with higher shoot P concentfatlons than plants with G. mosseae In all the
} herbicide treatments (Table 6.10). The higher overall P concentrations
’ observed in the Avenge treatments were probably due to their reduced growth
‘ relative to water-sprayed controls (seen in Dicurane treatments in Expt. H1).
N/P/K levels of plants infocted by G. mosseae and sprayed with Avenge were
lower than those in both of the other endophytes. and this should be noted with
the fact that Avonge also signlficantly roeduced G. mosseae Infection levels

Immediately following its application (Fig. 6. 2).

In terms of spore production. only low spore numbers were isolated at the
ond of Expt. H1 in all treatments including controls. and therefore no significant
effects of herbicide application were observed (Table 6. 11A). At the end of
Expt. H2. however. differences were noted between herbicide treatments (Table
6.118). Harrier significantly increased (P0.05) G. mosseae spore numbers
relative to controls. whilst Avange significantly reduced (P0.05) spore numbers.
Ceridor significantly reduced (P0.05) spore numbers of G. monosporum. All

three herbicides significantly roeduced spore numbers of G. geosporum.

6.3.4. Experiment F1

Table 6. 12 shows the results after 75 days. the time of Bavistin application.
but after Milgo and Sportak sprays. Overall. shoot fresh welghts were unaffected
by fungicide application. but yields of the Milga/Sportak (M/S) treatments
were noticably lower than tﬁe water—sprayed controls. Both G. geosporum
(P0.05) and G. monosporum (P0.01) significantly increased yields over G.
mosseae and non-inoculated control treatments. This trend was reflected in the
shoot P concentrations (Table 6. 12C) where plants infected by G. geosporum
and G. monosporum had twice that of the non-inoculated control levels. It should
be noted that G. mosseae plants were much slower to develop internal infection

than the other two endophytes up to day 39 and this may have had an effect on




- 103 -

reducing any response to Infection. G. geosporum and G. mosseae infection
levels were unaffoected by fungicide applications at this stage. but G.
monosporum Infoection levels were significantly (P0.05) lower than the water—

sprayed controls after Milgo application and in the M/S treatments (Fig. 6.3).

Table 6. 13B shows results after 104 days revealing no significant effect of
fungicide application on yields. however. Sportak.and M/S/B treatments
had noticably lower yields than water—-sprayed controls. All three endophytes
significantly Iincreased ylelds relative to non—lnocula_tod control. Ther_e were no
significant interactions. The infection levels of all three endophytes were
significantly lower (P0.0S)' in the M/S/B treatment compared with the water—
sprayed controls (Fig. 6.3). Infection was also significantly lower in the Bavistin
sprayed treatments of G. monosporum and G. mosseae and in the Sportak
treatment on G. mosseae. All VAM infected plants contained higher internal
shoot P concentrations than uninfected controls (Table 6. 13C). The effect of
the M/S/B treatment in reducing infection levels of G. geosporum was reflected
in the lower internal P concentration recorded in comparison with that of the
other two endophytes. It was. howaver, still higher than the uninfected control
treatment. Of note. again. is the slightly higher levels of N and K recorded in G.

mosseae infected plants.

At harvest. day 135. there was still no overall effact of fungicldo application
nor significant interactions (Table 6.14). Plants infected with G. geosporum
(P0.01) and G. monosporum (PQ.001) produced significantly higher yields than
non-lnoculated controls. G. monosporum-infected plants also significantly
outyielded those infected with G. mosseae (P0.001). Plants infected with G.
mosseae outyielded the non—-inoculated control but this effect was not significant.
The M/S/B treatment reduced or delayed ear formation compared with the

water—sprayed controls. and this effect is reflected in the internal shoot P




- 104 -

concentrations observed (Table 6.14C). with only plants infected with G.
monosporum having a higher Internal P concentration than the non-lnoculated

control.

6.3.5. Experiment F2

Infection of plants in this experiment was slow. especially for G. mosseae
(Table 6.15) and as a result spraylng was delayed. Subsequontly a plant
disorder causing foliar discolouration of the leaf tips and poor plant vigour
curtailed the experiment and caused the elimination of the planned Bavistin

application.

Infection levels increased little after 86 days. reaching a maximum of
between 30-40% for the three endophytes (Table 6.15). The control +P
treatment did not reduce infection levels of G. geosporum and G. mosseae but
caused a reduction in plants infected with G. monosporum after 86 days. The
spray applications had little effect on infection levels. All plants infected by the
endophytes had higher levels of N/P/K than non-inoculated controls (Table
6. 16) and also higher than the control +P treatment at harvest (Table 6. 16C) .
There was no effect of fungicide application or fungal treatment on the ear yields
(Table 6.17). but there were significant effects on total yields (Table 6.18).
Both control +P and Milgo treatments significantly increased total yields (P0. 05)
relative to control levels. G. monosporum. however. was the only endophyte to
significantly increase yields rélative to non—inoculated control treatment levels.
This was unexpected since all three endophytes contained higher internal shoot
N/P/K levels than control treatments at harvest (Tabl.o 6.16C) with G.
monosporum the lowest of the three. This anomaly may relate to the plant

disorder noted.
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With respect to spore production. individual applications of Sportak. Bavistin
and the M/S/B treatment had all significantly decreased the spore numbars of G.
geosporum and G. mosseae during Expt. F1 (Table 6. 19A) . By the end of Expt.
F2 Mligo. Sportak and M/S treatments had all significantly decreased spore
lovels of G. geosporum (Table 6.19B). In both Expt. F1 and Expt. F2 Milgo
significantly increased spore production of G. monosporum whilst spore numbers
In the Sportak and M/S/B treatments were lower than control levels. The addition

of phosphorus in Expt. F2 significantly reduced spore production of G. mosseae.

6.3.6. Experiment F3

Infection spread. particularly by G. geosporum and G. mosseae. was slow
up to the time of spraying at 54 days. Plants recelving the Calixin application
produced the highest final infection levels with all three endophytes. and these
were significantly higher than the water-sprayed controls for G. geosporum and
G. mosseae (Figs. 6.4 and 6.5A). Bavistin significantly reduced infection
relative to water-sprayed control levels at all samplings for all three endophytes.
Tilt Turbo significantly reduced infection of G. geosporum and G. monosporum
relative to water—sprayed control levels at harvest. and G. mosseae after 75
days. These trends. at harvest, wero reflocted by the Internal N/P/K shoot
concentrations (Table 6.21 and Filg. 6.5B) since all three endophytes had
slightly higher levels of P than non-mycorrhizal controls in the water—sprayed
control and Calixin treatments but not so in the Bavistin and Tilt treatments.
Indeed. Bavistin reduced internal N/P/K levels relative to non-mycorrhizal
control levels. whilst Calixin increased them. There was no overall effect of
fungicide application on final yields of wheat (Table 6. 20) but Calixin ylelds were
the highest. G. geosporum and G. monosporum significantly increased (P0.01)
yiolds above non—-mycorrhizal controls despite the lslow infection. Few spores

were noted at harvest so spore counts were not made.




Table 6.12

Effect of fungicide applications on shoot yields (F.W.) of wheat
and shoot nutrient concentrations after 75 days in Experiment F1

with levels of significance and means of treatments.

F values Significance
Pesticide 1.37 NS
Fungi L.91 ek
Pesticide X Fungi 1.56 NS ,
Treatment |Control Milgo [Sportak M/S LSD Value
Pesticide 7.10 6.15 6.78 5.96 NS NS NS
v G, G.mono- |G. geo- _
Featment mggseae sporum |sporum Control| P05 PO1 P0OO1
Fungi 5.64 7.66 7.02 5.66 1.3 1.7 | 2.2
Treatment 6. G.mono-| G.geo- | Control
Interaction |mosseae sporum | sporum
Control 6.44 6.42 8.82 6.72
Milgo 5.16 7.66 5.58 6.20 NS NS NS
Sportak 5.26 9.44 7.58 L.84
M/S 570 Ps 12 6.12 4.90
Fungicide Fungal % Element (DW) in Shoots % VAM
Treatment Treatment Infection
N P K
Control Control 1.53 .06 2.61 0
G.geosporum 1.4 L1 2.78 57
G.monosporum 1.41 .12 2.37 65
G.mosseae 1.51 .07 2.81 70
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Figure 6.3 Effects of fungicide applications on development of VAM infection
in Experiment F1. Error bars show levels of significance (LSD, P = 0.05).
(M = Milgo, S = Sportak, B = Bavistin applications).




Table 6.13 Effect of fungicide applications on shoot yields (FW) of
wheat and shoot nutrient concentrations after 104 days in
Experiment F1 with levels of significance and means of
treatments

F values | Significance

Pesticide 2.08 NS
Fungi ]6. 10 Rsleds
Pesticide X Fungi 1.76 NS
Treatment Control | Milgo Sportak BavistinM/S/B LsSD
Pesticide 10.34 9,76 7.97 10.85 8.69 NS
I G.geo- G.mono- |G. Control
reatment sporum sporum mosseae PQO5 PO1 POO1
Fungi 10.07 | 13.28 | 8.45 6.30 | 2.1 [2.7 |3.5
Treatment G.geo- G.mono-| G. Control
Interaction|sporum sporum | mosseae i
Control 13.10 14.56 7.36 6.36
Milgo 8.46 14,42 9.14 7.04
Sportak 8.08 8.68 | 8.68 6.44 | NS NS tis
Bavistin 10.36 | 18.36 7.98 6.70
M/S/B 10.36 10.36 9.10 4,96
Pesticide Fungal % Element (DW) in Shoots % VAM
Treatment Treatment N P K Infection
Control Control 2.30 0.07 4.09 0
G.geosporum 2.36 012 3.2] L4
G.monosporum 2.04 0.09 | 3.17 54
G.mosseae 2.30 0.09 4,21 69
M/S/B Control 2.07 0.05 3.47 0
G.geosporum 1.98 0.07 | 3.26 21
G.monosporum 2.19 0.12 | 2.68 36
G.mosseae 2.25 0.08 3.81 52




Table 6.14 Effect of fungicide applications on shoot yields (FW) of
wheat and shoot nutrient concentrations after 135 days in
Experiment F1 with levels of significance and means of

treatments.

|
F values Significance !

Pesticide 0.91 NS
Fungi ]4_75 sk
Pesticide X Fungi 122 NS
1
Treatment Control |Milgo Sportak |Bavistin|M/S/B LSD
Pesticide 12.63 13.96 11.62 11.69 |14.41 NS
G. Giéeo- G.mono- e
Treatment Control Mosseae | Sporam Sporum PO5 PO1 POO1
Fungi 8.17 10.86 13.47 | 18.95 3.4 | 4.5 5.8
T — Control |G. G.geo- {G. mono-
Interaction mosseae | sporum |sporum
Control 9.68 10.02 11522 19.62
[ Milgo 6.92 12.82 17.90 18.20
Sportak 6.64 11.34 12.08 16.42 | NS NS NS
Bavistin 9.96 .| 10.62 12.10 14.10
M/S/B 7.66 9.52 14.06 26.40
Pesticide Fungal % Element (DW) in Shoots
Treatment Treatment N P K
Control Control 2.18 0.07 3.47
G.geosporum 2.40 0.10 3.58
G.monosporum 2,22 0.10 2.91
G.mosseae 2.36 0.10 3.83
M/S/B* Control 2.08 0.14 0.94
G.geosporum 2.09 0.14 1.34
G.monosporum 2..13 0.18 1.16
G. mosseae 2.11 0.14 1.07




Table 6.15 VAM infection development in the fungicide treatments
of Experiment F2 with levels of significance and
means of treatments

Fungal Pesticide Days since Sowing
Treatment Treatment 86 128 186
G. Control 39 33 39
geosporum Control (+P) Ly ND 33
Milgo E 30 28 L
Sportak 16 42 30
M/S/B 10 ND 34
LSD (PO5) 8.0 6.0 6.0
G. Control 15 22 23
mosseae Control (+P) 17 ND 36
Milgo E 13 21 20
Sportak 8 19 24
M/S/B 11 ND 30
LSD (PO5) NS NS 7.0
G. Control 32 26 24
‘monosporum Control (+P) 8 ND 20
Milgo E 24 13 34
Sportak 29 21 32
M/S/B 25 ND 92
LSD (PO5) 7.0 5.0 5.0




Table 6.16 Concentrations of nutrients in shoots of wheat
after 86(A), 128(B) and 186(C) days of
Experiment F2.

