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ABSTRACT

The association between vesicular-arbuscular mycorrhizal fung 
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 ves lcu la r-a rbuscu la r mycorrhizas (VAM) 

are mutuallstic symbioses 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 ef a/. , 

1975).

VA mycorrhizas are formed in most angiosperms. some gymnosperms and 

in pterldophytes and bryophytes under trop ica l, 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 contro lled 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 Em den-M eyerhof-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).
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1 .1 . VAM infection development

Studies on the development of VAM infection have shown that neither spore 

germination nor initial d irection 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 

corre lation 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 (N ico l. 

& G e rd .)  Gerd. & Trappe In axenlc culture (Carr et a l . .  1985). Another 

important rhizosphere factor is the presence of active populations of 

m icroorganisms. Suggestions that they play a role in the development of VAM 

infection is supported by studies on the influence of free-l iv ing  rhizosphere 

m icroorganisms on VA fungi under axenlc conditions. It has commonly been 

observed that fungal and bacteria l 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 hyphai 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 in te r-  

and Intracellu larly, without invading the endoderm is. stele or root meristems
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(Amljee et at. . 1986). Recent work has indicated that the older a root becomes, 

the less chance there is of infection occurr ing 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 arbúsculo is formed. The 

function suggested for the arbuscule is the b idirectional 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 nuclei become enlarged and divide. Cell organelles such as 

m itochondria 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 in te r-  

or in tracellu lar vesicles,  which are oval to obovoid to spherical lip id -conta in ing  

structures. They are th in-wa lled at f irst and are believed to have a temporary 

storage function. after which they may become th ick-walled and 

ch lam ydospore-like .

When the internal infection has become established, external hyphae 

ramify, either growing along the root surface form ing more penetration points or 

extending into the surrounding soil beyond the rhizosphere producing an 

extensive fine mycelial network. External hyphae are typically d imorphic with 

coarse, th ick-walled hyphae channelling into the entry points and bearing resting 

spores and fine th in-wa lled 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 a n d /o r  sporocarps are 

produced on the external mycelium. Some species, however, 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 nutrit ion. Much earlier 

work was concentrated on the 'b ig  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) , T inker (1980) , Hayman (1982, 1983. 1984) , Mosse ef 

al (1 9 8 1 ),  Rhodes and Gerdemann (1980) and Glaninazzi-Pearson and 

Gianlnazzi (1981) have thoroughly discussed many physiological aspects of the 

symbiosis including the nutrit ional 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-m ycorrh iza l 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-m ycorrh iza l roots. It Is 

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 (B ie leskl. 1973) . move slowly by diffusion since 

they are readily adsorbed to the soil collo ids. 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 soil 

volume. In very dense root systems the In te r-roo t 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, l - 2 m m  wide, co inc ide with the rhizosphere and 

have been shown to be much larger around mycorrhizal onion roots compared 

with non-m ycorrh iza l 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) .
pWfe.

It has been shown that both mycorrhizal and non-mycorrh izal^absorb P from 

the same soluble phosphate pool (Sanders and Tinker, 1971; Bolán 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 mycorrhlzas 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 er 

a / . ,  1978). These are moved through the hyphal lumen by cytoplasmic

streaming to the arbuscules. 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-fo ld  faster than the phosphate diffusion rate through soil (B ie leski, 

1973). M ycorrh iza-specif lc  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 a n d /o r  transfer mechanisms in VA mycorrhlzas 

(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 arbuscuie 

(Cox et a l . .  1980). This hypothesis is strengthened by the finding that the 

p lasmalemma-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

1 5uptake and transport of N from two N-labe lled sources by G. mosseae (N ico l.

& 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 E l-G iahm i, 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 (1 9 8 2 ),  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 (F it te r,  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 soil water potential, thereby accounting for 

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

and Levy, unpublished observations) .

1 .2 .4 .  Non-nutrlt iona l effects of VA mycorrhizas

Mycorrhizas can affect plant growth and vigour by mechanisms other than 

improved host nutrit ion. The production of substances with hormonal activity 

have been described for VAM fungi germ inating and 'g row ing ' in vitro (Barea and 

Azcon-Agu ila r. 1982b) and higher levels have been observed in VAM infected 

plants (Allen et a l , 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 s ignif icant 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-p lan t 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 

b iotrophic transfer across the living membranes of both partners (Sm ith. 1980) . 

Direct evidence for such transfer was obtained by detecting 14C-labeiled 

compounds in fungal structures associated with plants that photosynthesised 

w ith ^C O g  (Ho and Trappe. . 1973; Cox et al. , 1975) . The VA mycorrhizas do 

not appear to form trehalose or mannitol (Hayman. 1974) as in ectomycorrhizas 

and ericoid mycorrhizas (Harley. 1975) and lipids seem to be an alternative sink 

(Cox e r a / . .  1975). Bevege ef 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 mycorrhlzai plants compared with non- 

mycorrhizal plants of equal size, since less photosynthate would be converted to 

plant dry matter production and so P concentrations expressed on a dry weight 

basis would appear higher (Strib ley ef a/. . 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 insuffic ient 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 in fections, such as 

cereal rusts, also have the ability to alter the distribution of the photosynthate of 

the host, and red irect 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 ' lo s s ' to the fungus. Such a compensation may be 

possible as a result of a lower percentage of dry matter in the 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 (Snellgrove et al. , 1982). Recent work, 

however, on sunflower growing in a low P soil ( 5^jg g "*) and a moderate P soil 

(15pg g - 1 ) 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-m ycorrh iza l plants 

(Koide. 1985) .

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 e a r l ie r ) ,  and the resulting plant 

responses are all dependent on in teractions 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 agricu ltura l practices such as heavy 

fertil isation, fumigation and agrochem ical treatments.

1 .3 .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 ghjwth or yield, at a given level of fertil ity" 

(Gerdemann. 1975). Generally, plants having coarse root systems (>0.5m m  

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, 1mm d ia m .)  respond to mycorrhizas only in P defic ient soils 

(S t.John . 1980). However, d ifferences 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 .3 .2 .  Fungal specific ity

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  so i l-p lan t 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 

corre lated with the enhancement of plant growth by VAM fungi (Graham et a l . . 

1982) . The other crit ica l 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 corre lation between the effic iency 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
vxy
reflect

increases in root biomass (Smith and Bowen. 197 9 ).

The level and type of nutrients in the soil affect the formation of. and the 

response to, mycorrhizas (Sm ith . 1980). Generally a low to moderate soil P 

fertility enhances the degree of VAM development and plant response. It appears 

that the water-so luble 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 b icarbonate-so lub le  levels, especially when drought conditions prevail 

(Dodd ef 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 at. . 1978). since recent work has also shown that P 

inhibition of VAM formation Is associated with m embrane-m edia ted decrease in 

root exudation ( Ratnayake et a l . . 1978) .

1 .3 .4 .  Pesticide applications

Trappe et al. (1984) has recently reviewed the literature concern ing 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 fungic ide benomyl 

Is particularly Inhibitory of the VAM symbiosis (Hale and Sanders. 1982). The 

effects of herbic ides, nematacldes and other chem ica ls on the symbiosis do not 

appear to adversly affect VAM fungi but there are many examples of conflic ting

number of appressorla Increases as the temperature rises, although th is /

results In the literature.
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1.4 . The role of Indigenous VAM fungi in studies of plant growth responses to 

inoculation in natural soils

The contribution that naturally occurr ing VAM fungi make to the nutrition of 

agricu ltura l 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 n iche, 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 Inoculum potential of Indigenous VAM 

fu n g i.

The potential importance of the indigenous mycorrhizas for plant growth has 

been indirectly demonstrated by the effects of their e lim ination. Methyl bromide 

fumigation of the soil to control root pathogens, a common practice in intensive 

agricu lture in sem i-a r id  climates such as Israel, can cause stunting of crops 

such as citrus (T im m er 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-m ycorrh iza l 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 at. . 1983) . For each plant there will be a level of available 

phosphate in the soil to which this plant will respond sim ilarly 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 corre lated with infectivlty 

(Hayman, 1983). For this reason, so il-d ilu t ion  techniques have been developed 

(Wilson and Trin ick, 1983) to assess the most probable number of viable VAM 

propagules ( i . e .  spores, hyphae or root fragments present in viable 

c o n d it io n s ) . Nevertheless, as stated earlier, it Is also necessary to 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 (T inker. 1978) . this may be important because the demand for P 

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

VAM fungi selected for inoculation into agricu ltura l 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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Alms 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 agricu ltura l 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 

mycorrhlzal associations. The work reported here, therefore, is an assessment 

of the levels of naturally occurr ing 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 I will describe observations made over a three year period 

which suggest that VAM associations are common in com mercia l cereal fields 

and that substantial infection can occur early in the development of the crop. An 

ecological survey of species of VAM fungi at d ifferent 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 'p u re ' pot cultures of single species or 

strains of fungi (Fang et a/. , 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 bu lk ing-up of 

suffic ient 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 germ ination. 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 effic iency of the indigenous VAM 

population in a com mercia l 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 tor Pot Experiments

Coarse durite sand was used as a growth medium tor all glasshouse pot 

experiments. This growth medium Is widely used in glasshouses tor raising 

seedlings because it is clean and tree from contam ination, and there is theretore 

little need for further sterilisation. Durite is the by-product of ca lc ine 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 w ater).  The phosphorus in the durite, extractable with 

0. 5M sodium bicarbonate at pH8. 5 (Olsen et a l , 1954) , was 2mg P L -1 The 

levels of exchangeable cations, potassium and magnesium, in the durite 

(measured in a IN  ammonium acetate extract) were 11 mg K L (by atomic 

emission spectrometry) and lOmg Mg L (by atomic absorption spectrometry) 

respectively. The durite was obtained from Brett Robert & Sons Ltd. , Brett H. O. . 