(A)
% Element (DW) in Shoots

Fungal -

Treatment N P K

Control 2.62 0.24 5.45

G.geosporum 3.17 0.30 6.16

G.monosporum 3.13 0.33 6.34

G.mosseae 3.20 0.30 6.34

(B)

Fungal % Element (DW) in Shoots

Treatment N P K

Control (+P) 1. 44 0.39 3.30

Control 1.47 0.20 3.45

G.geosporum 2.44 0.29 4.83

G.monosporum 1.86 0,27 4.05

G.mosseae 1.92 0.26 L,14

(C)

Pesticide Fungal % Element (DW) in Shoots

Treatment Treatments N P K

Control Control 0.73 0.11 1.63
G.geosporum 1.16 0.29 2.30
G.monosporum 0.96 0.16 2.08
G.mosseae 1.21 0.22 232

Control (+P) Control 0.70 1.15 1.38
G.geosporum 0.81 0.20 1.55
G.monosporum 0.69 0.16 1.46
G.mosseae 0.81 0.19 1.58

Milgo E Control 0.78 0.11 1.61
G.geosporum 1«27 0.24 2.89
G.monosporum 0.99 0.16 1.86
G.mosseae 1.11 0.22 2.50

Sportak Control 0.73 0.11 .64
G.geosporum 1.27 0.22 2.64
G.monosporum 1.08 0.18 2.11
G.mosseae 1.03 0.16 2.18




Table 6.17 Effect of fungicide application on ear yields (FW) of VAM-
infected and uninfected wheat plants at harvest of
Experiment F2. Mean values from each treatment are given
with levels of significance.
F Values Significance
Pesticide 0.91 NS
Fungi 2.31 NS
Pesticide + Fungi 2.02 NS
Treatment Control Control Milgo Sportak LSD
(+P)
Pesticide 2.98 3.14 2.90 2.65 NS
Treatment S. G.geo- G.mono- Control
mosseae sporum sporum
Fungi 2,52 3.16 3.20 2.7 NS
Treatment G. G.geo- G.mono- Control
Interaction| mosseae sporum sporum
Control 2.50 3.74 2.60 3.08 NS
Control (+P) | 2.42 3.82 3.68 2.64
Milgo 236 2.90 3.98 2.36
Sportak 2:82 2.20 2.56 3.02




Table 6.18 Effect of fungicide application on total yields (FW) of
VAM-infected and uninfected wheat plants at harvest of
Experiment F2. Mean values from each treatment are
given, with levels of significance.

1
F values Significance

Pesticide 3.42
Fungi 3.67 *
Pesticide X Fungi 121 NS
Treatment Control { Control | Milgo |Sportak LSD Value
(+P)
P05 PO1 P0OO1
Pesticide 16.02 19.74 19.71 17.21 2.9 3.8 5.0
G. G.geo- G.mono-| Control
Treatment =
mosseae | sporum | sporum
Fungi 16.18 18.22 2077 17.42 249 3.8 5.0
T — G. G.geo-| G.mono-|Control
Interaction | Desseae sporum| sporum
Control 13.84 | 18.48 | 17.36 14.42
Control (+P)} 17.84 20.32 20.54 20.26 NS NS NS
Milgo 15. 44 19.20 | 26.00 18.20
Sportak 17.60 14.88 | 19.20 16.80




Table 6.19

of VAM fungi

in Experiments F1 (A

Effect of fungicide application on spore production
) and F2 (B).

Mean values from treatments with levels of
significance.

per 10g (FW)

Fungicide Treatments with Spores

Fungi Control|Sportak|Bavistin|Milgo E|M/S/B
o

geosporum 147% 62 89 139 77

s

MONOSpPOrum 25 13 25 67 13

B

mosseae 58 25 16 20 6

(B)

Fungicide Treatments with Spores
per 10g (FW)
Fungi Control [Control |[Milgo E [Sportak | M/S
+P

6.

geosporum 200%* | 218 128 27 100
G.

monosporum 22 13 43 25 16
G.

mosseae 37 14 15 20 90

* means of 4 replicates




Table 6.20 Effects of fungicide application on total yields (FW)
of wheat at harvest in Experiment F3. with levels
of significance and means of treatments

F value | Significance

Pesticide 1.08 NS
Fungi 5,42 %o
Pesticide + Fungi 0.18 NS
Treatment Tilt Bavistin Calixin Control LSD
PO5 POT |POOI1
Pesticide 11.82 11.04 12.64 10.64 NS NS NS
Treatment G. G. G. Control

— — —

mosseae|l monosporumjgeosporum

Fungi 10.99 13.44 1.2+ 72 8.99 2.4] 3.2 |4.3
Treatment G. G. G._ Control

Interaction mosseael monosporum|geosporum

Tilt 10.87 13.65 13.75 9.00

Bavistin 10.12 1272 12.85 8.47

Calixin 13.17 14.95 12.95 9.50 NS NS NS

Control - 9.80 12.45 11.32 8.97




Table 6.21 Concentration of nutrients in shoots of wheat at
harvest in Experiment F3.

Pesticide Fungal % Element (DW) in Shoots
Treatment Treatment
N P K
Control Control 1.95 0.06 4,21
G.geosporum 2.06 0.08 4 .56
G.monosporum 1.86 0.08 4.23
G.mosseae 2.17 0.07 4,18
Bavistin Control 2.37 0.07 4,33
G.geosporum 1.83 0.06 3.72
G.monosporum 1.90 0.06 413
G.mosseae 1.93 0.06 3 70
Tilt Turbo Control 1.85 0.06 3.75
G.geosporum 1.96 0.07 3.88
G.monosporum 1.83 0.07 3.46
G.mosseae 1.94 0.06 4,03
Calixin Control 1.98 0.06 4,35
G.geosporum 2.08 0.08 L. L6
G.monosporum 2.15 0.09 L.82
G.mosseae 2.19 0.09 4,86
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Figure 6.4 - Effects of fungicide applications on development of VAM

infection in Experiment F3. Error bars show levels of
significance (LSD, P=0.05). Arrows (F) show time of
addition of fungicides.
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Figure 6.5A - Effects of fungicide applications on development of
VAM infection in Experiment F3 (continued).
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6.4. DISCUSSION
6.4.1. Expoerimont 1

As In previous studles (0.g. Klernan et al., 1983). Increasing soll
phosphorus was correlated with decreased infection levels of both VAM
ondophytes tosted. in the root systems of winter wheat (Fig. 6. 1) . It was noted
in this study. however. that the 2P phosphorus level (approx. 50ppm Olsen
extractable P) in the growing medium was adequate for non-mycorrhizal whecat
growth but led to a significant reduction in both VAM infection and ear yields in
mycorrhizal plants (Table 6.4). The final Infection levels of G. geesporum and
G. mosseae In these two treatments were 16% and 10% respectively, and the
infection did not appear abnormal (i.e. there were arbuscules present). Crush
(1976) frequently noted that VAM fungl were deleterious to legume crops which
were heavily fertilised (high soil P). and apparent pathogenicity has also been
noted with sparse VAM colonisation (Crush., 1976:. Hall et al. 1977). Davis and
Young (1985) showed that 10% infection levels of Gig. margarita depressed
wheat growth in pots. Kiernan et al (1983) . however. observed that several VAM
endophytes. tested over a range of soil P levels. intubited plant growth,

This occurred at differont P levels and with different infection lovels of
various endophytes (4-59%). Furthermore. Kolde (1985) noted a permanent
decrease In the leaf area of VAM-infected sunflowaers when grown in a soil of
L

modaerate P avallability (]5,.19 g" . whilst such an effect was transient in a soil of

]) . These observations can be explained by considering

low P availability (5pg g
the nutrient drain imposed by the presence of the symbiont. Snellgrove et al
(1982) showed that a VAM endophyte increased transport of fixed carbon to the
roots of leek plants by about 7% of the total and suggested that about 10% may be

an average value for well-infected mycotrophic species under steady growth

conditions. This loss of photosynthate maybe compensated for in VAM-Infected

.




- 107 -

plants (growing in low soil P conditions) by increased uptake of nutrients
stimulating plant growth. |f. however. the plant can obtain sufficlent P from the
soil solution without the aid of a VAM symbiont. it could be that infection would be
ossentially parasitic. Bethlenfalvay et al (1982) showed that the early plant
growth Inhibition of soybean Infected by G. fasclculatum was a result of
carbohydrate demand on the host by the endophyte. It is known that the carbon
requirement for growth of grain is met largely by photosynthesis carried out after
anthesis. whilst the number of grains are determined before anthesis. The
nitrogen requirement can on the other hand be provided to a large extent by
nitrogen taken up before anthesis (Splertz and Vos. 1985) . Since grain analysis
of the VAM infected plants in the 2P treatments also revealed lower N
concentrations. it may be that a combination of carbon drain and reduced
transfer of N to the grain could have Inhibited ear devel?pment. In this case. the
) OSiNG
fungal infoction sites could have acted as an/\r:\f:tabo?lc ‘sink’ to the grain.
throughout plant growth. The presence of ‘a fungal-specific (VAM) alkaline
phosphatase locallsed In the mature arbuscles of G. mosseae Infecting onion has
been shown (Gianinazzi et al. 1979). This phosphatase activity was inhibited by
increasing phésphate concentrations in the incubation medium of onion root
extracts (Gianinazzi-Pearson and Gianiniazzi. 1978). It is believed. therefore.
that thls enzyme could ald the transfor of P from the polyphosphate granules.
localised in the same vacuoles as this alkaline phosphatase actl‘vity (Cox et al. .
1975) . which the VAM fungus.moves from Its external hyphal network into the root
cortex (Capacclo and Callow. 1982). If the Inner root cortical cells have
adequate levels of P. this could halt the trénsfer of P across the arbuscular/host
plasmalemma interface. In reacting to such a situation it has been shown that the
fungus is capable of rapid polyphosphate synthesis. possibly via an increase in

the activity of polyphosphate kinase (Capaccio and Callow. 1982). If arbuscles
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are actlve without transfering such nutrients as P It may be acting as a lype of
haustorium and drain photosynthate from the host. F. Amijee (Rothamsted
Experimental Station) has also observed growth depressions in G. mosseae
infectod leeks grown at high soil P levels (pers. comm.). This aspect of
VAM/host interactions needs further study since high soil P levels are commonly
found in intensive agricultural systems. correlated with low VAM infection levels

(Black and Tinker. 1979. Dodd and Jeoffries. 1986) .

A second point darived from this experiment Is the potantial afficiency of tho
two endophytes in relatibn to their effects on plant yields and nutrient uptake. G.
geosporum (0P) significantly Increased ylolds over non—mycor-rmzal conurols
(Tables 6.2-6.5) at all samplings. whilst plants infected with G. mosseae (0P)
had higher yields than the control plants only at harvest. This may relate to its
initial slow infection spread up to day 70. It should be noted that the growth
response in G. geosporum infected plants (OP) noted at harvest was evident as
early as the first sémpling. indicating an early stimulatory effect (Table 6.2).
Plants Infocted by G. geosporum already had twice the Internal P concentration
and fresh welight of the non-mycorrhizal control (0P). This almost certainly
indicates the the that rapid early infection of young root systems is naecessary for
a beneficial growth response to occur. In Expt. F1 (Fig. 6.3) G. mosseae was
agaln slow to infect and at the end of the experiment the same trend of
“efficiency’ was observed as this experiment. with G. monosporum giving oven
higher final ylelds than G. geosporum. It should. howe‘vor, be noted that this
irend In ‘efficloncy’ also occurred In Expts. F2 and F3 where all threo
endophytes were slow to Infect and it might therefore be assumed that undor
these growth conditions G. mosseae is less efficient than the other two
ondophytes in promoting plant growth and P uptake. In contrast G. mosseae

appeared the most efficient of these three endophytes in a sand of pH8. 0 used in
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Experiment 1 of chapter 8 and was also the only endophyte to infect peppers
grown in a high P soil (Olsoen P 76 mg ™Y ata pH of 7.3 Iin a commorcial
grocnhouse at Wye Colloge. with 30% of the roots infected (Dodd and Jofirios

unpublishod data) .

Significantly increased ylelds of VAM-infected plants relative to non-
mycorrhizal controls were still revealed after late infection with G. mosseae
producing overall the highest plant growth (Table 6.7). A feature of this late
stimulation of growth by G. mosseae was not higher shoot P levels but higher
internal N concentrations (Table 6.6). This has also been noted with G.
caledonium infection of lucerne (Nielson and Jensen. 1983). As a comparison.
Ames et al (1983) observed that celery Infected by G. mosseae took up more
]-SN from two ammonium nitrogen sources (organic and inorganic). than non-
infected plants. Their plants. however. had very low infection levels (<7%) and
there was no significant growth response. The occurrence of late infection in
Expt. H1 did not eliminate a growth response as seen bs( increased ear yields of
VAM-infacted plants (Table 6.8). It may therefore be that late season infection
of winter wheat. In low soll P conditions. could have a beneficial role to play in
the pre—anthesis period. since yields of G. mosseae plants were signifcantly
higher than control +P plants (Table 6.7) despite having lower foliar P. It is
probable that deficiencies of other nutrlents llke N and K helped to highlight tho

beneficial effects of VAM infection.

6.4.2. Herbicides

The main effect noted in H 1 was the apparent phytotoxic action of
Dicurane (a.l. chlortoluron) when applied as a follar spray. It caused a
significant reduction (P0.001) in final ear and total yleld$ assoclated with higher
internal nutrient levels (Tables 6.6-6.8). Spokes et al (1981) also noted that

chlortoluron incorporated directly into the soil medium. reduced germination and
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prevented normal growth of onion in a glasshouse experiment at a a field rate

equivalent to 4kg ha™!

. Potential phytoxicity problems of chlortoluron should be
noted when used in pot studies since it would appear to have a powerful residual
action. Soil taken from a field in S. Kent. which had received a Dicurane
application three months previously. totally inhibited normal radish growth when
used in a pot study (Dodd. personal observation). Dicurane. however. had no
effoct on VAM Infection levels and little effoct on spore germination (see provious
chaptor) . Plants infected with G. mosseae. in Expt. H1, had improved final ear
and total yields relative to non-inoculated control levels and may. therefore.
have helped alleviate the phytotoxic effects of chlortoluron. Ocampo and Barea

(1985) also noted that VAM fungl seemad to ald wheat plant rocovery from the

phytotoxic low doses of a carbamate herbiclde (a photosynthesis inhibitor) .

There were transitory or ﬁo innb i:%fo-'g effects of the other herbicides tested in
Expt. H1 on VAM infection levels. Ceridor and Harrier did tend to increase the
total yields of VAM-infected plants and significantly increased ear yields (Table
6.8). Both these herbicides contain the translocatable hormone-like active
moiety mecoprop. along with a contact herbicide ingredient. as outlined in the
previous chapter. It is Interesting to note that Nilsson (1973) showed that
mecoprop enhanced 'take-all’ disease caused by Gaeumannomyces graminis in
pot experiments at low concentrations. It was suggeosted that susceptibility of the
host to infection was increased due to the malformation of the wheat roots after
mecoprop abpllcatlon. allowing a more rapld Invasion of the fungus than into
healthy roots. Since root parameters were not measured in this study it is not
Clear if these herbicides increased the length of infected roots causing changes
in efficiency of nutrient uptake or whether the hormone-like activity had a
beneficlal effect on the fungi directly. It is known that some VAM fungi can

produce substances with hormone-like activity under axenic conditions (Barea
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and Azcon—Aguil.ar. 1982) and within the plant (Allen et al.. 1980). it may
therefore be that a synergistic hormonal effect is affecting plant growth. The role
of hormones in VAM associations requires furthér study. The low levels of
infection observed in G. monosporum treatments in Expt. H1 (<14%) were
probably responsible for the obsarved reduction In the banaeficial effect on plant

growth compared with the other two endophytes.

Expt. H2 revealed the eoffects of a second spray treatment on the same
growth environment. Allowing for the probloms of contamination of the controls.
the reduced plant vigour caused by theseé herbicide applications was probably
due to phytotoxicity problems caused by the accumulation of residues in the
durite. Dicurane treated plants dled 15 days after spraying and yet only plants
Infocted with G. monosporum showed significantly lower root infection levels than
the water—-sprayed treatments (Fig 6. 2) . Avenge signlificantly reduced (P0.001)
overall total yields and yet had no effect on the root Infection levels of either G.
geosporum or G. monosporum, and G. mosseae levels were significantly
reduced only at the time of harvest. Ceridor generally lowered the infection
levels of each endophyte at 15 days after application. and also at harvest but was

the least inhibitory of plant growth.

Spore levels were generally reduced or unaffected over the duration of the
wo oxperimonts following heorbicldo applications. This would accord with
previous work reporting that herbicide application had little effect on VAM
sporulation when equivalent field rates were used. although occasional
reductions may be observed at higher doses (Pope and Holt. 1981. Smith et al.

1981. Sylvia and Schenck. 1983).

Although herbicide applications seem to have had few apparent direct effects

on VAM Iinfection parameters. It Is noteworthy that recent work has Indicated

depressed metabolic activity of G. mosseae colonising alfalfa and wheat root
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systems following spraying with a photosynthesis inhibitor herbicide. This was
recorded 48 hours after application and may be short term since Santakunari and
Das (1972) concluded that plants recover their normal metabolic activity and

growth 72 hours after herbicide application.

6.4.3. Fungicides

Hesults of these three experiments affirmed the fungitoxic effect ot foliar
applied Bavistin (a.i. carbendazim) on VA mycorrhizas in pot experiments, at
equivalent field rate applications. The thiazoles (benomyl., carbendazim and
thiabendazole) are particularly suppressive of the Zygomycotina but less effective
with  most members of the Ascomycotina and Basidiomycotina. The
tE ndogonaceae have been placed in the Zygomycotina. albeit in a separate
order, the Endogonales. (Benjamin., 1979) and the effects of benomyl on the
VAM symbiosis support this placement. Benomyl. which breaks down to give the
active moiety carbendazim. has frequently been incorporated into the soil ot
VAM-infected plants and has subsequently been shown to reduce both intection
and sporulation of several Glomus spp. (Bailey and Safir, 1977. Boatman er al.
1978 De Bertoldi et al. 1977. Jalali and Domsch, 1975; Nemec. 1980: Ocampo
and Hayman, 1980. Parvathi et al, 1985; Spokes et al. 1981; Verkade and
Hamilton, 1983). This method of application is. however., not widely used
commercially. the more common practice being foliar application of fungicides to
cereal crops. Much of the previous work has ignored this along with the fact that
timing and rates of applications of fungicides normally occur at specific growth
stages of the particular crop and not at sowing. The active moieties of all the
fungicides tested in this study remain localised within the treated leaves following
foliar application and are not translocated downwards within the plant to the roots
(see Davidse and de Waard, 1984). Only 5% of the active moiety applied 10 a

plant in a foliar spray passes through the leat cuticle into the plant. It is,
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however, known that these compounds are readily taken up by roots and rapidly
translocated to the leaves in the transpiration stream. Since only about 20-40%
of the surface of the pot was covered by wheat foliage in these experiments. 60-
80% of the applied spray would have reached the surface of the growth medium
directly or as ‘run-off’ (P. Nicholls. Rothamsted Exp. Sta. . pers.comm.). Itis
also known that fungicides (more than herbicides) have tairly high adsorption
coefficients in soils. Bateman and Nicholls (1982) used a computer simulation to
attempt to predict the movement of benomyl in soil in pots and in the field. They
used it to estimate the upward movement of water and reversibly-adsorbed
fungicide during periods of soil drying. and downward movement after watering.
They concluded that a cycling of the fungicide within the pot would occur,
creating an environment whereby roots would be continually exposed 10 the
applied chemicals. The inhibitory and stimulatory effects of the pesticides on the
VAM symbiosis in this study would therefore appear to be as a result of either
direct contact with the VAM mycelial network in the pot or their uptake by hyphae
(or root) and subsequent effect on fungal metabolism. Fungicide movement in
field soil would also be greatly influenced by soil conditions. rainfall and time of
application. A cereal crop. for example. receiving an early autumn application of
Calixin to control mildew would have only a small percentage of ‘ground-cover’
and The cycling of fungicides in pots is likely to be less applicable in the field
situation. particularly for crops grown in temperate regions where soils are at or
near field capacity for much of the growing season. Expts. F1. F2 and F3
showed the negative eftects of spraying Bavistin on a well-developed VAM
infection (Expt. F1) and on a rapidly spreading young infection (Expt. F3). In
Expt. F1 the later application of Bavistin alone and as a third spray in a simulated
lypical intensive spray program (R. Chapman. personal communication) .

reduced overall VAM infection levels (particularly in the M/S/B treatment) . The
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most dramatic effect was noted with the M/S/B treatment on G. geosporum (fig
6.3). Hale and Sanders (1982) applied a soil drench of benomyl on a well
established VAM infection of red clover. It halted further infection and reduceca
phosphorus inflow by an order of magnitude compared with untreated controls
They also showed a decrease in the rate of plant growth coincident witn this
roduction of phosphorus inflow. implying that the VAM fungus was the major
factor involved in phosphorus uptake in the low soil P conditions usea. Tney
further suggested that the mechanism of this inhibition was interference with the
polyphosphate containing vesicles in the external hyphae via direct action on
cytoplasmic microtubule formation. This effect was more clearly observed in
Expt. F3 where all VAM-infected plants had reduced internal N/P/K levels
compared with their water-sprayed controls (Table 6.21). The absence of a
corresponding growth depression in these treatments may be explained by the
fact that wheat is not a wholly mycorrhizal dependant plant under low P conditions
compared with plants like cassava (Howeler et al. 1982). onion (Dodd and
Krikun. 1983) or soybean (Bailey and Safir. 1978). The infection levels of all
three endophytes were significantly reduced relative to water—sprayed control
treatment percentages at both samplings aflter Bavistin application in Expt. 3
(Fig. 6.4). revealing the strong inhibitory effect of this fungicide on an actively

spreading VAM infection.

It Turbo and Sportak sprays belong to a different systemic fungicide group.
the Triazole derivatives. which are etfective in controlling plant pathogens in the
Ascomycotina. Basidiomycotina and Deuteromycotina (Rathmell and Skidmore,
1982) . Sportak (a.i. prochloraz) was used in Expt. F1 and F2 and appeared to
have inhibitory effects on G. geosporum and G. mosseae intections (Fig. 6.3)
in the former experiment. It also reduced yields following application in Expt. F 1

but these had recovered at harvest. Effects in Expt. F2 were masked by reduced
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plant vigour, but, Sportak treatments produced the lowest ear yields at harvest.
This was most evident in the VAM treatment yields (Table 6. 18) whilst it also
reduced spore numbers of G. geosporum over both experiments. The application
of Tilt Turbo (a.i. propicanazole) in Expt. F3 had a less inhibitory etfect than
Bavistin on VAM infection levels (Fig. 6.4), causing a slight reduction in the
internal nutrient status of the shoots of VAM-infected plants compared with
water-sprayed controls (Table 6.21). Nemec (1985) tested four such sterol
inhibiting fungicides including propicanazole. and found it to be the most
inhibitory against citrus plants infected by two Glomus spp. These sterol
inhibiting fungicides are known to inhibit the biosynthesis of ergosterol in fungi
and is the suggested mechanism of action in mycorrhizal species. This inhibitory
trend of Tilt was also observed in the spore germination studies in the previous

chapter.

Calixin has tridemorph as an active ingredient, as does Tilt Turbo. ana is
used as an eradicant of powdery mildews (Ascomycotina) . Its precise mode of
action is unclear. but, it is believed to act on the respiratory chain. Calixin
treatment increased infection levels. internal nutrient levels of the shoot. and
yields of all three VAM treatments at harvest in Expt. F3 (Fig. 6.4 and Table
6.21). It also appeared to stimulate germination of spores of all three
endophytes at certain concentrations (see previous chapter). These responses
are difficult to explain but it has previously been noted that single sprays of
tridemorph applied in October on winter barley have caused increased tillering
and root growth with associated improved crop vigour (Lester, 1971). If such an
increase in root length also increased the length of root with VAM infection under
low soil nutrient conditions a plant growth response might ensue due to more
efficient uptake of nutrients. Similar responses following pesticide application

have been reported in other crops e. g for sour orange plants inoculated with G.
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mosseae and subjected to varying concentrations of sodium azide (Nemec.
1980) . for white ash seedlings inoculated with G. fasciculatum subjected 1o
0. 5kg ha'] of paraquat (Pope and Holt. 1981). for VAM-infected soybeans
subjected to metalaxyl (Groth and Mortinson., 1983) and for fosetyl-Al on
mycorrhizal leeks (Jabaji-Hare and Kendrick. 1985) . The latter two interactions
are particularly interesting since both these two fungicides exhibit highly specific
fungitoxicity towards Oomycetes (Bruin and Edgington. 1984) with no effects
reported towards the Zygomycotina. Menge et al (1979) showed that Terrazole.
as a soil drench. significantly increased root colonisation and spore production
by G. fasciculatum in sorghum and this is also effective against Oomycetes.
Fosetyl-Al is also a downward translocated fungicide within the plant whilst the

systemic fungicides used in this study are all translocated upwards.

Milgo E application (a.i. ethirimol) had no effect on VAM infection of wheat
roots even when applied in the early stages of endophyte colonisation (c.f.
Bavistin) . In Expt. F2 it significantly increased final total yields (Table 6. 18) .
Brookes (1972) also noted increased vigour and weight of pots produced by
ethirimol treated plants and this may indicate the presence of a disease problem
in Expt. F2 which was relieved by the Milgo application (there was no evidence of
mildew pustules on the leaves). Ethirimol is normally used as a seed coated
treatment and in such a form has been shown even more deleterious to VAM
infections than benomyl (Jalali and Domsch., 1975). Ethirimol is known to be
more eftective against its target fungi (mildews) when applied as a soil treatment
six weeks after sowing. since it is taken up by the roots and readily metabolised
to release a fungicidally active derivative (Erwin, 1973) . Milgo had little eftect on
G. monosporum spore production over two experiments but did reduce spore

levels of G. mosseae at both harvests.




6.5. CONCLUSIONS

In conclusion to these studies, it should be emphasised that results of
greenhouse and laboratory screenings require verification in the field before
information for or against pesticide application is disseminated. With this in
mind. results of the four herbicides tested indicate that normal field application
rates are unlikely to have any serious adverse effects directly on VAM infection,
sporulation and spore germination. This conclusion was also arrived at by Smith
et al (1981) following field studies with six herbicides. Potential problems could
only arise from the phytotoxicity of such chemicals as Avenge and Dicurane when

used in pot studies.

The effects of the systemic fungicides tested on VAM infections ranged from
inhibitory (Bavistin) through less inhibitory (Sportak and Tilt Turbo) to
stimulatory (Calixin) ., a trend paralleled in the spore germination studies of the
previous chapter. The site and mode of action of these fungicides in the plant
would seem to be the major determinants of any effects on the VAM association.
Another important point arising from these studies is the possibility of using
pesticides to help elucidate certain aspects of VAM fungal metabolism. presently
made difficult due to their obligate nature. The use of different sterol inhibitor
pesticides like Sportak, Calixin and Tilt Turbo could be used to investigate sterol
metabolism. Since the modes of action of many systemic fungicides are unciear,
however, explanations of the results presented here are difficult. There does.
however, appear to be consistency between the pesticides grouped together
because of their similar active moieties (Ceridor/Harrier and Sportak/Tilt
Turbo). The new fungicide Tilt mbc deserves to be studied in the light of these
findings since it contains both carbendazim and propicanazole as active

moieties, both of which appear inhibitory to VAM fungi.
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CHAPTER 7

Tha affact of Inaculation of VAM Tungl on wintar whaeat grown In

fumigated and non—fumligated soll In the fleld.