W lncheap, 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 given 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. 6Klx, grolux and warm white, and a 16/8  hour day /n igh t 

photoperiod was employed.

2. 3. Production of Inoculum

The obllgately symbiotic nature of VAM fungi limits the techniques available 

to establish clean homogenous cultures. It was decided, therefore, to approach 

this problem by in itiating s ing le -spore  pot cu ltures, (see Fang et a l . 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 
(fllliVM iCfk 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 (I. C. I. ) .  Single spores were placed 

onto the roots using storkbill 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 -ha lf  strength Hoagland's solution 

(m inus 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 m icroscope (x50) for the presence of either external mycelium or

sporulation. Where extensive mycelial growth had occurred plants were

transfered to 75mm 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 irr igated with one-th ird  strength Hoagland's solution (m inus P) .

These “stock" cultures were subsequently used as inoculum for the "bulk ing“ of

inoculum, by chopping the infected onion roots into small sections (<2mm) and

redispersing them through the sand from the same po tiw h ich  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  tfrtajs L

25cm, and sown with seeds of onion (cv. Ailsa Craig) or sweet corny^icv. 

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 autoclaved bulk

inoculum.
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2. 3. 2. Inoculum for Field Experiments

Bulk VAM inoculum from sweet corn po t-cu ltu res was a ir-d r ied  and sieved 

through a 5mm diam. sieve. Root systems, remaining on the sieve, were finely 

chopped and redispersed through the sieved durlte. This mixture was applied 

below wheat seedlings at sowing (see chapter 7 ) .  Control inoculum consisted of 

sievings from non -in  feched 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-sam pled for estimation of in fection. 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-sam ples were taken 

Immediately from the orig inal samples (no t 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 (197 0 ).  Roots were cleared in 10% (w /v )  

KOh at 90°C for 1-2 hours (fie ld material was cleared for longer periods) . 

acidified in 1% HCI (v /v )  and stained in 0. 1% (w /v )  trypan blue in lactoglycerol 

( lac t ic  acid; g lycero l; distilled water. 5 : 1: 1 ratio) . Chlorazole black E was also 

tested at 0. 1% (w /v )  and gave excellent 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 m icroscope (x32) . The 

proportion of in tersects of roots and grid lines 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 

m icroscope and this is described and discussed in chapter 3.

2 .6 .  VAM Spore Isolation Technique

Spores were Isolated by wet-s ieving and decanting field soil or pot 

experiment growth 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 106|um 

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^im 

sieve, and resuspended in deionised water in a Doncaster nem atode-counting
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dish, for estimation of spore numbers. VAM spores were characterised by their 

size and colour ( inc iden t l ig h t ) ,  cytoplasmic appearence (transmitted l igh t) ,  

wail structure and hyphal attachment (see chapter 4 ) ,  using a stereoscopic 

m icroscope (x50 ).  Spores from pots were isolated as described above from a 

weighed sub-sam ple of the core taken from the pot. and counted in a Doncaster 

d ish .

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  d ia m .)  to co llect 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 form ing a sandwich of spores. The spores were then surface sterilised 

with 0 .5%  sodium hypochlorite (NaOCI) for 3 mins, and flushed several times 

with sterile deionised water using the vacuum. The filter paper was transfered to 

a b inocular dissecting m icroscope, situated in a clean air head. Spores were 

picked from the f ilter 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 m ateria l were measured in greenhouse and growth 

room experiments Imm ediately after harvest. Dry weight values were obtained 

when sm all amounts of fresh fo liage had been harvested. Shoot m ateria l was 

subsequently used fo r chem ica l analyses.

2. 7. 2. Concentration of Phosphorus In Shoot Material

Samples of plant m ateria l were wet digested in a 4: 1 mixture of concentrated 

n itr ic /p e rc h lo ric  acid and dissolved in 6N HCI. The concentra tion of phosphorus 

in the solution was then determ ined spectropho tom etrica lly  as the yellow 

phospho-vanado-m olybdate com plex (analyses carried out by the analytical 

services. ADAS. Wye) .

2. 7. 3. Concentration of N itrogen in Shoot Material

The concentra tion  of N in shoots was measured co lo rim e trica lly  after 

Kjeldahl d igestion (ana ly tica l service. ADAS. Wye) .

2. 8. S tatistics

Effects of experim ental treatm ents were sta tis tica lly  analysed using analysis 

of variance on the GENSTAT sta tistica l com puter program  (Alvey ef a/. 1977) . 

The sta tistica l s ign ificance of treatm ents or in te rac tions, independent of the 

scale of m easurem ent, was determ ined using variance ra tios, and of d ifferences 

between means using the least s ign ifican t d iffe rence (LSD) for yie lds and levels 

of VAM in fection (S teel and T o m e . 1960) .
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2 .9 . U ltrastructura l studies

All chem ica ls used in the preparation of m ateria l fo r e lectron m icroscopy 

were of an analytical grade.

2 .9 .1 .  Scanning e lectron m icroscopy

Spore sam ples were not fixed but a ir-d r ie d  and mounted d irectly  on 

alum inium  stubs using doub le -s ided Sellotape. before being sputte r-coated with 

gold for 2 -4  mins at 40mA. Specim ens were examined using a Cambridge 

Stereoscan 600 (acce le ra ting  voltage 15kV. at U .K .C .)  or a Hitachi S-430 

( acce lera ting voltage 15kV. at Wye College. University of London) .

2. 9. 2. Transm ission e lectron m icroscopy

(a ) Preparation of m ateria l

Spores were individually picked out with storkb ill fo rceps into fixative (0 . 5% 

(w /v ) paraform aldehyde -  1% (w /v ) g lutara ldehyde in 0 .1M  cacodylate-HC I 

buffer (pH 7 .2 ) )  and gently punctured with a syringe needle (0 . 5x16mm) under 

fixative. These spores were fixed for 20-30 m ins. They were subsequently 

washed, post-fixed In 1% (w /v )  osmium tetroxide In 0. 1M cacodylate-HC I 

buffer, washed and dehydrated through a graded e thano l-w ater series. Spores 

were then embedded in S purr's  resin (S pu rr. 1969). The protocol used in the 

preparation of spores for T. E. M. is sum m arised in figure 2. 1.

(b ) Sectioning

Thick sections (1pm ) for ligh t m icroscopy were cut using a glass knife 

mounted on an LKB Ultratom e III, and stained using 1% (w /v )  methylene blue 

and 1% (w /v )  sodium te traborate (see next se c tio n ). Stained sections were 

examined using light m icroscopy to fac ilita te  the location of areas of in fection for 

u ltrastructura l investigations. The face of the resin block was trim m ed to form  a
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fou r-s ided  pyramid bearing the selected area of Interest. U ltrathln sections of 

this selected region were cut using a fresh glass knife or a DuPont diamond 

knife. The sections were floated onto d istilled water and co llected on uncoated 

hexagonal mesh copper grids (300 m esh ). A fter drying in a ir, sections were 

stained and examined using a Phillips 410 EM, at an acce lera ting  voltage of 

80kV.

(c ) Staining Thick Sections for Light M icroscopy

Thick sections (approx, ly m ) were cut using a glass knife, mounted on an 

LKB Ultratome III, and transferred to a drop of d istilled water on a glass 

m icroscope slide. The sections were heat-fixed to the slide by warm ing over a 

bunsen flam e. Two drops of 1% (w /v ) aq. methylene blue and two drops of 1% 

(w /v )  aq. sodium te traborate were placed on the sections (borax raises the pH 

of the stain to approx. p H 9 ). The slides were gently heated over a flam e for 15 

secs -  it was im portant not to allow the stain to boll. The slide was allowed to cool 

and excess stain washed off with d is tilled  water. The sections were blotted dry 

and a coverslip  placed over them prio r to exam ination.

(d ) Staining U ltrathln Sections

U ltrath in sections, mounted on copper g rids , were stained using uranyl 

acetate and lead c itra te .

(I)  Uranyi acetate was prepared as a 2% (w /v )  aq. solution in d is tilled  water 

and stored at 4 °C .

( ii)  Lead c itra te  was prepared using the method of Reynolds (1 9 6 3 ). Grids 

bearing sections were placed on the surface of the uranyl acetate solution 

(sections in contact with the surface of the liqu id) contained In small plastic 

em bedding capsu les. The grids were then rem oved, flushed with d istilled 

water and blotted dry before being placed on the lead c itra te  so lu tion, 

contained in s im ila r vessels. Sections were Incubated In lead c itra te  for 10
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CHAPTER 3 

PART 1

The early developm ent of VA m ycorrhizas In autum n-sown cereals.