7.1. INTRODUCTION

The beneficial influence of VAM fungi on plant growth in pots under low
soil-P conditions was reaffirmed in the preceding chapter. Similarly most of the
published results of the effocts of VAM fungi on plant growth are also from pot
experiments and there is a distinct lack of investigations on mycarrhizal effects in
the field (Fitter. 1985). The ultimate test of the potential beneficial role of VAM
Inoculation on the growth of a crop Is whether it can increase ylelds undor a
typical arable field system. Results from pot experiments often do not match
those from field work (Hayman and Mosse. 1979). This may be due to
differonces in the environment i.e. light. temperature. soil water status. pH and
restricted root growth. Nevertheless there have beon pot experiments which have
paralleled field work (e.g. Dodd et al. 1983. Krikun et al. 1982). In field
experiments using cereal crops. Khan (1975) and Saif and Khan (1977)
reported that inoculation of seedlings prior to transplanting into the field
increased growth of wheat by about 20 and 150% and that of barley by about 30
and 300% with and without added P respectively. Inoculation of a non-sterile
seed bed gave growth increases in the range 0-133% in studies on winter barley
(Clarke and Mosse. 1981. Owusu-Bennoah and Mosse. 1979.; Powell. 1981).

Jakobsen (1983b) found that inoculation of fumigated plots increased tho dry-
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matter yields of spring barley by 20%. and increased P uptake by approx. 100%.
Buwalda et al. (1985b) also found that artificlal inoculation with G. mosseao
increased the yields of both spring and winter barley and wheat sown on
fumigated plots by 17-25%. but little effoct was observed in non-fumigated plots.
Mycorrhizal infection also increased the P concentration in the shoots at very

early stages of growth. an effect which declined with time.

In my investigations. the three year study of the Sussex site. described in
chapter 3. rovealed high loevels of naturally occurring VAM infaection in the roots
of winter wheat crops throughout the season. It is. however, very difficult to
define the role of such Infection because of problems In manipulating the soil
Inoculum potentlal of the indigenous population without drastically changing other
soil properties. Such information may be obtained indirectly by comparing the
growth and P uptake in plants from fumigated plots with those from non-fumigated
plots (Dodd et al. 1983. Plenchette ot al. 1983a.b. Yost and Fox. 1979). A
more direct method is the inoculation of soil in which the indigenous VAM

population have been suppressed by fumigation (Buwalda et al. 1985a.b) .

This study was. therefore. designed to Investigate the effoct of inoculation of
sovoral isolates of VAM fungi on growth and nutrient uptake of a winter wheat crop
grown in fumigated and non-fumigated soil at two levels of added
superphosphate. The purpose being to Indicate the relative ofﬂclonéy of the

indigenous VAM population compared with other single species inoculants.
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7.2. MATERIALS AND METHODS

7.2.1. Experiment 1

This experiment was set up near theo headland ond of tho Sussex Ex-pasture
field at Goffsland Farm. West Sussex. The remaindor of the fleld had been sown

toryoon 14/10/84.

7.2.1.1. Experimental Design

2 area (32x10m) were staked out each with 18

Two plots covering a 320m
whole plots which were sub-divided into two. Whole plots measured 4. 5x3. 5m
and sub-plots 3x2m with 0. 5m paths around each sub—plot. The intention was to

harvest a 2m2

area within each sub—-plot. Roots were sampled throughout the
duration of the experiment. up to day 196. by removing plants (as outlined in
chapter 3. section 3.1.2.) with their root systems attached. The plants were
taken from rows situated on either side of the contral harvest area. Treatmonts
on whole plots comprised. two levels of superphosphate application in factorial
combination with fumigation and non-fumigation. with each whole plot sub-

divided into an inoculated and non-inoculated sub-plot. There were three fungal

treatments:

1. G. geosporum

2. G. monosporum

3. Mixed (G. geosporum and G. monosporum)

Each of the six treatments was roplicated three times in a completely randomised
design within each of the two large plots. P was applied on 24/10/84 to both
large plots after fumigation. This was broadcast as granular superphosphate

1

(18%P) on the soil surface at rates of 0 and 120 kg P ha ' and raked into tho

surfaco layor.
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7.2.1.2. Fumigation

The fumigation treatment was designed to eliminate the indigenous VAM
population in one of the two large plots (Photos 61 and 62) on 16/10/84. Methyl

bromide was the fumigant used at a rate of 125g m™2

using the hot gas mothod of
application. The liquid mothy! bromide flowod Initially into a coppor hoating coil
and was volatilisod. The gascous fumigant was thon dispensod into porforated
layflat tuboes (Photo 61) as a measurod dose using wolghing scalaos (Photo 62).
The wholo aroca was covorod undor a hoavy shoeot of polythene which was dug Into
the soil to a depth of 20cm around the perimoter of the large plot. thoreoby
allowing diffusion of the gas into the soil. The shoot of polythone was romovod
from the plot 72 hours after the fumigant was applied and vontod for 6 days prior

to sowing. After fumigation great care was taken to avoid contaminating the

fumigated plots with non-fumigatod soil.

7.2.1.3. Inoculation

2[0

\noculum of cach of the VAM fungal treatmonts was applied at 500g m
the inoculated sub-plots. Non-inoculated sub-plots rocoived an oqual aliquot of
non-infected medium as a control. The inoculum was appliod along furrows 6-

10cms deep. originally marked out by a tractor-drawn seed drill. giving 13cm

gaps botwoon rows across the plot.

7.2.1.4. Sowing

The experiment was sown with winter wheat var. Rapior on 22-23/10/84 at a
rate of 350 seeds m~2. The seed was sown directly on top of the inoculum using
a single-row manual seed drill. The sowing date was later than anticipated due to
a very wet October causing a delay in fumigation and venting. The crop received

1

a horbicide application of Dicurane (7L ha ') 5 wecks after sccdling

emorgonce. Unfortunatoly fresh chicken manure had beon appliod to the ontire




Photos 61 and 62 - Methyl Bromide fumigation of Sussex (G-2) field

site showing application of heated gas under
polythene tarps.
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fiold by the farmer in Septombor 1984 at a rate of 10 tonnaos ha !,

This fact was
not discovered until mid-Novembor 1984 following rocoipt of tho rasults of soll

analysis.

7.2.1.5. Measurements

In order to assess the effects of fumigation on the availability of nutrients in
the soil samples were taken for analysis on 14/11/84. Roots wore sampled at
regular intervals during the experiment for the estimation of VAM infection levels.
Plant foliage was sampled and analysed for internal elomont concentrations twice
during the experiment(on 14/11/84 and 5/5/85). Severe lodging of the crop
growing on the fumigated plot occurred during the wet summer months and an

attempt to obtain yield data was unsuccessful.

7.2.2. Experiment 2

In order to maximise the use of the fumigatod soll. this experiment was
designed to test the ability of three VAM fungal isolates. G. geosporum. G.
monosporum and G. mosseae. to improve the early season nutrient uptake of a

winter wheat crop allowed to grow for 56 days.

In July 1985 a section of the fumigated plot was scythed down and cleared.
leaving a total plot of 3x8m. This area was extensively rolavated to plough stubble
into the soil and create a fine soil texture suitable for sowing. This plot was
further sub-divided into 8 sub-plots of 1.5 x 2. 5m separated by 0.5m wido

paths. There were four fungal treatments:
1. G. geosporum

2. G. monosporum

3. G. mosseae

4. Non-inoculated control
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Each treatment was replicated twice and randomnly arranged. The Inoculum of

2 and controls recoived a similar

ecach ondophyte was appliod at a rate of 5kg m~
allquot of non-infocted matorial. This was broadcast ovor tho the soil surface and
rotivated into each sub-plot to a dopth of 10cms. Sowing occurred on 26/7/85
using the wintor whoat var. Rapior and thoe oxporimont was allowed to run for 56
days. Root samples were taken after 20.38 and 56 days for estimations of VAM

infoction. Foliago from oach plot was samplod at day 56 and analysod for intornal

nutrient lovels. Thore was insufficiont matorial to calculato yiold data.
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7.3. RESULTS
7.3.1. Experiment 1

Table 7.1 shows the results of soil analysis performed 24 days after sowing
(14/11/84) . The levels of nutrients in the soil were extremely variable betweon
samples and (much higher than in previous years) in the case of Olsen P on the
untreated NF (0) plots (c.f. Table 3.3. chapter 3). It was discovered that the
farmer had applied fresh chicken manure at a rate of 10 tonnes ha” ! in
Soptomber prior to the sowing of his ryo crop In the other soctlion of tho flold.
This trocatment had also boon applied to the exporimontal area of the flold. It had
not. howover. beon sproad uniformly across the fleld and clumps of manure wore
ovident in the upper surface layers of the soll. Soll samples taken for analysis
containing a high proportion of this manure would have resulted in the high
values of P. in particular. observed in the NF (+P) sample (Table 7. 1). Tho
Doad Sea Bromine Co. . Israel. advises that a manure droessing of 200m3 ha™!
should boe the maximum application before first cultivation in a soil about to bo
fumigated. When larger dressings or lumpy'manuros are usod. theso must bo
applied at least 3 months boforo fumigation to allow docomposition and thorough
mixing with the soil. The high levels of nutrients which were subsoquontly
released as a result of this manure application would have created a soil
anvironmont totally unsuitable for VAM infoction. High lovols of ammonium-
nitrogon are known to be roleasoed after fumigation undor normal fumigation
conditions anyway (Rovira aﬁd Simon. 19858). This offect was rcoflected in the
follage analysis aftor 196 days (Tabla 7.2). which rovealad significantly highor
shoot P, K and Br concentrations in plants sampled from fumigated plots.
intornal N levels wero also higher. It was subsequent to this sampling that sovere

lodging of the crop growing on the fumigated plot occurred. This was almaost

certainly due to a combination of wet and windy weather at the time and excessive
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vegetative growth in the high soil nutrient (especially N) environment. It was
decided. therefore. to abandon plans to obtain harvest yleld data from plots and

to initiate another small-scale experiment on the fumigatod plot alone.

A comparison of the follar phosphorus concentrations In the winter wheat
crops in 1982-83 (G-1., G-2. and Hamilll) and the crop from Experiment 1 at G-2
showed that the latter. in 1984-85. had higher shoot P levels than the two Sussex
crops in 1982-83 (Fig. 7.1). The foliar P concentration. however. was still

lower than that observed In the Hamlill crop of 1982-83.

7.3.2. Experiment 2

Results of soil analysis from the cleared fumigated plots (Table 7. 1)
indicated that soil P levels had fallen appreciably over the season to 21mg P Lq.
and consequently VAM inoculation would be expected to produce infected whoat

plants if sufficient inoculum could be incorporated into the plots.

Results in Fig. 7.2 show the progression of infection over the 56 day growth
poriod. At the first sampling time only. plants infoectod with G. mossocae had
significantly higher infoction lovels. Howover. by day 56. plants infoctod singly
by ecach of thoe threoe introdacod ondophytes had significantly higher infoction
levels and highor shoot P concentrations than the non-inoculated control plants

(Fig. 7.3).




Table 7.1 Soil analyses of Sussex G-2 site on three occasions after
soil fumigation.

SAMPLE DATE TREATMENT pH P K Mg NO; | Br
14/11/84 NF (0) 6.9 40 136 92 17 6
NF (+P) 6.2 |159 139 | 94 14 6
F (0) 7.1 |129 395 |202 35 12
F  (+P) 641 71 129 |100 14 12
7/3/85 NF (0) 6.6 | 76 328 |138 == —
27/9/85 F (0) 7.0 | 21 188 -|104 i —

Table 7.2 Concentrations of nutrients in shoots of winter wheat grown
in Experiment 1 after 196 days, with levels of significance
and means of treatments.

7
% ELEMENT IN SHOOTS (DW) %
TREATMENT
N B K Br VAM
NF (0) 2.79 0.42 3+92 19 45
NF (+P) 2.46 0.39 3.60 32 51
F (0) 2.90 0.52 4.50 320 0
F (+P) 3.30 0.61 4.91 320 0
LSD (POS5) NS 0.08 0.67 55 8




Fig.

% PHOSPHORUS IN WINTER WHEAT FOLIAGE (D.W.)
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1 Comparison of concentrations of P in shoots of winter wheat
grown at Hamill or Sussex in 1982-83 with that grown
at Sussex G-2 in Experiment 1 in 1984-85.
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Figs 7«2 Development of VAM infection of introduced endophytes and the
indigenous endophyte population in Experiment 2. Error bars show
levels of significance at P = 0.05.