3. 1 A. INTRODUCTION

It is well established that ves icu la r-a rbuscu la r m ycorrhizas (VAM) Improve 

phosphorus uptake and growth In a wide range of plants (Haym an. 1983) . and 

that VAM occur in many fie ld crops under a range of environm ental cond itions 

(M osse et al. . 1981) , especia lly when the availability of phosphorus in the soil is 

lim ited. Phosphorus uptake in annual crops may be sign ifican tly  affected only if 

the in fection is well established shortly after seedling em ergence (Jakobsen and 

Neilsen, 1983). Cereals, such as barley with a dense, fine root sytem. have 

been shown to respond less in the fie ld to inoculation with VAM than crops such 

as lucerne or onion with a lim ited root system ( O wusu-Bennoah and Mosse. 

1979). Rapid developm ent of a VAM Infection could be a m ajor determ inant of 

response in annual crops. Sanders ef al. , (1977) have, for example, presented 

data showing that low percentage root in fections by VAM (<10%) can have a 

benefic ia l value to the host out of all proportion to the ir size, especia lly when the 

plants are very young and a w ell-deve loped external mycelium is present.

Most previous studies in tem perate clim ates have suggested that in fection of 

cereals by VAM does not reach appreciable levels 030%  root length) until late 

spring or even early sum m er. Asai (1934) , for exam ple, firs t observed a lack of 

VAM in fection in w inter wheat and other sm all gra ins until late April soon after 

gra in heads had em erged. In the U. K. in fection levels of w inter wheat have been 

reported as sparse in May. but increasing to a peak in Septem ber (Haym an, 

1970) . In Denmark, very low in fection 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 com parable studies in Kansas (D anie ls Hetrick and Bloom. 

1983) . In contrast, more than 50% of root segm ents of w inter wheat seedlings 

examined in West Pakistan were m ycorrhizal a month after they were sown, (Sa if 

and Khan, 1975) although this may re flect a much h igher tem perature regim e, 

and the fact that large num bers of spores of Endogonaceous fungi were present 

in the so il, h ighe r levels of Infection In December (7 -8%  root length) and March 

(15-16%  root length) have been recorded in experim ental plots of w inter 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 

s ign ifican tly  in fluence the growth of w inter cerea ls in tem perate c lim ates, at least 

until a period after flowering when any effects on grain yie lds would be much 

reduced.

Most studies have tended to concentra te  on spring sown crops (B lack and 

T inker, 1979; Jensen, 1983). Inoculation of spring barley in the fie ld has shown 

that in troduced VAM endophytes increased growth to a greater extent than the 

indigenous population (C larke and Mosse. 1981). Other workers, however, 

have found that natural in fection by indigenous endophytes was established too 

late to be likely to increase growth (B lack and T inker. 1979). The potentia l 

activity of a VAM in fection may be gauged by estim ating total arbuscu lar in fection 

in addition to total in fection (Haym an, 1974). In th is study a survey of two 

com m ercia l fie ld sites was undertaken to investigate natural in fection levels in 

w inter wheat grown in m onoculture over a three year period.
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3. 2A. MATERIALS AND METHODS

Soil sam ples, includ ing cereal roots, were taken from  three fie ld sites. 

Gofflands 1 ( G - l )  , Gofflands 2 (G -2 ) . near B illingshurst. West Sussex, and 

Ham ill, near Ramsgate, East Kent, through three consecutive w inter cereal 

seasons 1982-1985. G - l ,  a clay loam so il, had been under wheat for four years 

prior to 1982 (M ap re ference TQ12 148240 and figure 3. 1) . G -2 . another clay 

loam so il, had been perm anent pasture fo r twelve years prior to being planted 

with w inter wheat in 1982 (M ap reference TQ12 140236 and figure 3. 1) . Hamill 

fie ld , a silty clay loam so il, had been under continuous w inter wheat since 1977 

(Map re ference TR 337630 and Fig. 3. 2) .

On each occasion e ight sam ples were taken from  the top 10cm of soil at 

approxim ately 10m intervals along a transect across the fie ld . The line of 

transect was d iffe ren t at each tim e of sam pling. The samples were bulked and 

e ight subsamples consisting of several plants with sem inal 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 

lactog lycero l solution (m od ified  Phillips and Hayman, 1970) . At least 80cm of 

root length per bulked sample were examined under the low power of the 

com pound m icroscope (X100) and the percentage root in fection calcu la ted by 

noting the presence or absence of in terna l VAM structures in each fie ld of view 

(approxim ate ly 1 .5mm) and dividing by the num ber of fie lds of view examined. At 

the same tim e the quality of in fection was assessed by reco rd ing , for each field 

of view, the proportion of in fection due to arbuscu les com pared with that due to 

mycelium  and vesic les, using the scale given in Table 3 .1 . Qualitative 

observations were also made of the relative am ount of in fection due to fine 

endophytes ( Glomus tenue) In re lation to 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.

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



TABLE 3.2 - Soil characteristics at each sample site

HAMILL GOFFSLAND-1 GOFFSLAND-2

Sample date Soil*
phosphorus

Soil
pH Sample date Soil

phosphorus
Soil
pH Sample date Soil

phosporus
A

Soil
pH

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 11/19B4 14 6.5 11/1984 30# 6.5

6/1984 35 7.5 3/1985 13 6.8 11/1984 40# 6.9

11/1984 62+ 7.9 3/1985 76# 6.6

= bicarbonate soluble P (Olsen) in mg L 

= pasture soil prior to fertilization 

= under Oil 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

SITE SEASON CROP - VARIETY SOWING DATE

G-l 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 Oil seed rape -
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None of tho sitos wore oxporimontaJ plots but wore In fie lds on com m orcia! 

farms and wore subjoctod to ag ricu ltu ra l p ractices norm al for in tensive ly-grow n 

coroa ls in North-W est Europe. In the 1982-3 season for example. G - l  and G -2  

rocoivod 100kg ha  ̂ of NPK fe rtilise r (0 -2 2 -2 2 )  p rio r to sowjng and 50kg ha-1 of 

'N itra m ' (ICI A grochem ica ls) at growth stage 7 (Fookos sca le ). Tho crop 

rocoivod a post-om orgonco  herb ic ide  app lication and was treated with a b road - 

spectrum  fung ic ide ( G - l  rocoivod a Focal app lica tion. G -2  rocoivod a Sportak 

app lica tion) in late spring. At Hamill the 'N itra m ' app lication was given as 50kg 

ha-1 at growth stage 6 and 150kg ha-1 at stage 8. Throe herb ic ides wore applied 

between growth stages 3 and 6 {D icurano ( 3 ) .  Avenge (5 ) . C oridor (6)1 and five 

fungic ides wore applied as throe m ixtures between growth stagos 7 and 1 (Jupital 

+ Bavlstin ( 7 ) .  Jupita i + Manzato (10. 1) . Corboi + Bavistin (10. 1 )). Soil pH and 

available b ica rbona te -so lub io  phosphorus (O lson e ta /. . 1954) wore determ ined 

several timos during the Investigation and the results are given in Table 3. 2. The 

dates of sowing and tho respective crops and varieties sown at each fiold site 

during tho throe seasons are recorded in Table 3. 3.

3. 3A. RESULTS

Figures 3 .3  and 3 .4  show the % fractiona l in fection of the roots by VAM 

during the three growing seasons. Fractiona l in fection is the fraction of the 

length of host root conta in ing  m ycorrh lzal in fection . During 1982/3 and 1984/5. 

tho total Infection levels Increased rapid ly at G - l  and G -2 . and more gradually at 

Ham ill. fo r the two months follow ing sowing. A decrease in fractiona l in fection 

then occurred  over tho subsequent two to three months. Infection levels then 

rose rapid ly to a peak in late spring. These trends were re flected by the relative 

proportions o f a rbuscu lar in fec tion , which dropped to zero by July o r August 

(F igs. 3. 3 and 3. 4 ) .  In tho 1983/4 season a d iffe ren t, yet consistent, pattern of
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IGURE 3.3 - Percentage fractional VAM infection in the roots of winter wheat 
varieties Avalon and Rapier at three sites (G-l, G-2 and Hamill) 
during the period 1982-1984.

AVALON RAPIER

HAM

WINTER WHEAT SEASONS (MONTHS)

= total infection (arbuscles, intercellular mycelium and vesicles); 
= infection due to arbuscles alone. Bars indicate least significant 
ifferences at the 5% probability level (L.S.D P0.05).
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Figure 3.3B - Changes in the relative proportions of fine and coarse 
endophytes within total VAM infection levels estimated 
in wheat root samples at the G-1 field site during the 
1982-84 growth seasons.
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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-l, 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.



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 (xl40, B.F.).

PHOTO 4 - Young arbuscular infection sites again with little 
lateral spread, Hamill, May 1983 (x!40, B.F.).

PHOTO 1 - Isolated arbuscular infection in roots of winter
wheat from the Hamill site, November 1982 (xl30, B.F.).



I



PHOTO 6 - Extensive arbuscular infection along wheat roots from 
the G-l site in April 1983. Note the fine endophytic 
infection (xl40, B.F.).

PHOTO 7 - Vesicular infection in wheat roots from the G-l site in 
June 1983 (xl50, B.F.).

PHOTO 5 - The disappearence of infection sites in the overwinter
decline of December 1982 at G-l (x!30, B.F.).