50+ LSD
P=0.05

H
(@)
1

B ;. MOSSEAE
o4 G. GEOSPORUM

w—y G. MONOSPORUM
O-0 CONTROL

w
e

)
Q

% FRACTIONAL INFECTION

o : : '
) 10 20 30 40 50 60

DAYS SINCE SOWING

Fig. 7.3 Concentration of P in shoots of wheat at harvest of
Experiment 2 (Bars = standard deviations)

0-5- )

0-4 | T T
== | [}
= |
)
s 09 I
P
w)
: 0'21
=)
S
.
&
2
a 0-14

1
o)

CONTROL ~ GLOMUS ~ GLOMUS ~ GLOMUS
GEOSPORUM MONOSPORUM MOSSEAE




- 126 -

7.4. DISCUSSION

Attempts to inoculate a wheat crop growing in fumigated soil with VAM fungi
falled in Experiment ll, probably due to a massive release of nutrients from the
freshly applied chicken manure. As a consequence. vegetative growth of wheat
on this plot visibly better and greener in appearence than on the non-fumigated
plot (see also Rovira. 1976). Fumigation of calcareous soils in Australia
increased wheat plant dry matter and grain yields at harvest (Rovira and Simon.
1985) . Fumigation caused the release of ammonium—nitrogen in the soil and led
to higher nitrate—nitrogen 15-25 weeks later. whereas addition of nitrogen
fortilizer did not Increase ylelds on non-fumigated plots. Rovira and Simon
(1985) concluded that bettor growth and_ higher ylelds were attributable both to
control of a root disease complex and to release of ammonlum-nitrogen. Rovira
(1976) studied the effect of soil fumigation on nutrient levels in the field and
found that the bicarbonate=extractable phosphate doubled following fumigation.
He also showed that root growth and phosphate uptake by the roots increased.
Inoculation of the non-fumigated plots in this study did not increase VAM root
Infoction levels in the wheat crop during the experiment. There was also no
significant difference in infoction levels between plots receiving P and those
without added superphosphate (fable?#2). This is Interesting since the soil
samples taken from the NF (+P) plots on 14/11/84 had four timos the Olsen P
level of the NF (0) plots (Table 7.1). High soil P is believed to greatly inhibit
VAM infection (Abbott and Robson. 1982) and yet it has also been observed that
a highly calcareous soil in Israel which received very high levels of broadcast
superphosphate (up to 3. 000kg ha™ ") did not suppress VAM infection levels in
celery. melon. onion or pepper root systems (Dodd et al. 1983 and unpublished
data and obsarvations). It was discovered In the latter study that this

phenomenon was due to the low levels of water-soluble P compared with other
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sands and sandy-loams. Further laboratory work showad that 70% of the added P
to this soil was irreversibly bound within 10 days of application., as estimated by
adsorption isotherms (Yarmitsky and Dodd unpublished data). Hcecavy clay soils
arc also known to have similar phosphorus—-binding properties and may hclp
oxplain this anomaly (Bowman and Olsen. 1985). Recent work has also shown
that wheat did not respond to added VAM inoculum in non-fumigated soils.
whereas there was a large benceficial effect on wheat growth after inoculation of
G. mosscac in fumigated soil (Buwalda et al. 1985a.b). It was suggested. that
this was duc to a greater development of the external mycelial network in
fumigated soils due to the climination of predatory fauna such as springtails
which fced on hyphac (Warnock et al. 1982). Sincc uptake of P and other
nutricnts occurs via this coxternal mycelium. (as described in detail in the
Discussion of chapter 6) infection would be less efficient in non-fumigated soil.
Thus - any rcduction in the absorptive surface arca or damage of the major
nutrient translocating hyphae would result in a reduced growth—promaoting rolc for

the VAM infoction.

Soil analysis p.rior to Exporimont 2 (Tablo 7. 1) rovoalod the dramatic drop in
soil P levels to 20mg L—] over a 10 month period. and all three VAM fungi were
successful in cstablishing infections in the root systems following the July
inoculation. Each VAM fungus introduced increcascd internal shoot P
concentrations above non-—inoculated control plant levels at day 56 (Fig. 7.3).
The root systems of control plants also containced substantial infection by day 56.
but this chicfly comprised finc endophytic infection. This rapid recinfestation by
a natural VAM specics was not uncxpected since Menge (1982) also found that
levels of the indigenous VAM population returned to normal six months after

fumigation of a similar clay-loam soil. He suggested that this was due to a poorer

fumigation of a heavy moist soil type. which would have allowed survival of VAM
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propagulcs at all depths. Reinfestation of fumigated sandy and sandy-leam soils
took longer than 13 months to recover duc to better fumigation. Mossc ot al
€1982) and Jakobsen (1983b) and have also noted that horizontal sprecad of an
introduced endophyte in a soil was conslderable within a single growth scason of
a crop. Warner and Mosse (1980) showed that VAM fungi are also capable of
limited independent spread in soil. probably duc to rudimentary saprophytic

growth from an organic base.

Since data on the numbers of infective propagules in ecach plot at the start of
Experiment 2 are not available. it is not possible to decide whether there was
sloweor build-up of infoction in control plant roots duc to less initial inoculum or
whether this was a characteristic of tho infecting endophytes. Rosults from
chapter 3 of this thesis indicated that finc endophyte infection was a major
component of the total VAM infection observed in this Sussex site. It appeared to
constitute maost of .the infection detected in wheat roots growing in the control
plots of Experiment 2. although this was not quantified. Fitter (1985) highlighted
the common obscrvation that fine cndophytes. although most abundant in
temperate natural soils, have rarely been shown to producce growth responsces
even in infertile soils (Powell, 1979). High levels of fine endophyte infection
were observed at the end of the winter wheat scasons studicd in 1982-85
(chapter 3) in Sussex ficlds. whoreas coarse cndophyte infection was prevalent
in the early autumn and late spring peaks of arbuscular activity. The results of
Experiment 2 may thorcforev indicate the relative ineffectiveness of the fine
endophytic infection in this ficld site. since all the other three introduced coarsc
endophytes incrcased shoot P levels by 25% (Fig. 7.3) with only about 10%
higher infection at day 56 (Fig. 7.2). This could also indicate the importance of
the prescence of coarsc cndophytic infection to a wheat crop at a time when P

inflow is at a maximum (c¢. g. ecarly autumn) in a low P soil.
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Plenchettc et al (1983a.b) showed the potentially damaging cffcct of
fumigation on mycotrophic crops like lcek growing in pots and in the ficld. They
revealed. however. that oat and wheat grew equally well in fumigated and non-
fumigated soil with a P-fortility of 100Pg g—] (considered sufficient for good
growth and yiclds of both cercals) . Both crops had well developaed root infections
(>50%) but mycorrhizal cfficicncy was very low. Baylis (1975) stated that plants
with a graminoid root system were less dependent on mycorrhizae for their
supplics oiP'hosphorus. Plenchotte et al (1983b) also noted that wheat is a plant
requiring less P for growth than mycorrhizal-dependent species like carrot. leek
or onion. Tho ficld work of Buwalda ot a/ (1985a. b) was carried out on a low P

silty-clay loam soil. originally with S5mg P kg_]

which was increasod to 28mg P
kg“] by the highest superphosphate application. The site had also been fallow for
5 years prior to their first experiment. They found that yiclds at harvest continucd
to respond to applied P even when uniformly high levels of infection (40-50%)
had becen cstablished over several seasons. They thercfore suggested that the
ability of the cereal root system to absorb P was not greatly incrcascd by
mycorrhizal infection. This bencficial responsc to added P was also noted in the
levels of shoot P concentrations from the first wheat crop grown in the Susscx
G- 2 ficld in 1984/85 when compared with levels abserved in the 1982/83 crap
whoen the soll P value was much lowor (Fig. 7. 1) . Although thoro is a difforence
in the cultivar used. the sowing dates were similar for the Sussex Ex- pasture
crops. It should also be noted that maximum infection levels were lower in the
1984/85 crop than in cither of the two previous scasons when the soil P level was
much lower (sce chapter 3) . The conclusion recached by Buwalda et al (1985b)
was that VAM infection was uscful but not c¢ssential to cercals in the ficld even
undoer low seoil P conditions. This was also the conclusion on the role of VAM on

whecat growth in the desert of S. Isracl (Krikun. personal communication) . My
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results do not challenge this conclusion but highlight the fact that the role of
natural VAM infoctions. (both fine and coarse endophytic Infections) neods
further Investigation to assess the contribution of high Infoction lovols of oach
type to cereal growth and nutrition. This would be Important since VAM infoctions

are known to drain carbon from the host (Sneligrove et al. 1982).
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CHAPTER 8

Rhosphatase activity in the roots and rhizosphere of plants
infected with the VAM fungi Glomus geosporum, Glomus

monosporum and Glomus mosscac.

8. 1. INTRODUCTION

The boneficial growth responses conferred on mycotrophic host plants by
vesicular—arbuscular mycorrhizal (VAM) fungl have boen explained primarily in
terms of improved uptake of phosphate (Nye and Tinker. 1977. Hayman. 1983.
Mosse et al. . 1983) . The chief attribute of the VAM fungi is their apparent ability
to tap soluble phosphate boyond the phosphato—doplotion zone that dovelops
around the root surface in soils of low P status. This zonc arises because of the

poor mobility of phosphate ions in the soil (Tinker., 1980; Hayman. 1983).

The external hyphac of VAM fungi can absorb nutricnt ions. and translocate
them to the root (Pcarson and Tinker. 1975). Phosphatce. in particular. is taken
up and translocatced as polyphosphate granules by protoplasmic streaming before
being hydrolysed in the arbuscles prior to transmoembrance transfer into the host
cell (Capaccio and Callow, 1982). These workers showed the presence of both
polyphosphate-synthesizing and —degrading cnzymes within the fungal nctwork.
whilst Glaninazzl ot al. (1979) showod tho prosence of fungal-specific alkaline
phosphatase activity within the vacuoles of mature arbuscles and interccllular
hyphac. Polyphosphate granules have also been shown to be prescent within

these vacuoles by Cox et al. (1975). The role of internal fungal acid
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phosphatases is unclecar but they are also present and may be associated with the
growth and dovelopment of tho fungus within tho host tissuc (Glaninazzi et al. .

1979) .

The efficicncy of phosphorus utilisation has been inversely linked to the
prescence of root phosphatases (Mclachlan., 1976. 1980a.b). since acid
phosphatase activity was found to be lower in plant species or cultivars that were
more cfficient at P uptake grown under P-deficient conditions. Increascd uptake
of P by ecctomycorrhizal trees has been attributed to the increased root surface
arca but. in addition. phosphatasc activity has becen implicated (Bartlett and
Lewis. 1973. Alexander and Hardy. 1981. Antibus ot al.. 1981). Acid
phosphatascs relcased by the cctomycorrhizal fungal mantle and attached
mycelium ramifying through the soil arc believed to catalyse the hydrolysis of
complex (organic) phosphorus compounds into more rcadily absorbed forms
(Ho and Zak. 1979). Ridge and Rovira (1971) indicated that root surfacc
phosphatases acting in the immediate root environment may be more important in
the organic P mincralisation than soil bound enzymes in the surrounding soil.
Antibus ot al. (1981) showod that tho acld phosphatasa activity of
ectomycorrhizal roots of Salix rotundiflora and Entoloma sericeum was 40 times
as great as non—mycorrhizal roots on a surface area basis. Dighton (1983). on
the othor hand. showed a docreaso In phosphatase activity produced by
mycaorrhizal Birch roots compared with non—mycaorrhizal controls. There appears
to be little other evidence that plant and microbial extraccliular phosphatascs play
a prominent role in the mincralisation of soil organic phosphorus compounds and
it has becen suggested that phosphatase activity only becomes impartant after
initial breakdown of soil organic compounds catalysed by a host of other

microbial enzymes (Speir and Ross., 1978) .

Extracellular phosphatases have not been found specifically associated with
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the VAM coxternal mycelial network in the root rhizosphere and there is little
published information concerning root phosphatasc activity involving a VAM
symbiosis. Azcon et al. (1982) compared the cffects of VAM infection and
phytate addition on the growth, P uptake and root phosphatase activity of wheat
and lavender (high mycorrhizal dependency under low P coaditions) . VAM
infcction decreascd root phosphatase activity of lavender compared with non-

mycorrhizal control plants. but had no cffcct on wheat.

An investigation of acid phosphatase activity in the root and rhizosphere of
VAM infected and uninfected plants was therefore carried out in sterile sand
culture in an attempt to discover if phosphatase activity is related to mycorrhizal
dependency under low nutrient conditions. Tho experiment was also designed to
determince if the "efficiency” of a particular VAM isolate is rclated to its ability to
alter rhizosphere levels of phosphatases. Three plants were used to cover the
rangc of mycotrophic responses. namcely rape {a non-mycorrhizal specics which
has becen shown ta be cfficient in absorbing soil P (Nyc and Baldwin. 1976)).
wheat (low mycorrhizal dependency in low P soils) and onion (high mycorrhizal

dependency In low P soils) .
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8.2. MATERIALS AND METHODS
8.2. 1. Plant inoculation and growth

\ Rape (Brassica napus). onion (Allium cepa. var. Ailsa Craig) and wheat
(Triticum aestivum., var. Avalon) seceds were germinated on glass paper
(Whatman GF/A) moistencd with sterilo distilled water. Aftoer 2 days four
germinated sceds with similar radicle development (5-10mm  length) were
plantcd 2cm below the surface of the growth medium. The plants were grown in a
constant temperature room at 20°C having a 16h day/8h night cycle. Rclative
humidity and light intensity were maintained at approximately 60% and 4. 6Klix
respectively. The plants were irrigated with one third strength Hoaglands

nutriont solution containing no orthophosphate (Hoagland and Arnon. 1939).