PHOTO 8 ■- Restinq 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 co lon isation was obsorvod. Thoro was no decrease in Infection Jovols during 

the w inter poriod and the m ycorrh izal proportion of tbo root system Increased 

stoadlly to a January (G -2 )  o r Juno ( G - l  and Ham lli) poak. in fection lovols at 

Hamiii wore consistently lower than those recorded at o ithor of the Gofflands 

sites, in the 1984/85 season the two patterns of in fection wore observed together 

in G - l  and G -2 . The early sown barley (la te  September) showed a gradual 

increase in in fection through the w inter poriod when the ia tor sown (O ctobor) rye 

and wheat lovols dec lined. S lightly lower peaks of in fection in the wheat crop at 

G -2  in 1984/85 com pared to previous years wore obsorvod which may have boon 

duo to the increased soil nu trien t status (Tab le  3 .2 ) .  Rye in the same fioid 

showed lower in fection levels grown under the same fie ld conditions.

The trend obsorvod in the 1982/83 season can bo cloarJy soen from 

photographs taken through the season (Photos 1-4) at the Hamili site. The 

photographs of INIovombor 1982 (Photos 1 and 2) show sm all patches of coarse 

arbuscu lar Infection with iittie  la torai spread. By January in fections consisted of 

lim ited in to rco liu la r hyphal growth despite the presence of apparently norm al 

approssoria  (Photo 3 ). In May. however, coarso arbuscu lar in fections 

roappoarod but with little  la tora i spread of in fection units (Photo 4 ) .  At the G - l  

site the oarly O ctobor/N ovom bor abundance of coarso ondophytic approssoria l 

form ation and dense in terna l in fection gave way to the Docombor decline poriod 

(Photo 5 ). By April oxtromoly well dovolopod arbuscu lar Infoctions occurrod 

rogu larly  along tho roots examined (Photo 6 ) . By Juno, in fection consisted 

prim arily  of vesicles and in te rce llu la r hyphao (Photo 7 ). Tho m icroscopic 

appearance of the m ycorrh izal in foction also changed during tho grow ing soason

and re flected changes in tho re lative proportion of in foction duo to ondophytos
(Ftq.'i’i.B).

with coarse hyphae re lative to those with fine hyphae^ Both typos of ondophyto 

wore present In roots from  a ll throe sites when in foction lovols woro high (Photo
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6 ) .  but the proportion of roots in foctod by coarso hyphao dropped appreciably 

aftor lato November in 1982 and 1984. During periods whon in foction lovols woro 

lowest (D ocom bor to A p ril. 1982/3 and 1984/5) co lon isa tion  was prim arily  duo 

to the presonce of the fino ondophytos. Few coarso hyphae wo ro obsorvod during 

tho ovorw intoring period of thoso two growing seasons. Approssoria i form ation by 

hyphao of coarso ondophytos was froquontiy notod. but la torai sproad of the 

in foction did not occu r w ithin tho root cortox. Tho riso in in fection lovols notod 

during tho spring porlods was duo to oxtonsivo m ycolia i and arbuscu lar growth of 

both typos of ondophyto w ithin tho root cortox. Tho observations during tho 

1983/4 (and  for barioy at G -2  in 1984-85) soason differed in that tho lovois of 

in foction duo to coarso ondophytos persisted ovorw intor. At the H am ili sito 

1983/84 tho largo increase in total in foction (F ig . 3 .3 )  consisted of both fino 

and coarso ondophytic in foctions.

3 .4 A . DISCUSSION

3. 4. 1A. Early in foction dovolopm ont

These results describe much m ore extensive co lon isa tion  of w inter cereal 

roots in the p re -w in te r period than has previously been noted. It could be that 

this early  peak In Infection may have boon overlooked In previous studios for two 

main reasons. F irs tly , several reports (Haym an, 1970; Jakobsen and N ielsen. 

1983) do not present data for the late au tum n /ea rly  w inter period, but give 

observations only from  late w inter onwards. Jakobsen and Nielsen (1 9 8 3 ). 

however, took fie ld samples o f w inter barley, wheat and rye in late November in 

Denm ark, six weeks a fte r seedling em ergence. They sampled by extracting 

cores, but could not d istingu ish between fresh roots and the old roots of the 

previous barley c rop , so no data were presented. Buwalda (1983) also took 

samples In late November but his results were obtained from a field that had been
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fallow for seven years. In my study in tact plants with attached root systems wore 

removed from the soil for estim ation of in fection , using a trowel to a depth of 10 

cms. Secondly, d iffe ren t techniques used for estim ation of Infection of stained 

field m atoria l may give rise  to con flic ting  results, in particu la r, the use of the 

g r id - lin e  in te rsect method for assessm ent of early soason fiold m atoria i under a 

low powor d issecting m icroscope may result in both young in foction sites and the 

presence of fine endophytes doing overlooked. This would result in under 

estim ation of fractiona l in fection, in contrast, the cortex of roots co llected lator 

in the soason is often co lon ised by o ther fungi which stain using the Phillips and 

Hayman method (o .g . Olpidlum  (Photo 8 ) .  Polymyxa and ñhlzoctonla). Those 

are som etim es d ifficu lt to d is tingu ish from donse VAM Infoction under a low powor 

d issecting m icroscope and honco tho ir presence may load to ovorostim ation of 

fractiona l in foction by VAM if this method of assessm ent is used, (as also notod 

by M iller ot al. . ( 1983)}. In add ition , some sta in ing of co rtica l co lls  of the root 

occurs regu la rly  which may also appear s im ila r to a denso arbuscu lar in foction if 

a low resolu tion m icroscope is employed. In w in ter-sow n crops, particu larly  

towards the end of the season, much of the root m atoria i loses its co rtica l 

com ponent during preparation. The vascular tissue rem ain ing may subsequently 

bo countod as non -m ycorrh iza l undor a d issecting m icroscope, in this study 

such roots wore not included in estim ations of in foction. A compound 

m icroscope (xlOO m agn ifica tion) has boon usod lo r  estim ation of in foction in 

fio ld m atoria i throughout those investigations in order to overcom e those 

problem s.

Early developm ent of VAM Infection in autum n-sown cerea ls is consistent 

with the view that arbuscu lar co lon isa tion  by VAM Is favoured In the young, active 

regions of the root system. In my results the most extensivo arbuscu lar phases in 

1982/3 and 1984/5 occurred  during periods when new roo t growth was likely to
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be most p ro lific , particu la rly  during late O ctober and March to May. p rio r to oar 

em ergence (B arrac iough and Leigh. 1984). Estimates of root extension rates for 

w inter wheat gave figures of 5-6m m  day  ̂ for the w inter period com parod to 

18mm day-1 fo r spring (G regory et al. . 1978). Again little  data are available for 

early autumn. Barraciough and Leigh (1984) ca lcu la ted the average growth rate
p — i

between March and Juno for w inter whoat, to bo Ig  m day . This figure was 5 

tim es that ca lcu la ted for Decem ber to M arch, in con tras t, much of the in fection 

recorded during sum m er (June to August) consisted of vesicles and in to rco llu la r 

m ycelium  with iittie  of the arbuscu lar com ponent rem ain ing. Total fractional 

in foction also decreased during the period after anthesis and it may be s ign ificant 

that Woibank et al. . ( 1973) reported a decline in dry weight of coroa i roots aftor 

this growth stago. Buwalda (1 9 8 3 ), howovor, did not record this decline in 

fractiona i in foction but noted instead an end of soason plateau in the amount of 

in foction prosont. This d iffe rence in observations may ro floct d ifforoncos in 

m icroscop ic  technique as d iscussed above.

in 1983/4 tho two peaks in a rbuscu lar activity wore masked by a much higher 

ca rry -o ve r of in fection from tho autumn 'f lu s h ' in to the spring. One of the 

d ifficu lties in in to rpro ting  those trends in in foction . particu la rly  in ro la tion to tho 

time course of dovoiopm ont. is that % VAM in foction Is a ra tio . Changes In 

fractiona i in foction thus resu lt from two separate processes, root growth and 

growth of tho fungus. In this respect. Barraciough and Leigh (1984) showed that 

early-sow n (Septem ber) crops made substantia l root growth by December and 

continued to grow throughout the w inter at a faster rate than la te r-sow n crops. 

By March those early sown crops had over 4 tim es tho root dry weight of late sown 

crops, and had produced 35% of tho ir maximum root longth (prosum od to bo in 

June) com pared to only 10% for iate sown crops. In Septem ber-sown crops roots 

wore prosont at 1m depth by early Docom bor. yet roots of October sown crops
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were not found at this depth until April. Barraclough and Leigh ( 1984) also 

found that there was substantia l d ifferences in root dry matter production at 

anthesis. between the two years studied, at both sites. It would appear that the 

observation of an overw inter decline in VAM in fection in wheat in this study could 

be associated with the slower root growth rates of la te-sown wheat during the 

period D ec-M arch noted by Barraclough and Leigh ( 1984). If the wheat crop 

can maintain a rapid root growth rate through this w inter period, aided by earlie r 

sowing, then it may be that VAM fungi, and particu larly  coarse endophytes, can 

establish in fections and continue to spread within such an actively growing root 

system. For example in 1984/5 , early-sow n (3 0 /9 /8 4 ;  Table 3 .2 )  barley 

showed a steady increase in VAM in fection , whereas la te-sow n (1 4 /1 0 /8 4 )  rye 

and wheat (sown 2 1 /1 0 /8 4 ) had the overwinter decline of VAM in fection. The 

reduction in total fractional in fection levels in G -2 in this same season, may have 

been due to the app lication 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 (approxim ate ly 250km apart) exhibited the same trends 

of in fection in each season, so local factors were apparently of m inor im portance 

in establishing these trends. The d iffe rence between the results in 1982/3 and 

1983/4 m ight have been due to the change of w inter wheat cu ltivar, especially 

since d iffe rent spring wheat cultivars are known to vary in susceptib ility  to VAM 

in fection (Azcon and Ocampo. 1981). D an ie ls-H etrick  et al. . ( 1984) tested 9 

winter wheat cultivars in three soils Inoculated with indigenous and introduced 

endophytes in a glasshouse experiment. A fter 10 weeks all plants had become 

colonised and they noted s ign ifican t d ifferences in the intensity of in fection 

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 (F ig . 3. 4) would have resem bled those of 1983/84 and not those of 

1982/83. In add ition , the two wheat cu ltivars (Avalon. Rapier) used in our

studies have perform ed s im ilarly  with respect to percentage fractiona l in fection in

pot experim ents using pure inoculum  of three VAM fungi. Figure 3. 5 shows the

results and it can c learly  be seen that there was no d iffe rence between in fection
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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 qeosporum, 
Glomus monosporum and Glomus mosseae.

DAYS SINCE SOWING
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progression in tho two cu itivars whon coionisod by those throe coarse 

ondophytos.

It is genera lly believed that the degree of m ycorrhiza form ation is inversely 

corre la ted with available soil phosphorus levels (M ossc et a ! . .  1981). and the 

lower in fection levels recorded in Ham ill soil are presumed to re flect the h igher 

levels o f b ica rbona te -so lub le  phosphorus available at this site. It is notable, 

however, that over 40% of the root length was Infected In May 1984. a value far 

h igher than wouid bo expected for a so il ( Table 3 .2 )  conta in ing over 40mg L~ 1 

phosphorus (ADAS rating 3 ). This poak in Infection lovols corresponded with a 

poriod of iow ra in fa ll, and it is ilkoly that tho drought cond itions depressed the 

soil m oisture contont with a correspond ing  docroaso in phosphorus m obility. Tho 

m obility of phosphorus and o ther m inera l olomonts in the soil is loworod whon soil 

water potentia ls decrease (O lsen et al. . 1961). This is known to load to P - 

do fic ion t plants during drought stress ovon though the soil phosphorus lovols are 

adoquato for g roa tor growth undor non -s tress  cond itions (N elson and Safir. 

1982). in te resting ly, in foction by VAM tonds to bo stim ulatod in plants growing in 

cond itions of d rough t-s tress  (S iovord ing . 1981). Wo obtained our highest 

in foction lovols in a soil with com paratively low phosphorus availability and it 

would bo unreasonable to com pare those results with those obtainod for a highly 

fertile  soil. Several studios, however, which report neg lig ib le  in foction lovois in 

tho late w inter poriod have boon ca rried  out on soils with s im ila r low lovols of 

phosphorus (o .g .  Jakobson and Noilson. 1983; Daniols Hotrick of al. . 1984). 

Such soils are not necessarily  m arg ina l with rospoct to coroa l cu ltiva tion , and 

largo aroas of w inter whoat are grown oach yoar undor these cond itions (Jarv is  of 

at. . 1984).

3. 4. 2A. O ccurrence of Fine Endophytes.

These observations also draw attention to the frequent occurrence  of
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in fections duo to fine endophytes in tem perate ag ricu ltu ra l so iis, particu larly  

during the w inter m onths, and la ter towards the end of the cerea l growth soason. 

when those species make up the bulk of the m ycorrhizai in foction. Other workers 

have also noted a predom inance of fine endophytic in foction in crops during the 

w inter months (Jakobson and Noiison. 1983). Jt has boon suggested that the 

fine ondophytos are loss aggressive than the coarse with respect to in foction 

ability from  the growth medium (W ilson and T rin ick . 1983). but once in foction 

has occurrod  the m ycelium  of a fine endophyte is capable of producing many 

more secondary in foction loci than that of a coarse endophyte. Furtherm ore, the 

fine ondophyte was apparently slow to in fect germ inating seeds, but once 

established it was capable of a m ore rapid sproad from  plant to plant than othor 

fungi Investigated (Pow oli. 1979a). Elmos et al. . ( 1983) showod this same 

trend of slow in itia l establishm ent of ind igenous fine ondophytes in fecting rod 

clover in unstoriJe fie ld so il, with a la ter rapid phase of sproad of in foction. The 

coarse ondophyte in troduced Into the same so il, as a separate treatm ent, 

showod oa rlio r co lon isa tion  of the rod clover which subsequently led to a 

s ign ifican t growth rosponso ovor tho con tro l. This occurrod  despite the fact that 

final total fractiona l in foctions of tho coarse and fine ondophytos at tho end of tho 

growth period, wore tho same.

Fine endophytes are often the m ost abundant m ycorrhizal types in natural 

soils (F itte r. 1985). These fungi rare ly produce benefic ia l growth responses, 

even in In fertile  soils (Pow ell, 1979b), and. a t least in the samples examined 

during the course of the present study, they seem to produce little  external 

m ycelium . It may bo that these two observations are related as Sanders et al.

( 1977) reported that o f four VAM isolates used to inoculate onion seedlings, it 

was the one that produced least external m ycelium  that was the least e ffic ien t in 

term s of stim ulating growth of the host. However Abbott and Robson (1985)
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showed that tho ir fine endophytic isolate producod high levels of external 

m ycollum  yet in foctod plants had docroasod shoot woights com parod with contro l 

plants.

The inh ib ition of spread o f coarse endophytic in fection , seen over w inter in
3-3 iXa<A 3-?8>)

1982/83 and 1 9 8 4 /8 5 ^  within the roots, caused possibly by low tem peratures 

(Seo next s e c tio n ), may not a ffect fine endophytes to the same degree. It is 

known that they have a d iffe ren t type of spread of in fection (W ilson and T rin ick, 

1983). It is also known that fine endophyes are a m ajor com ponent of the all year 

round in fection that occurs in natural grasslands (Read et al. . 1976) . Coarse 

endophytes, apparently more aggressive, may therefore play a natural role In 

aiding seedling estab lishm ent in the Sussex fie lds investigated here. G - l  and 

G -2 . The two peaks of coarse endophytic Infection (F ig . 3 .3 )  may, however, 

mask a general slower linea r Increase of fine endophytic in fection through a 

season. The lower levels of Infection consistently reported from  temperate 

agricu ltu ra l fie lds (Buw alda, 1983; Jakobsen and Noilsen. 1983; Mosse and 

Hayman, 1971) when investigating the natural VAM Infection of crops in the fie ld , 

may therefore consis t ch ie fly  o f fine endophytes at certa in  times of the year. 

Rabatln (1979) reported seasonal d iffe rences in the percentage length of 

gram inaceous host root in fected with fine endophyte in three field sites in 

Pennsylvania. U . S . A .  H ighest levels were found in the la te -w in te r and spring 

period in very P -de fic ien t soils low In m oisture. In roots sampled from soils with a 

high spring so il-m o is tu re  con ten t fine endophytic in fection increased to a 

maximum la ter In the grow ing season, a s im ila r resu lt to that observed here in 

the Sussex fie lds. She suggested that the fine endophytes were particu larly  

adapted to penetrating host roots during brie f seasonal fluxes of P availability 

found In spring.
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CHAPTER 3 

PART 2

The effects of environm enta l factors on seasonal d iffe rences in the pattern 

of VAM developm ent in w inter wheat roo t systems in the fie ld.

3. 18. INTRODUCTION

Whore soli tem peratures vary considerab ly during the growth, season of a 

crop such as w inter wheat In tem perate reg ions, it has been suggested 

(Buwalda. 1983; Mosse. 1981; Black and T inker. 1979) that tem perature may 

bo tho m ajor ra to -llm ltln g  facto r involved in VAM in fection spread. Buwalda 

(1983) suggested that low tem peratures In w inter contribu ted to the slower 

developm ent of Infection in w inter sown pereals than In spring sown cerea ls . Ho 

observed a slow steady increase in Infection during the w inter crop season 

com pared to a much faster increase in Infection during the spring crop  season, 

in inoculated and non -inocu la ted  field experim ental plots. He also suggested that 

annual d iffe rences in tho rate o f increase of soil tem peratures in spring may 

explain annual d iffe rences in the rate of developm ent o f VAM in fection in the roots 

of spring barley.

Tem poral developm ental events over d iffe ren t seasons have been related to 

cum ulative tem perature data using the concept of THERMAL TIME (Robertson. 

1968) . This concept has been used to help descibe more c learly  the effects of 

tem perature on leaf extension dynam ics (Hay and Tunn ic liffe -W iison , 1982) and 

leaf appearance (B aker, e t a ! . .  1980) in w inter wheat. Buwalda (1983) was the 

firs t to apply this concept to the effects of tem perature on VAM in fection 

developm ent in w inter and spring sown cerea ls . Ho was successful in e lim inating 

d iffe rences between seasonal variation by p lotting in fection progression against
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therm al time using 5°C  as a base.

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

tem perature . Tp. is m easured and a tem perature sum . h, form ed accord ing to.