In Exporiment 1, progoerminated seoeds of rape. onion and winter whoat woro
sown in polythene pots containing 1. 75kg builders sand (pH 8. 0) and 7. Omg -
NaHCO3-~aolublo P (Olson et al., 1954). Inoculum, from malzo-grown pot-
cultures of three VAM fungal isolates Glomus geosporum, Glomus monosporum
and Glomus maosseae. was tharoughly mixed into the sand at a rate of 150g dry
weight per pot. Controls received an cqual amount of autoclaved inoculum from
cach isolate soaked in a filtrate of the inoculum of all threc endophytes but which
was frce of any infective VAM propagules. Six replicates were used for cach

treatmont. Plants ware thinned after one week to three poer pot for rape. 2 per pot

for onion and 4 per pot for wheat. Sampling occurred after 53, 72 or 98 days.

In Experiment 2 pregerminated sceds of winter wheat (Avalon) were sown in
a coarse builders sand of pH 7.5. Inoculum (300g) of cach of the three VAM
fungal isolates were thoroughly mixed into cach pot as above. Six roplicates were

again uscd for each treatment. Plants were thinned to 4 per pot after seven days.

Samples were takon aftor 21, 51 and 74 days.
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8.2.2. Assessmont of plant growth and VAM infoction.

After harvesting plant shoots and roots. frosh woights were determined. In
addition shoot dry weights were roecorded in both exporiments (80°C for 24
hours) . Roots were washed. laid flat and the contral 1cm of each root was taken
and stained for VAM infoction followed by estimation of levels of infection using

the grid-line intersection method.

8. 2. 3. Rhizosphere sampling procedurc.

Plants weore carcfully removed from the bags and thce root sysiems with
adhering sand wore oxcised from the shoots. Tho roots woro thon shaken by
hand until most of the sand was detached (outer rhizosphore sample) and then
washod with sterile distiled water (10100 mi depending on the weight of the
root-sand mass) to remove the small amount of strongly adhering sand (inncr
rhizosphoro samplo) . Sand without plants. but otherwise troatod similarly to that
in which plants wore grown. served as the non-rhizosphore control. Samples

woro taken with a 1 cm soll-boror at tho samo timo as rhizosphoro samplos.

8.2.4. Assay of Phosphatasao activity.

Phosphatase activity was measured using a modification of the method of
Tabatabai and Bremner (1969). Samples (1g dry weight) of the inner and outer
rhizospherc and control sand were incubated with 1ml 50mM-p-nitrophenyl
phosphate (PNP) and 4ml 0.1 M-sodium acctate buffoer. pH 5. 2. for onc hour at

25 9C in a shaking watcr bath (60 rov min™ !

). The reaction was terminated by
the addition of 5ml 0. 5M-NaOH and the samples were centrifuged at 2, 500xg for
10 min. Thec optical density of the supernatant was measured in a

spectrophotometer (LKB ultraspec 2000) set at 400 nM. Phosphatase activity was

expressed as the amount of (spectrophotometrically determined) p-nitrophenol

relecased during incubation. Controls were assayed by adding 1ml PNP to a
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suspension containing sand and acotate buffor bofore tho addition of NaOH. The
standards wore preparod in acetate buffor solution containing 0. 10, 20, 30, 40
or 50 mg p-nitrophcnol. Intact root phosphatase was measured by determining
the amount of p-nitrophenol relcased when Tml of 50mM PNP and 4ml 0. 1M
sodium acctatc buffer. pH 5-6. was incubated with 100mg of fresh root tissuc.
The p-nitrophenol product was developed with 5mi 0. 5M NaOH and determined
spoctrophotomotrically in tho samo way as for rhizosphere phosphatase activity.
To obtain the pH range in which optimum enzyme activity occurred a scries

of buffers of the following compaosition and pH values were uscd. 3.8-5.8.

sodium acctate. 5.7-6.8. sodium malcate.; 6.5-8.0. tris/malcate. 7.5-9.5.

tris/HCI (all 0. TM) . All assays were replicated six times.
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8.3. RESULTS AND DISCUSSION

Figures 8. 1A and 8. 1B show the effect of pH on the phosphatase activity in
wheat roots infected by Glomus mosseae (Fig. 8. 1A) and in the total rhizosphere
(Fig. 8.1B). In Figure 8. 1A it is apparent that the root has a range of activity of
pH 5-7. with a pcak at pH 5.5-6.0. In the rhizosphcre. however. there is a
morc clearly defined peak at pH 5.0-5.5 with reduced activity above pH 6. 0.
This indicates that acid phosphatase activity predominates in the rhizosphere
whilst there may also be alkaline phosphatase activity in the roots. A similar
pattern was obsecrved for plants infccted with the other two VAM fungi tested.
Gianinazzi et al. (1979) used histochomical studies to localise phosphatasc
activity within VAM-infoctod roots at an ultrastructural level. Acid phosphatasc
(pH<6) activity was noted in the cytoplasm of the plant root cells as well as at the
growing tips of mycorrhizal hyphae. Alkaline phosphatase (pH>8) activity.
however. was weak in root cells and was unaffected by VAM infection. but was
conspicuous within the vacuoles of hyphac of the VAM fungus. Mclachlan
(1980a) found that the optimum pH for root phosphatase activity lay in the range
pH 5-6 whan he tested buckwheat., rye. subtorrancan clover and wheat. but
found no cvidence of alkaline phosphatase activity. On this evidence. it would
appecar that the phosphatase activity detected in the rhizasphere ariginated from

root cells rather than from the associated fungus.

Levels of rhizosphere and root acid phosphatase activity are shown in Table
8. 1 for each host in Experiment 1. Results for onion are from the 98 day harvest,
those from rape arc from the 72 day harvest., whilst those of wheat from the 53
day harvest. At these times adequate plant growth had occurred (Photos 63-
65). As cxpected. rapec did not become infected with VAM fungi and there was
no significant diffcrence between samples at any of the harvests in terms of shoot

dry weights or enzyme activity. Onion was more difficult to analyse due to its slow




Photos 63-65

Comparative growth of experimental plants inoculated
with different Glomus spp. during Experiment 1 of
phosphatase assay investigation.

Photo 64 Onion (98 days after sowing)
Photo 63 Rape (72 days after sowing)

Photo 65 Wheat (53 days after sowing)
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Figure 8.1A - Effect of pH on phosphatase activity of 25 day old
wheat roots infected with G. mosseae. Activity 1is

expressed in_umol p-nitrophenol released (100mg fresh
root tissue™l) hour™!.
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Figure 8.2B - Effect of pH on rhizosphere phosphatase activity of
wheat plants infected with G. mosseae after 53 days.
Activity is expressed in umol p-nitrophenol released
(B) (g sand™1) hour-1,
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PLANT TREATMENT % VAM SHOOT D.W. ENZYME ACTIVITY
INFECTION (g) PER POT = vy
rooT(*) INNER (%) oUuTER (*)
RHIZOSPHERE RHIZOSPHERE
RAPE CONTROL 0 2.47 10.82 8.39 2.84
G. MOSSEAE 0 2.18 9.28 8.99 2.20
G. GEOSPORUM 0 2.45 11.38 9.18 2.89
G. MONOSPORUM 0 2.25 10.58 8.60 2.65
LSD, P=0.05 NT NS 0.82 1.09 0.34
WHEAT CONTROL 7 0.56 3.85 0.86 0.23
G. MOSSEAE 66 0.99 4,56 1.19 0.38
G. GEOSPORUM 57 0.51 4,17 1.07 0.25
G. MONOSPORUM 59 0.58 4.01 0:92 0.28
LSD, P=0.05 NT 0.30 0.34 0.15 0.03
TOTAL RHIZOSPHERE
ONION CONTROL 10 0.03 4,10 0.48
G. MOSSEAE 65 0.56 523 0.57
G. GEOSPORUM 70 0.08 4,99 0.60
G. MONOSPORUM 80 0.10 4,25 0.49
LSD, P=0.05 NT 0.05 0.65 0.05
Table 8.1 Acid phosphatase activities © E«QeﬁmAew&. ( after 53 (wheat),

72 (rape) or 98 (onion) days.
NS- wok sigvxig‘\(cw&; NT- dok Fested WD —wo clo‘&a" 3 e
* = ol pfephanot (100 wg flesh cook Rissva howa™ | % — wol ?‘Wr’bP"‘QV\"( (‘33‘”“6) b




TREATMENT % VAM SHOOT D.W. % P(D.W.) ENZYME ACTIVITY
INFECTION | (g) PER POT | CONCENTRATION = =
IN SHOOTS rRooT(*) INNER(*) OUTER (*)
RHIZOSPHERE | RHIZOSPHERE
25 DAYS:
CONTROL 0 0.20 2.34 1.13 0.61
G. MOSSEAE 3 0.17 - 2.82 1.11 0.58
G. GEOSPORUM 7 0.26 2.81 0.98 0.59
G. MONOSPORUM 0 0.23 1.94 0.99 0.60
LSD, P=0.05 NT NS 0.32 0.15 0.09
51 DAYS:
CONTROL 0 0.32 0.14 5.70 1.04 0.54
G. MOSSEAE 60 0.42 0.19 6.32 1.41 0.79
G. GEOSPORUM 15 0.38 0.22 6.17 1.34 0.72
G. MONOSPORUM 28 0.53 0.20 5.43 1.01 0.58
LSD, P=0.05 NT 0.09 0.03 0.36 0.30 0.14
74 DAYS:
CONTROL 1 0.24 0.09 5.02 1.21 0.66
G. MOSSEAE 76 0.45 0.16 7.81 1.82 0.78
G. GEOSPORUM 74 0.54 0.15 7.46 2.02 0.84
G. MONOSPORUM 68 0.55 0.14 4.93 1.19 0.65
LSD, P=0.05 NT 0.13 0.02 0.53 0.22 0.16

Table 8.2 Growth responses and acid phosphatase activities 2l

three successive harvests of winter wheat plants n Ex\)erimm\‘c 2
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ratc of growth and paucity of root material produced. and thercfore the
rhizosphere was not divided into inner and outer zones (cven after 98 days).
Rhizosphere levels of phosphatases were higher for plants infected with Glomus
mosseao and Glomus geosporum comparod with the control plants. Infection by
Glomus monosporum. however. did not produce this increase in enzyme activity,
but nevertheless a three—-fold increase in shoot dry weight was noted comparcd
with the uninfeccted controls. The reason for this anomaly is unclear. Wheat
plants infected with Glomus mosseae grew better than the control. and had
significantly higher rhizosphere levels of phosphatases. Control plants had
become contaminated by extrancous or residual VAM infection by 53 days so
further rcadings were not taken. The comparatively high levels of phosphatasces
produced by the non—mycorrhizal rape comparcd to cither the mycorrhizal onions

or mycorrhizal wheat should also bo notod.

In Experiment 2 the wheat response to VAM infection was examined in more
detail with respect to age of plant. Yiclds. phosphorus concentration in shoot
material. and the effect on phosphatase lovels in the root and rhizosphere were
monitored. Results in Table 8.2 show that the level of acid phosphatase activity
had increased relative to that of the control in both inner and outer rhizosphere
zones and roots for plants infected with either Glomus geosporum or Glomus
mosseae after 51 days and 74 days (but not by day 25) . In contrast. the levels of
activity associated with control plants or with thosc infected by Glomus
monosporum do not incrcasc.. Significantly higher internal shoot P levels at days
51 and 74 were again noted following infection in all three endophyte treatments.
Plants infected with Glomus monosporum showed no diffcrences in root or
rhizosphere phosphatasc activity from that of the control (Table 8.2). but had
significantly Increasod shoot dry welights and almost doublo the phosphorus

concentration within the plant foliage compared with the control.
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in both thcse cxperiments. infection of host plants by some VAM fungi has
becen shown to influcnce activities of root and rhizospherce phosphatasces. In the
second experiment. for example. infcction of wheat by two out of the threc VAM
isolates tested resulted in a significant increase in phosphatase activity in the
rhizosphere and root. coinciding with increcased growth and higher internal P
concentrations. This does not corroborate the results obtained by Azcon et al.
(1982) with lavender. In Experiment 1, however. results indicated that only
infection of wheat by Glomus mosseae increcased root and rhizosphere lovels of
phosphatases compared with controls. One possibility for this difference may
have been the slightly lower pH of the coarse sand uscd in the second experiment
which was 0.5 units below that of the sand uscd in the first experiment. or may
reflect other subtle differences in the experiment €. g. rates of spread of infection
or carly establishment of infection. Receont work by Hayman and Tavarcs (1985)
showed that different endophytes respond better. with respect to root infection
and stimulation of host growth response. at different soil pH’s. This response
was also shown to vary in different soils maintained at the same pHl. Hedley et al.
(1983) showed that rape grown in a sandy loam soil (pH 6.5). in pots, with a
low P status acidified its rhizosphere (pH 4.3) and depleted acid-soluble forms
of soil P. Plants thus absorbed twice the amount of P which could be desorbed
from the control soll (non-acidified) . It was also noted that an Increase in
rhizosphere phosphatasc activity (a factor of ten higher than control soil lcvels)
with increasing soverity of P—'dcficloncy appeared to be a response to increcasing
root density and deocreasing concentration of soluble inorganic P in the soil. In
these results rape produced higher levels of oxtraccllular phosphatases
comparcd with onion and wheat (Table 8.1). It may be that phosphatase
production could bc inversely related to mycorrhizal dependency of a crop