Including those term s where Tp is above some threshold (base) value .T c . The 

day-degree sum . h. essentia lly  in tegrates some under lying tem pera tu re - 

sensitive process or processes. The approach is based on the notion of a 

developm ental ra to , whose response to tem perature Is approxim ately linea r ovor 

a restric ted tem perature range. Therefore the therm al time (in  degree-days) 

from sowing to each sam pling date is estim ated by summing the therm al timo of 

each day. The use of a base tem perature is a rb itra ry  and it Is not known if It has 

any physio logica l s ign ificance  although G allagher, ot al. . ( 1979) found that loaf 

extension was tem perature re lated and stopped around 0°C . This could relate to 

photosynthato boing available to a VAM sym biont. Same, ot al. . (1983) showod 

that decreasing root tem peratures also decreased the concentra tions of soluble 

carbohydrate within the roots. They further found a c lose corre la tion  between 

root Jongth in foctod and root concentra tions of soluble carbohydrate.

3 .2 B . METHODS

Two ca lcu la tions of therm al timo were made. The firs t used a com puter 

program  written by J .R . Porter and L. Parry (1984) and kindly supplied by 

J. Raynor (Rotham sted Experimental Station) which in tegrated therm al time 

values in its ca lcu la tion . The second involved a more sim ple ca lcu la tion  of.

(Tmax -  Tmin /  2) -  Tbase
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for each day and tho subsoquont summing of these values for each day botwoon 

sam pling dates ( B arrac lough. personal com m un ica tion ). If tho value calcu la ted 

for oach day is loss than the Tbaso thon no therm al time elapses during that 

day. Baso tem peratures were set at 0 °C . 1 °C and 5°C  in both cases. All 

ca lcu la tions used daily m axim um /m in im um  a ir tem peratures above grass, 

obtained from the M etereo log ica l Office (B rackne ll. Berks. U .K .)  for data 

co llected  from M anston. Kent (TR 332664) and Plum pton. Sussex (N ationa l Grid 

Reference 53571136). Buwalda (1983) com pared the use of a ir and soil 

tem peratures and obtained s im ila r re la tionships between therm al time and VAM 

in fection.

3. 3B. RESULTS

Figure 3 .6  shows that there is little  d iffe rence , in itia lly , between the two 

methods of ca lcu la ting  therm al tim e. However, as the season progresses the 

com puted ca lcu la tion  causes the accum ulation of m ore therm al time than that of 

the s im plified ca lcu la tion . The sim plified ca lcu la tion  was subsequently used to 

com pare therm al tim e with ca lendar time and VAM in fection developm ent through 

the 1982-1985 w intor wheat seasons.

Plots of ca lendar time and therm al time aga inst fractiona l in fection (F ig . 

3. 7) show that the apparent over w inter decline in in fection levels is reduced in 

the therm al time plots, at a base tem perature of 5°C . It was particu larly  

succossfu l In o lim lna tlng tho decline period at tho G -2  sito in 1982-83. Doclino 

periods woro not removed using thorm al tim o plots at any of tho o ther baso 

tom poraturo Jovols usod, 0 °C  and 1 °C (data  aro not prosontod h e ro ) .

P lotting accum ulated therm al time aga inst ca lendar time for all crops at G - l 

and G -2  covering the period Septem ber to March (F ig . 3 .8 ) .  revealed that the 

e a rlie r accum ulation of therm al tim e could be a m ajor facto r in the e lim ina tion of
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an ovor w inter dec line  in in fection. Two out of the top throe thorm al time 

accum ulators showed a continuod Jncroaso in in foctlon through tho winter. 

Howovor thoro rom ains tho anomaly of tho whoat crop  In G -2 , 1983-84. which 

accum ulated the second lowest thorm al time sum but still showed tho increasing 

trond of in fection through tho w inter.

C loser exam ination of the data available for 1983-84. reveals that where no 

w inter decline occurred  (T ig . 3 .7 ) .  there was a co incidenta l dry and mild 

autumn (Table 3 .4 ) ,  with a h igher accum ulation of therm al time than 1982-83 

for tho same period (O ctobor 1 -  January 1 ). Tho 1984-85 period, howovor, had 

tho highest therm al time accum ulation of all throe seasons. Table 3. 4 shows the 

accum ulated ra in fa ll data for each autumn (F ig . 3 .9  shows the total seasonal 

ra in fa ll for each season s tud ied ). The 1983-84 season had tho lowest ra in fa ll 

(w e ll below the yearly average) of all three seasons Investigated, with 1984-85 

being c losest to the yearly average for this site. In the 1982-83 season the 

decline In Infection (F ig . 3 .7 )  began before the beginning of December and 

co incided with a period of neg lig ib le  therm al tim e accum ulation above the 5°C  

base (F ig . 3. 8 ) .  co inc idon t with a wot poriod (one  third of the total autumn rain 

foil from m id-N ovem ber to m id -D o c o m b o r). In 1984-85 ovor o ne -q ua rte r of tho 

autumn ra in foli in this same poriod and it accum ulated more therm al time (base 

5°C ) than any o f the o ther three seasons during this time (Table  3 .4 ) .

Analysis of the Ham ill data revealed the same trends for the 1982-83 and 

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

not presented here.



FIGURE 3.6 - A comparison of two thermal time calculations (base 5 C) 
using the VAM infection data from the G-2 site in the 
1982-83 season.

SIMPLIFIED CALCULATION

V—V COMPUTER CALCULATION

THERMAL TIME - BASE TEMPERATURE 5°C (DEGREE-DAYS)



FIGURE 3.7 - A comparison of the relationships._between:tbec.develQpment 
of VAM infection in the roots of winter-sown barley and 
wheat when plotted against calendar time and thermal time 
(base 5 C), at G-l and G-2 field sites 1982-1985.

(DEGREE-DAYS)
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FIGURE 3.8 - A comparison of the accumulated thermal time (base 5 C) 
for each Sussex crop (1982-1985) with calendar time 
from sowing to April.
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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-l and G-2) in the 1984-85 season.
(Arrows indicate the thermal time accumulated up to 
January 1).

G-2 WHEAT

O O  G-l BARLEY 
G-2 RYE



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

WINTER TOTAL RAINFALL ACCUMULATED THERMAL
CROP BETWEEN SEPTEMBER 1 TIME (BASE 5QC)
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 .4 B . DISCUSSION

Results shown here para lle l work by Barraclough and Leigh (1984) with root 

dry weight accum ulation of w inter wheat through two successive seasons. They 

showed that plotting root growth data against therm al time e lim inated some of the 

d iffe rences between root growth progression caused by early or late sowing of 

w inter wheat crops at two sites investigated. However it did not e lim inate 

d ifferences observed between years. In my study the effect of ra in fa ll on this 

Weald clay soil type seems to have had a com plem entary role to therm al time 

accum ulation in affecting in fection progression. This was probably due to the fact 

that close texture and high water content, in clay so ils, can often res tr ic t root 

developm ent because of anaerobiosis. T rin ick (1977) observed that high soil 

m oisture reduced the m ycorrhizal in fection of lupins. Reid and Bowen (1979) 

showed that Glomus mosseae spore germ ination was sensitive to soil water 

content. These observations m ight indicate that oxygen content of the soil 

environm ent is im portant fo r norm al function ing of m ycorrhizas. Saif (1981, 

1983) revealed that the m ycorrhizal symbiosis functioned best when soil aeration 

was at a high level.

In 1984/85 the ra in fa ll was approxim ately average for an autumn period 

(Table  3. 4) but the h ighest accum ulated therm al 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 

3 0 /9 /8 5 )  showed the sustained trend of VAM developm ent through the w inter 

observed in 1983/84 at Sussex (F ig . 3 .7 )  (Buwalda (1983) obtained his data 

from Septem ber-sow n winter crops) . The later sown w inter wheat and rye crops 

at the same site showed an overw inter decline (F ig . 3. 7) . Figure 3. 10 reveals 

that more therm al tim e (5 °C ) was accum ulated 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 earlie r sown crops (la te  September) made substantia l root growth by 

December and continued to grow throughout the w inter at a faster rate than late 

sown crops from mid October onw ards isee  D iscussion of previous section. 

3. 4A. ) . The roots of O ctober-sow n crops were slow to develop and the ir dry 

weight increased at a much slower rate over w inter.

The effects of the soil water content on root growth may not have been as 

s ign ifican t at the fie ld sites studied by Barraclough and Leigh (1984) . s ince the ir 

observations were made on w inter wheat growing in better drained sandy/s ilty  

loams. It may be therefore  that in this soil type the date of sowing could be of 

c ruc ia l im portance to VAM developm ent. In years where the effects of extreme 

fluctuations in environm ental cond itions (e .g .  soil tem peratures or soil water 

status) do not override it.

Results presented here (F igs. 3. 7 ,3 . 8 ,3 . 9 ,3 . 10) for therm al time 

ca lcu la tions used a base tem perature of 5°C  only, s ince trends for 0°C  and 1°C 

were s im ila r. However Buwalda (1983) showed that there was no effect of season 

of sowing on the developm ent of VAM in fection when Tbase was set at 5°C , 

whereas at 1°C in fection developed much faster in the spring -sow n crops. This 

base level may be very close to the m inimum tem perature at which translocation 

of phosphorus in hyphae of VAM fungi occurs (Bowen et al. , 1975; Cooper and 

T inker. 1981; Hayman 1983). Chilvers and Daft ( 1982) showed that the coarse 

endophyte Glomus ca ledon icum . in pot experim ents, m aintained its level of 

in fection in onion roots through an extended cold period of 5°C . but had a 

d istinctly  m oribund appearence (weak arbuscu lar structures and septation of 

in te rce llu la r hyphae -  c . f .  Photo 9 which shows arbuscles observed in the 

decline period of the 1983 w in te r) . It was also noted that th is same fungal isolate
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could only in fect Narcissus roots at 9 °C . Thus tom poraturos bolow 5°C  may bo 

inh ib itory to the spread of VAM in fection inside the root. During pot studies on the 

effects of phosphorus on two VAM fungal isolates growing on w inter wheat roots 

(Experim ent 1 in Chapter 6) in fection was also noted to decline to loss than 5%. 

during the period when n ight tem peratures consistently fe ii boiow 5°C . Although 

thoro appoar to bo no roports Jn the llto ra turo  of tho m inimum  tom poraturo at 

which w intor coroa l root growth coasos, thoro sooms littlo  reason to assume that 

this would be d iffe ren t from that for loaf extension 0-1  °C (G a llaghor ot at. , 

1979). Barraclough and Leigh (1984) showed that the length of w intor wheat 

roots increase through w inter, im plying that soil tem peratures are rare ly less 

than the m inimum for root growth.

Buwalda (1983) concludod that plotting VAM in fection against therm al time 

ra ther than chrono log ica l tim e indicated that tem perature was tho im portant 

facto r in tho developm ent of VAM Infection In roots of w intor cerea ls . This is 

substantiated here by the reduction of the overw inter decline period (F ig . 3. 7 ). 

Buwalda also stated that low tem peratures during w intor are responsib le for the 

slow developm ent of in fection in roots of w intor sown crops, whereas the results 

of this study would ind icate that the developm ent of VAM in fection within winter 

cerea l roots is probably determ ined by the effects of both soil tem perature and 

soil water status d irecto ly  on the host root system. As a consequence the root 

growth rate of tho host and roo t longevity within a so li, may be tho m ajor rate 

lim iting  step for in fection developm ent. The soil type cou ld , there fo re , again be 

a cause of d iffe rences observed between results reported by workers involved in 

VAM research. It is in teresting to note that in conclud ing  his field 

experim entation. Buwalda (1983) sowed w inter barley on the previous seasons 

fum igated plots (inocu la ted  and n o n -in o c u la te d ). The inoculated plots had a 

much h igher VAM soil presence than the previous season, duo to the previous
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crop  fin ish ing with about 40% of its root systom in foctod . and ho ro tho oarliost 

sown crop  showed a more rapid riso in in foction (by IMovombor 24) than soon in 

any of tho o thor oxporim onts. F ractiona l in foction thon lovollod off ovor w intor but 

increased again by March 27. Tho non -inocu la tod  showed a continua l steady 

rise , as noted in tho previously, oxporim onts. It is possible thorofore that the 

h igher inoculum  potontia i of his inoculated plots could bo im portant in tho 

developm ent of an oarly autumn poak in in foc tion . correspond ing  with that 

obsorvod at tho Sussex site investigated hero, followod by a docllno or Jovolling 

off of in foction ovor w intor. This effect is Jess dram atic in bettor drained soils, 

unlike those of the Sussex site.

A substantia l body of evidence ind icates that early sowing is c r it ica l to the 

achlevm ont of high average yields (B a tch . 1981). M id-O ctober had previously 

been considered to be an optim um  sowing date fo r w inter wheat but increasing ly 

it appears that sowing should start e a rlie r ( o .g .  late S eptem ber). On 

com m erc ia l fie ld sites such as those Investigated In Sussex, whore a high 

percentage VAM in fection occu rs , sustain ing in fection through w inter in an 

apparently active state (as  ind icated by the proportion of in fection as arbuscles) 

m ight bo thought to be as h ighly bene fic ia l, so con tribu ting  to the advantages of 

an early sowing date. This may be of Interest to those involved in developing 

systems of sustainable ag ricu ltu re . The results reported here do not quantify the 

ro le  (s tim u la to ry  o r not) of the VAM sym biosis. It is known that the inflow of 

phosphorus to roots o f w inter wheat has a largo peak in m id -w in te r and a sm aller 

peak in spring (G regory et al. . 1978). thus in fection during late autumn and 

oarly  w intor could bo extrem ely in fluentia l in optim is ing nu trien t uptake in these 

plants in ag ricu ltu ra l soils.

This work again h igh lights the num ber o f factors that need to be considered 

sim ultaneously in o rde r to obtain a c le a re r view of tho role of VAM fungi in a
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natural or ag ricu ltu ra l s ituation. Relationships botwoon soil inoculum  potontia l. 

rate ot sproad and developm ent of In foction. and offocts on phosphorus uptake 

and yield responses nood to bo Invostlgatod. Those wJII obviously d iffo r from soil 

to soil oven for apparently s im ila r investigations (G raham  et al. . 1982; Hayman 

and Tavares. 1985). with the same ondophyte. Confusion is often caused by the 

assumption that a givon variab le such as soil tom poraturo or soii m oisture will 

in fluence the host and its sym biont to a s im ila r dogroo. This is not nocossariiy  

true and this problom  will only be overcom e by studying root and in foction 

dynam ics together In future studios. The com m on prosontatlon of % Infoction 

must include data on root longths in o rdor that in foctod root Jongth can bo 

ca lcu la ted . The laborious and todious nature of this type of work would 

necessitate extensive cooperation between soil sc ientis ts  and m ycorrhizal 

workers in fiold investigations. For example, m ateria l from experiments doaling 

d irectly  with root growth dynam ics in the fioid such as those of Barraclough and 

Lolgh (1983) could also have boon assossod .a t the same tim e, for m ycorrhizal

in foction.
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CHAPTER 4

The characte risa tion  o f VAM spores from Hamill and Sussex field

sites.

4 .1 . INTRODUCTION

Many VAM fungi in the Endogonaceae produce abundant resting spores in 

soil (G erdem ann and Trappe. 1974) that may be im portant as propagulcs for 

in itia ting endotroph ic symbioses (M anjunath and Bagyaraj. 1981; Mossc. 

1982). VAM infected root fragm ents and hyphae found in soil can also in itiate 

now in fection sites on host roots (Pow ell. 1976). and spore num bers may 

therefore  underestim ate the potentia l in fectiv ity of a soil in many cases. 

Knowledge of the d iversity, d is tribu tion  and spore population densities can. 

however, be valuable in understanding which endophytes are the ch ie f co lon isers 

of plant root systems in a pa rticu la r soil. O ther authors have analysed variations 

in spore densities in re la tion to season and soil environm ent (G iovannotti and 

N ico ison. 1983; Hayman. 1970; Walker et a / . .  1982). As part of the

experim ental study of the eco log ica l role of VAM fungal in fection in w inter wheat, 

at four fie ld sites, (see  chap ter 3 ) ,  a quantitative analysis of the occurrence  of 

viable spore num bers and species was m ade, over a three year period. This was 

also ca rried  out with the in tention of iso lating as many species of VAM fungi as 

possible as single spore 'p u re ' pot cu ltures for fu rther physio logica l studies in 

la ter greenhouse experim ents.
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Recent descrip tions of species in the Endogonaceae have Increasingly relied 

upon wall structure  of spores to separate species within genera (W alker and 

Trappe. 1982; Trappe and Schenck. 1982). Keys designed to aid identification 

(H all and Fish. 1979; Trappe. 1982) use characteris tics  of wall structure  using 

the light m icroscope only and are d ifficu lt to in terpre t by the non -spec ia lis t. 1 his 

has also been due to a lack of photographic m ateria l available in the lite ra ture  for 

the common species. 1 he d ifficu lty  in a llocating a species name, with certa inty, 

to a particu la r fungal iso late, has caused many m lsldentifica tions in the 

lite rature. As a result, fie ld researchers have tended to concentrate the ir studies 

on a few well-known and established isolates made available by the established 

taxonomic workers. The frequent use of 'm ixed ' cultures In inoculation 

experiments under the auspices of a 'p u re ' cu lture have also confused the 

lite rature. Recently, however, several workers have attempted to draw together 

the curren t taxonom ic 'm e le e ' by the use of such aids as m urographs (W alker, 

1983) which are d iagram m atic representations of wall s tructures, intended to be 

used In conjunction with a species descrip tion. Other workers have used electron 

m icroscopy as an aid to Interpreting spore m orphology and particu larly  wall 

ornam entation ( B onfante-Faso lo  and Vlan. 1984; Walker and Ira p p e , 1981). 

Finally b iochem ical and sero log ica l methods have also been used to aid the 

current anatom ical (Abbott. 1982) and m orphologica l c lassifica tions. 1 he use of 

an Indirect enzym e-linked im m unosorbent assay (ELISA) aided the separation of 

four genera in the Endogonaceae (A ldwell et al. . 1985). Work by Sen and 

Hepper (1986) showed that the m obility of total proteins or specific  enzymes, 

during e lectrophores is , could be used to c learly d is tlg u ish  between the resting 

spores of six Glomus spp. . after subjecting spore extracts to polyacrylam ide gel 

e lectrophoresis (PAGE) and selective enzyme sta in ing. 1 he banding patterns of 

six enzymes were d iagnostic for each species.
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In this study, the re fo re , a full characterisa tion  of throe pure Isolates 

obtained from s in g le -spo re  cu ltu res , G. gcosporum , G. monosporum  and G. 

mosseao was attempted using light m icroscopy, scanning e lectron m icroscopy 

(S E M ), transm ission e lectron  m icroscopy (TEM) and selective enzyme staining 

o f spore extracts after PAGE.