species. since root phosphatase activity and the VAM symbiosis could be
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regarded as alternative mechanisms for P uptake by plants growing in low soil-P
conditions (sce also Azcon et al.. 1982). There appears to a simple process of
diffusion of these enzymes from the high activity of the root surface (rhizoplanc)
into the sand medium. It would appear thercfore that the increased levels of
phosphatases noted in the rhizosphere is not a result of dircet secrotion from
external hyphac but occurs due to diffusion from the mycorrhizal root surface.
This does not., howoever. explain the anomaly of Glomus monosporum., which may
increasc the rate of P uptake by more cfficicnt uptake or translocation of
phasphate. or may have a particularly cfficient phosphate transfer system
involving less overall production of internal phosphatase activity. Cooper and
Tinker (1981) suggested that translocation. rather than uptake of P, is the rate
limiting step in total transfer of P into the host plant. It is possible therefore that
Glomus monosporum can translocate P at a faster rate than either of the other two
isolates and. as result. an increase in phosphatase levels is not necessary and
thus relecase is not observed. Hedley et al. (1983) using rape suggested that
acidification of the rhizosphere led to dissolution of an acid-soluble form of

inorganic P (Pi) which was not exchangecable with the 92

P uscd in their isotope-
exchange technique for ostimating P taken up from the labile pool. Alternatively.
it may be hypothesised that if G. monosporum could “tap’ other sources of Pi
unavailablo to the non-mycorrhizal plants or ovon thoso infocted with G.
goosporum or G. mosscao and thoreforoe not doplete tho Pi in the labile pool the
plant would not bc sovoroly ‘P—-doﬁciom and no such incroaso in phosphatase
activity would occur. Tho G. geosporum and G. mosseaoe symbioses may show
incrcased root phosphatasce activity as a rosult of dopleting the available Pi
supply. it is notoworthy that these exporiments were carried out in coarse sands

with little bicarbonate—soluble P and the source of the increased shoot P

concentrations observed in Experiment 2 in VAM-infected plants is unclear and
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descrves further study since such observations have been made before (Dodd et
al.. 1983). It appears that models for P uptake based on in vitro meoasurcments
of physicochemical parameters controlling phosphate diffusion in soil apparently
work well for plants supplied with sufficient P, but underestimate P uptakec by P
deficient plants grown in soils in which soluble P levels are seasitive to pH
fluctuations (Hedley et al.. 1983). My G. monosporum isolatc has consistently
been the most cfficient of the three isolates in stimulating wheat growth and P
uptake (sce chapter 6) in greonhouse experiments. It should also be noted that
Glomus monosporum was originally isolated from a low P soil with a high clay
content (sce chapter 3) whereas the other two endophytes were isolated from a

soll with a higher nutrient regime and with a lowor clay component.

it would appear. therefore. that rhizosphere phosphatase activity is
unrelated to the VAM external network and is a responsc to increascd roat
phosphatase (from infected or non-—infected root cells) activity diffusing into the
rhizosphere. The rolc of phosphatases in the soil would obviously depend on the
concontrations and chomical stato of soil phosphorus as well as the chemical
structure of the soll itself. It is of note. howeover. that Aloxandor and Hardy
(1981) showed that Sitka spruce ectomycorrhizas increased activity of root
surface phosphatascs but trees grew poorly due to an apparent deficiency of
inorganic P. They suggested that. in their investigations. high phosphatase

activity could not compensate for an adequate supply of labile inorganic P.
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CHAPTER 9

GENERAL DISCUSSION

Extensive early development of VAM infection in the roots of winter cereals
has not been noted before and this novel observation may mp‘j that theoy
potentially have a more important role In seedling establishment and oarly
nutrient uptake than previously acknowledged. Although this phenomonon
occured chiefly In the Sussex fields. which had high clay contents and low
bicarbonate-soluble phosphorus levels. these soil types are not unusual in being
used for commaerclal cereal growth. The role of the indigenous VAM population
in stimulating P uptake. however, remains unclear but from this study it appears
that they are relatively inefficient when compared with single species inoculants
of coarse endophytes introduced Into partially sterile field soil eight months after
methyl bromide fumigation (see Chapter 7). The application of a large quantity
of chicken manure to the G-2 field resulted in reduced infection levels and higher
shoot P concentrations in wheat in 1984/5 compared with the crops grown at the
same site In 1982/3. These facts Indicate that although high VAM Infection leveols
can occur in winter cereals at the Sussex site they are not essential and the crop
can still respond to added phosphorus. Buwalda et al (1985a.b) reached a
similar conclusion in their investigations. A major component of the total
infoction recorded at both Hamill and Sussex field sites consisted of the fine
ondophyte. This was particularly noticeable in the winter and early spring peoriod
and later In the growing season. Fine endophytes have frequoently been noted to
be relatively inefficient in stimulating growth and P uptake in pot studies in the
greenhouse. Rabatin (1979) studied graminaceous root systems at three field
sites and suggested that these fungl may have adapted to a rapid infection
strategy in periods when P availability in the soil is low and root attrition high

(o.g. low moisture In the spring). This strategy may benefit both fine
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andophytes and the perennlal gramlnaceous roots of the hosts ovor short periods
of time but this balanced assoclation may bo disturbed In coreal crops which are
grown on a yearly cycle. and under higher soil nutrient conditions. The
ecological significance of infections due to fine endophytes in cereal crops would
provide a interesting project for future work. Wilson and Trinick (1983) noted
different initial infection and infection spread characteristics of fine and coarse
endophytes and this may suggest that each has adapted to forming a VAM
association at a particular stage of the davelopment of the host. governed by
environmental factors such as soil moisture. temperature and root growth (see
chapter 3. part 2). It should also be noted that added superphosphate reduced
VAM infection in Experiment 1 of chapter 6 in my study. significantly reduced the
weight of ear yields. yet increased straw yields. It may be concluded that the
balance between a neutral symbiosis in wheat. as suggested in this and other
studios (e.g. Buwalda et al. 1985a.b). and a pathogenic relationship may bo

small.

| have also shown that the use of spore wall morphological characteristics.
dotermined by light microscopy. can lead to confusion and possible
misidontification in taxonomic studies ‘when VAM fungal spores of similar
appearence are eoxamined. e.g. G.monosporum and G.mosseae. | have
confirmed that the use df PAGE and specific enzyme stains (Sen and
Hepper. 1986) can be extremely useful in ascertaining the taxonomic status of
VAM endophytes at a species level within Glomus. The future use of such a
system in ldentifying individual VAM infections within root systems and estimation
of relative levels within mixed infections (Hepper. pers.comm.) could prove to

be a major advance in mycorrhizal studies.

The use of pesticides at equivalent field rates In this study has indicated that

certain fungicides can inhibit the spread of VAM infection within wheat roots and
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also spore germination in vitro. whilst other fungicides have no effect on the VAM
symblosis and the P uptake by the wheat crop. It Is. howevar, notoworthy that
specific active moities were consistent in their effects on the VAM association
even though they were presont in difforent agrochemical products. The uso of
such chemicals may be useful in the future for Investigating the motabolic
processes involved in VAM fungal systems either via a direct effect on the fungus
in the plant and soil. or indirectly by altering host metabolism (e.g.

photosynthesis inhibiting—herbicides) .

In this thosis differences weare noted concerning theo relative off{ clencies of
the three VAM fungi in stimulating growth and P uptake of wheat grown in pots in
storile durite under low P conditions. These differences were not reflected by
differences in root and rhizosphere phosphatase activity. Acid phosphatase
activity was not apparently released from the extenal mycelial network but from the
root surface. The increased levels of enzyme activity noted for plants infected
with G. mosseae and 'G. geosporum compared with those infected with
G. monosporum may reflect the original soil environment from which the fungi
were obtained. G.mosseae and G.geosporum were lsolated from the fiold at
Hamill (with a relatively high soil P status) and G. monosporum from the site at
Sussex (lower soil P levels). The differences in soil phosphatase levels may
therefore be due to decreased P availability when all three fungi are investigated
under low soil P conditions. and may reflect the ability of the G. monosporum to

obtain P and translocate it more efficiently that the other two endophytes.
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Summary—Fractional infection of roots of winter cereals (wheat, barley and rye) by vesicular-arbuscular
mycorrhizal fungi was monitored in three fields in south-east England over three successive seasons. In
most cases there was a peak in fractional infection (up to 60% root length infected) in the period from
November to December. This extensive development of mycorrhizas during this period has not previously
been noted in winter cereals, and has importance as a determinant of the growth response of annual crops.
Differences in experimental technique may have led to this phenomenon being overlooked in earlier work.
Fractional infection levels then either dropped sharply or continued to rise gradually until late spring in
the three seasons studied. In all cases, a second peak in arbuscular development was noted just prior to
ear formation, followed by a post-anthesis decline. These fluctuations in fractional infection have been
compared with similar trends recorded for dry weight increases of roots over a winter cereal season, and
may be influenced by date of sowing. The winter decrease in fractional infection by VAM noted in two
out of the three seasons was apparently due to a relative reduction in the coarse endophytic component
of the mycorrhizal association. In contrast, infection due to fine endophytes was more stable and persisted
as the major proportion of the association throughout the winter and post-anthesis declines in fractional

infection.

INTRODUCTION

It is well established that vesicular—arbuscular my-
corrhizas (VAM) improve phosphorus uptake and
growth in a wide range of plants (Hayman, 1983) and
that VAM occur in many field crops under a range
of environmental conditions (Mosse et al., 1981),
especially when the availability of phosphorus in the
soil is limited. Phosphorus uptake in annual crops
may be significantly affected only if the infection is
well established shortly after seedling emergence
(Jakobsen and Neilsen, 1983). Rapid development of
a VAM infection could be a major determinant of
response in annual crops. Sanders et al. (1977) have,
for example, presented data showing that low per-
centage root infections by VAM (< 10%) can have a
beneficial value to the host out of all proportion to
their size, especially when the plants are very young
and a well-developed external mycelium is present.
We report, for the first time, high levels of infection
by VAM in field-grown winter wheat (Triticum aesti-
vum L.) during late autumn and early spring.

Most previous studies in temperate climates have
suggested that infection of cereals by VAM does not
reach appreciable levels (>30%) root length) until
late spring or even early summer. In the U.K., for
example, infection: levels of winter wheat have been
reported as sparse in May, but increasing to a peak
in September (Hayman, 1970). In Denmark, very low
infection by VAM (< 5% root length) was noted in
the period up to April (Jakobsen and Neilsen, 1983),
whilst no VAM colonization was detected until May
in comparable studies in Kansas (Daniels, Hetrick
and Bloom, 1983). In contrast, more than 50% of
root segments of winter wheat seedlings examined in
west Pakistan were mycorrhizal a month after they
were sown (Saif and Khan, 1975) although this may
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reflect a much higher temperature regime, and the
fact that large numbers of spores of Endogonaceous
fungi were present in the soil. Higher levels of infec-
tion in December (7-8% root length) and March
(15-16% root length) have been recorded in experi-
mental plots of winter wheat in the UK. (J. G.
Buwalda, Ph.D. thesis, University of London, 1983)
but this followed soil inoculation with VAM fungi.
Such investigations have led to a general view that
infection by VAM is unlikely to significantly
influence the growth of winter cereals in temperate
climates, at least until a period after flowering when
any effects on grain yields would be much reduced.
During a three-year survey of cereal fields in south-
east England, we have recorded data which con-
tradict this view.

MATERIALS AND METHODS

Soil samples, including cereal roots, were taken
from three field sites, Gofflands 1 (G-1), Goffiands 2
(G-2), near Billingshurst, west Sussex, and Hamill,
near Ramsgate, east Kent, through three consecutive
winter cereal secasons 1982-1985. G-1, a clay loam
soil, had been under wheat for 4 yr prior to 1982.
G-2, another clay loam soil, had been permanent
pasture for 12 yr prior to being planted with winter
wheat in 1982. Hamill field, a silty clay loam soil, had
been under continuous winter wheat since 1977.

On each occasion eight samples were taken from
the top 10 cm of soil at approx. 10 m intervals along
a transect across the field. The line of transect was
different at each time of sampling. In the laboratory
the samples were bulked and eight subsamples consis-

" ting of several plants with seminal and nodal roots

attached were obtained by washing them free of soil.




Table 1. Scale for assessing qualities of VAM infection

Score

on scale Amount of root cortex infected

0 Absence of VAM structure
1 0-15% of root cortex
2 15-45% of root cortex
3 45-75% of root cortex
4 75-100% of root cortex

The roots were then chopped into 1-1.5 cm segments
and stained in Trypan blue in lactic acid solution
(Phillips and Hayman, 1970). At least 80 cm of root
length per bulked sample were examined under the
low power of the compound microscope ( x 100) and
the percentage root infection calculated by noting the
presence or absence of internal VAM structures in
each field of view (approx. 1.5 mm) and dividing by
the number of fields of view examined. At the same
time the quality of infection was assessed by record-
ing, for each field of view, the proportion of infection
due to arbuscules compared with that due to myce-
lium and vesicles, using the scale given in Table 1.
Qualitative observations were also made of the rela-
tive amount of infection due to fine endophytes
(= Glomus tenue) in relation to that resulting from
infection by hyphae of the coarse species.

None of the sites were experimental plots but were
in fields on commercial farms and were subjected to
agricultural practices normal for intensively-grown
cereals in north-west Europe. In the 1982-3 season
for example, G-1 and G-2 received 100 kg ha=' of
NPK fertilizer (0-22-22) prior to sowing and
50kgha=! of “Nitram” (ICI Agrochemicals) at
growth stage 7 (Feekes scale). The crop received a
post-emergence herbicide application and was treated
with a broad-spectrum fungicide in late spring. At
Hamill the “Nitram” application was given as
50 kg ha~" at growth stage 6 and 150 Kg ha~' at stage
8. Three herbicides were applied between growth
stages 3 and 6 and five fungicides were applied as
three mixtures between growth stages 7 and 10. Solil
pH and available bicarbonate-soluble phosphorus

J. C. Dobp and P. JEFFRIES

Fractional infection is the fraction of the length
of host root containing mycorrhizal infection
(D. Stribley, personal communication). During
1982-3 and 1984-5, the total infection levels in-
creased rapidly at G-1 and G-2, and more gradually
at Hamill, for the two to three months following
sowing. Fractional infection then decreased during
the subsequent 2-3 months. Infection levels then rose
to a peak in late spring. These trends were reflected
by the relative proportions of arbuscular infection,
which dropped to zero by July or August (Figs 1 and
2). In the 1983-4 season a different, yet consistent,
pattern of root colonization was observed. there was
no decrease in infection levels during the winter
period and the mycorrhizal proportion of the root
system increased steadily to a January (G-2) or June
(G-1 and Hamill) peak. Infection levels at Hamill
were consistently lower than those recorded at either
of the Gofllands sites.

The microscopic appearance of the mycorrhizal
infection also changed during the growing season and
reflected changes in the relative proportion of infec-
tion due to endophytes with coarse hyphae relative to
those with fine hyphae (= G. tenue). Both types of
endophyte were present in roots from all three sites
when infection levels were high, but the proportion of
roots infected by coarse hyphae dropped appreciably
after late November in 1982 and 1984. During peri-
ods when infection levels were lowest (December to
April, 1982-3 and 1984-5) colonization was primarily
due to the presence of the fine endophytes. Few
coarse hyphae were observed during the over-
wintering period of these two growing seasons. Ap-
pressorial formation by hyphae of coarse endophytes
was frequently noted, but the infection did not spread
laterally within the root cortex. The rise in infection
levels noted during the spring periods was due to
extensive mycelial and arbuscular growth of both
types of endophyte within the root cortex. The obser-
vations during the 1983-4 season differed in that the

Table 3. Crop variety and sowing date at each field, 1982-1984

. p Site Season Crop-Variety Sowing date
(Olsen et al., 1954) were determined several times = T F = = =
during the investigation and the results are given in ™" < eti—-foulun, | & CRIOGEF 52
” i i p 19834 Wheat—Rapier 2 October 83
Table 2. The dates of sowing and phe respective crops 1984-5  Barley 30 September 84
an‘d vafletles sown at ;ach field site during the three ., 1982-3  Wheat—Avalon 5 November 82
seasons are recorded in Table 3. 19834 Wheal—Rapier 15 October 83
1984-5  Wheat—Rapier 21 October 84
1984-5 Rye 14 Oclober 84
RESULTS ;
Hamill 1982-3  Wheat—Avalon 2 October 82
Figures 1 and 2 show the % fractional infection of 1983-4  Whept—Rapier 30 September 83
the roots by VAM during the three growing seasons. 19843 Ol seed ppe oy
Table 2. Soil characteristics at each sample site
Hamill Goflsland-1 Golftsland-2
Soil Soil Soil
Sample date Soil P*  pH Sample date Soil P pH Sample date Soil P pH
September 1981 76 7.0 October 1982 16 6.9 October 1982 4> 6.4
November 1982 59 7.6 February 1983 13 7.0  February 1983 14 6.6
August 1983 39 7.6  November 1984 14 6.5 November 1984 30¢ 6.5
June 1984 35 7.5 March 1985 13 6.8 November 1984 40¢ 6.9
November 1984 62¢ 7.9 March 1985 764 6.6

“Bicarbonate soluble P (Olsen) in mgP1 .
®Pasture soil prior to fertilization.
*Under oil seed rape.

dChicken manure added at 10t ha ™' prior to sowing.
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Fig. 1. Percentage fractional infection of VAM of winter wheat varieties Avalon and Rapier at 3 sites
(G-1, G-2 and Hamill) during the period 1982-1984. A = total infection (vesicles, intercellular mycelium
and arbuscules), A = infection due to arbuscules alone.

levels of infection due to coarse endophytes persisted
overwinter.

Our results describe much more extensive co-
lonization of winter cereal roots in the pre-winter
period than has previously been noted. We suspect
that this early peak in infection may have been
overlooked before for two main reasons. Firstly,
several reports do not present data for the late
autumn-early winter period, but give observations
only from late winter onwards. Secondly, different
techniques used for estimation of infection of stained
field material may give rise to conflicting results. In
particular, the use of the grid-line intersect method
for assessment of early season field material under a
low power dissecting microscope may result in both
young infection sites and the presence of fine endo-
phytes being overlooked. This would result in under-
estimation of fractional infection. In contrast, the
cortex of roots collected later in the season is often
colonized by other fungi which stain using the

Phillips and Hayman method (e.g. Olpidium, Poly-
myxa and Rhizoctonia). These are sometimes difficult
to distinguish from dense VAM infection under a low
power dissecting microscope and hence their presence
may lead to overestimation of fractional infection by
VAM if this method of assessment is used. In addi-
tion, some staining of cortical cells of the root occurs
regularly which may also appear similar to a dense
arbuscular infection if a low resolution microscope is
employed. We have used a compound microscope
(% 100 magnification) for estimation of infection in
field material throughout these investigations in order
to overcome these problems.

Early development of VAM infection in autumn-
sown cereals is consistent with the view that ar-
buscular colonization by VAM is favoured in the
young, active regions of the root system. In our
results the most extensive arbuscular phases in
1982-3 and 1984-5 occurred during periods when
new root growth was likely to be most prolific,
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Fig. 2. Percentage fractional infection of VAM in the roots

of winter wheat var. Rapier and winter rye at G-2, and

winter barley at G-2, during the 1984-1985 season.

A = total infection; A = infection due to arbuscules alone.

Bars indicate the least significant differences at the 5%
probability level.

particularly during late October and March to May,
prior to ear emergence (Barraclough and Leigh,
1984). In contrast, much of the infection recorded
during summer (June to August) consisted of vesicles
and intercellular mycelium with little of the ar-
buscular component remaining. Total fractional in-
fection also decreased during the period after anthesis
and it may be significant that Welbank et al. (1974)
reported a decline in dry weight of cereal roots after
this growth stage. Buwalda (loc. cit.), however, did
not record this decline in fractional infection but
noted instead an end of season plateau in the amount
of infection present. This difference in observations
may reflect differences in microscopic technique as
discussed above.

In 1983—4 the two peaks in arbuscular activity were
masked by a much higher carry-over of infection
from the autumn “flush” into the spring. One of the
difficulties in interpreting these trends in infection,
particularly in relation to the time-course of devel-
opment, is that % VAM infection is a ratio. Changes
in fractional infection thus result from two separate
processes, root growth and growth of the fungus. In
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this respect, Barraclough and Leigh (1984) showed
that early-sown (September) crops made substantial
root growth by December and continued to grow
throughout the winter at a faster rate than later-sown
crops. The roots of October-sown crops, on the other
hand, were slow to develop and their dry weight
increased at a much slower rate overwinter. These
two differing patterns of root dry weight increase
correspond well with our two trends of VAM devel-
opment through a winter cereal season. For example
in 1984-5, early-sown (30 September 84; Table 2)
barley showed a steady increase in VAM infection,
whereas late-sown (14 October 84) rye and wheat
(sown 21 October 84) had the overwinter decline of
VAM infection. Thus the date of sowing may be of
crucial importance to VAM development in autumn-
sown cereals; an early sowing date increasing the
likelihood of a longer period of environmental condi-
tions favourable to the growth of roots and VAM
fungi. It follows that that any unusual fluctuations in
environmental conditions-(e.g. in soil temperatures or
soil water status) may have an overriding effect on the
link between sowing date and patterns of devel-
opment described here.

Where soil temperatures vary considerably with the
season, as in temperate zones, it has been suggested
that temperature may be the major rate-limiting
factor in infection spread (Buwalda, loc. cit.). How-
ever, the average local daily temperatures at both
locations were similar in all three seasons, and cumu-
lative temperature data differ little over the winter
periods. Thus we cannot explain our results solely by
low temperature inhibition of infection spread. We
have consulted with colleagues at Rothamsted Ex-
perimental Station and intend to carry out a more
thorough analysis of temperature data, particularly
with respect to thermal time.

Plants at both sites (approximately 250 km apart)
exhibited the same trends of infection in each season,
so local factors were apparently of minor importance
in establishing these trends. The difference between
the results in 1982-3 and 1983-4 might have been due
to the change of winter wheat cultivar, especially
since different spring wheat cultivars are known to
vary in susceptibility to VAM infection (Azcon and
Ocampo, 1981). On this basis, though, the results for
1984-5 (Fig. 2) would have resembled those of
1983—4 and not those of 1982-3. In addition, the two
wheat cultivars (Avalon, Rapier) used in our studies
have performed similarly with respect to percentage
fractional infection in pot experiments using pure
inoculum of VAM fungi (personal observations).

It is generally believed that the degree of my-
corrhiza formation is inversely correlated with avail-
able soil phosphorus levels (Mosse et al., 1981), and
the lower infection levels recorded in Hamill soil are
presumed to reflect the higher levels of bicarbonate-
soluble phosphorus available at this site. It is notable,
however, that over 40% of the root length was
infected in May 1984, a value far higher than would
be expected for a soil (Table 2) containing over 40 mg
P1~' (ADAS rating 3). This peak in infection levels
corresponded with a period of low rainfall, and it is
likely that the drought conditions depressed the soil
moisture content with a corresponding decrease in P
mobility. The mobility of P and other mineral ele-
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ments in the soil is lowered when soil water potentials
decrease (Olsen et al., 1961). This is known to lead to
P-deficient plants during drought stress even though
the soil P levels are adequate for greater growth under
non-stress conditions (Nelsen and Safir, 1982). Inter-
estingly, infection by VAM tends to be stimulated in
plants growing in conditions of drought-stress (Sie-
verding, 1981). We obtained our highest infection
levels in a soil with comparatively low P availability
and it would be unreasonable to compare these
results with those obtained for a highly fertile soil.
Several studies, however, which report negligible
infection levels in the late winter period have been
carried out on soils with similar low levels of P (e.g.
Jakobsen and Neilsen, 1983; Daniels Hetrick et al.,
1984). Such soils are not necessarily marginal with
respect to cereal cultivation, and large areas of winter
wheat are grown each year under these conditions.

We would now maintain that mycorrhizal co-
lonization of autumn-sown crops can occur soon
after seed germination, enabling appreciable levels of
infection to build up prior to overwintering. The
potential influence of the mycorrhizas on plant
growth and vigour during the winter months could
thus be extremely important, but must remain specu-
lative until the appropriate physiological in-
vestigations have been carried out. The inflow of P to
roots of winter wheat has a large peak in mid-winter
and a smaller peak in spring (Gregory et al., 1978),
thus infection by VAM during late autumn and early
winter could be extremely influential in optimizing
nutrient uptake in these plants in agricultural soils.
Recent research (Buwalda, /oc.cit.) has made it clear
that the dynamics of uptake of P in winter-sown
cereals are such that VAM infection present in the
roots at early stages of their growth may have a
disproportionally large influence on subsequent
growth. It must also be borne in mind that the
mycorrhizal relationship may become imbalanced at
low temperatures. A cut-off temperature (about 7°C)
is believed to exist relating to infections due to coarse
endophytes below which the fungus cannot take up
P (Hayman, 1983). In such circumstances, a reap-
praisal is necessary of the influence of VAM on cereal
growth.

Our observations draw attention to the frequent
occurrence of infections due to fine endophytes in
temperate agricultural soils, particularly during the
winter months, and later towards the end of the cereal
growth season, when these species make up the bulk
of the mycorrhizal infection. Other workers have also
noted a predominance of fine endophyte infection
in crops during the winter months (Jakobsen and
Neilsen, 1983). It has been suggested that the fine
endophytes are less aggressive than the coarse with
respect to infection ability from the growth medium
(Wilson and Trinick, 1983), but once infection has
occurred the mycelium of a fine endophyte is capable
of producing many more secondary infection loci
than that of a coarse endophyte. Furthermore, the
fine endophyte was apparently slow to infect germi-
nating seeds, but once established it was capable of
a more rapid spread from plant to plant than other
fungi investigated (Powell, 1979a). These results
are reflected by our own observations, and the
recolonization by coarse endophytes presumably

relates to their more aggressive nature, and the
restricted environmental range under which they are
able to spread from plant to plant via the root system.
Fine endophytes are often the most abundant my-
corrhizal types in natural soils (Fitter, 1985). These
fungi rarely produce beneficial growth responses,
even in infertile soils (Powell, 1979b), and we have
noted that they produce little external mycelium in
the field. It may be that these two facts are related as
Sanders er al. (1977) reported that of four VAM
isolates introduced into onion roots, it was the one
that produced least external mycelium that was the
least efficient in terms of stimulating growth of the
host.

A strategy for the manipulation of mycorrhizal
infections for the future might be to introduce isolates
of coarse endophytes that are able to rapidly infect
autumn-sown cereals and maintain high infection
levels throughout the winter period. Alternatively,
cultural practices could be modified such that efficient
indigenous fungi are favoured, an approach which
would be particularly compatible with the current
interest in developing sustainable systems of
agriculture.
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