4. 2. MATERIALS AND METHODS

4 .2 .1 .  Spore identifica tion

Spore d im ensions were measured using an ocu la r m icrom eter in the 

eyepiece of the com pound m icroscope . The results are presented in Table 4. 1 

as a moan with maxima and m inima noted e ithe r sido. Confirm ation of spore 

identity was carried  out with the help of Dr. C. Walker based on m orphologica l 

cha racte ris tics  of the spore.

4. 2. 2. B iochem ical Procedures

The three species of VAM fungi used -  G. goosporum , G. monosporum  and 

G. mossoao -  wore of s im ila r co lou r and slzo and. thoro fo ro . d is tinction  could 

pose problem s for the non-taxonom ist. They were obtained in pure cu ltu re  after 

s in g le -spo re  inoculations of on ions. G. monosporum  and G. mosseae were very 

s im ila r m orpholog ica lly  In pot culturo. All fungi woro stored In durlto at 4 °C prior 

to w o t- sieving. 150-200 sporos woro oxaminod for oach sample to obtain a 

photographic rocord.

4 .2 .2 .  1. Sample Proparation

Imm ediately p rio r to e lectrophores is , sporos woro placed in 5 um  of buffered 

sucrose ( 150g L * 1) conta in ing brom ophonoi blue tracking dye ( 500mg L- ^ ) .
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The sampio buffer conta ined:

( 1 )  . 20mM Trls-HC I

( 2 )  . lOmM NaHCOg

( 3 )  . lOmM MgC\2

(4 ) . lOmM jS -M orcaptoethanol

(5 ) . 0. lm M  EDTA

pH 8 .0

Tbo sporos wore crushed in the buffer and a fu rther 5ul of buffered sucrose was 

addod conta in ing 0 .6 g  Triton X-100. Samples were prepared rapid ly and 

m aintained at 6 °C  between crush ing  and loading onto gels.

4. 2. 2. 2. E lectrophoresis

Samples were subjected to e lectrophores is  in vertica i non -dena tu ring , 

polyacrylam ide gels of e ithe r 65 x 110 x 1 .5mm ( Running tim e approx. 1 hour) or 

120 x 110 x 2mm (Running time approx. 2 -4  h o u rs ) . without a stacking ge l. on a 

Heath (Zenith) power unit.

RUNNING GEL:

FINAL CONCENTRATION

( 1) T rls-H C i (pH  8. 8) 0. 325M

(2) Acrylam ide 80g L-1

(3 ) 8 is -A cry iam ide 3. 0g L

(4) ( NH^) 2S20g ( Fresh on day) 1 .0g L-1

(6 ) D istilled water

(5 ) Tomod 0. 5g L ' 

250mls L-1
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ELECTRODE BUFFER:

(1 ) T ris-baso 0. 025M

(2) G lycino 0. 192M

pH 8. 3

The la rgor gol system was subjected to 25mA at 150V. whilst the sm aller gels 

received 15mA at 100V.

4. 2. 2. 3. Gel S taining

(a ) N on-S pecific  Esterases

Gels wore placed In 0 .2M  Tris-H C I buffer. pH 7 .0 . for 30 m ins, and then 

transfored to a sta in ing solution consisting of:

25mg Fast Blue RR diazonium  salt 

25ml 0. 5M T ris -H C I. pH 7. 1

0. 75mi 1% a .B  Naphthyl acetate In 50% ace tone /w a te r

Made up to 25ml with d is tilled  water and filtered 

(A fte r Sen and Hepper. 1986)

Cb) Acid Phosphatases

Gels wore preincubated for 30 m ins, in 0 .2M  acetate buffer, pH 5 .0 , and 

then transfered to a sta in ing solution of:

Im g ml 1 B -naphthyl acid phosphate, sodium salt 

lm g  ml Fast Blue RR diazonium  salt 

0. 2M Acetate buffer. pH 5. 0

(A fte r Zuber and M anlbhushanrao, 1982)
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(c )  A lkaline Phosphatases

The procedure that was used for detecting acid phosphatase was also used 

here to detect a lka line phosphatase activ ity, except that the acetate buffer 

was replaced by 0 .2M  Tris-H C i buffer. pH 9 .0  and the substrate was 

so d iu m -1 - naphthyl phosphate (a fte r Zuber and M anibhushanrao. 1982).

4. 2. 2. 4. Densitom eter scans

After sta in ing for enzyme activ ity, gels wore washed with d is tilled  water and 

stored in 7% acetic  acid until they were photographed and scanned in a Biorad 

densitom eter.

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 fie lds 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 so il. Tho Hamill (pasture ) site, 

however, did yielded consistently  h igher spore densities of 35-160 spores per 

50g of fresh soil. Results also revoal a sporad ic appearence of Acaulospora  spp. 

and to a lessor extent Gigaspora  spp. during the throe years. The peaks of 

total spore num bers, particu la rly  at the Hamill pasture, occurred  around the 

peaks of ra in fa ll at each site. It should also bo noted that Acaulospora  spp. and 

Gigaspora spp. also appeared around those peaks of ra in fa ll, at both sites.
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Tho fungi observed at each site are listed boiow:

HAM1LL SUSSEX

G. constrictum  ^

G. geosporum  +

G. macrocarpumC?) +

G. monosporum

G. mossoao +

G. tenue -F ino endophytes *■

Acaulospora  sp. 1 +

Acaulospora  sp. 2 +■

Acaulospora  sp. 3 

Gigaspora  sp. 1

Rod-brown sporocarp ic  typo +

4 -

>

+

+

+

+

+

4. 3. 2. Species Descrip tions 

(a ) G. goosporum

O rigina l fie ld spores used in the establishm ent of s ing le -spo re  pot cu ltures 

were ec toca rp ic  chlam ydospores. They were honey-brown to red -b ro w n , 

trans lucen t, and globose to subglobose. The hyphal attachm ent was d is tinc t in 

having thickened light brown pigm ented walls (Photo 10). The wall was 6-15/zm 

th ick, with d is tinc t lam inations and possibly b llayerod. The spore contents are 

closed off fom the attachm ent by an extension of the inner wall form ing a curvod 

septum (Photo 13. a rro w o d ). Hyphal attachm ents are stra ight or recurved 

(Photos 14 and 15) and sim ple to s lightly funno l-shapod at the spore wall.

Only ectocarp ic spores wore form ed in pot cu ltu res and those showed s im ila r 

cha racte ris tics  to the field spores i .e .  a wall th ickness of 6 -12 /im  and hyphal 

attachm ents up to 150#m 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 been parasitized 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 13

Photo 1̂

Photo 15

Photo 16

Photo 17

Hyphal attachment of pot-cultured ectocarpic spore of 
G. geosporum showing curved extension (arrowed) of 
inner wall to form a septum ( x 1 180j BF) .

Pot-cultured ectocarpic spores of G. geosporum showing 
simple straight hyphal attachment (x 150J BF) .

Section through hyphal attachment of a field spore of 
G. qeosporum 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 Transverse section of wall of pot-cultured ectocarpic 
spore of G. geosporum showing laminations. Note 
innermost electron-dense layer (x **300, TEM)

Photo 19 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)

Photo 20 Transverse section of arced-microfibri1s and their 
bow-shaped orientation (x 29000,TEM)
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outor wall as described by W alker. (1982) for this species ( < l ^ m )  could not bo 

re liab ly detected. O lder spores often sp lit near the m iddle of the lam inate walJ 

when gently pressed under a covers lip . with the outer portion tending to 

's lo u g h ', particu la rly  in fie ld  spores. Field spores often contained invasive 

fungal structures ( e . g .  Photo 16). One such fungus, which occurrod 

occasiona lly , is s im ila r in appearonce to AnguilJospora pseudolong iss im a. also 

notod to have boon a frequent hyporparasito of G. fasciculatum  and G. epigaeum  

( Daniels and Monge. 1980).

SEM studies o f the outer surface of field spores (Photo 17) revealed a 

slightly roughened texture but no o ther d istinctive features such as ‘ overlapping 

plates'as notod by Tewari ot al. , (1982) for the c lose ly related and

m orpholog ica lly  s im ila r G. m acrocarpum .

In thin section (Photos 1 8 -2 0 ). the wall of G. geosporum  possessed a 

d is tinctly  lam inate wall with many layers (>20) o f fib r illa r  subunits arranged 

regu larly  in ‘ a rcs ' of m ic ro fib rils  and appearing s im ila r to those described for G. 

opigaeum  (B on fan te -Faso la  and Vian. 1984) and Acaulospora laovis (M osse. 

1970). These bow -shaped structures (Photo 20) displayed a gradually 

decreasing radius of curvature from the outer to the inner wall, which may 

explain the apparent b ilayering e ffect observed with the ligh t m icroscope. The 

a rc -lik e  sub -s truc tu re  of the outer wall gradually changed towards the innerm ost 

wall layer giving a d isorganised appearence to the fib rils . The angle of a rc ing , 

however, changes with the angle of tilt of the specim en holder and thus is 

dependent on the ir re lative orien ta tion  to the e ioctron  boam ra ther than being an 

inherent cha rac te ris tic . The region of the wall adjacent to the protoplast stained 

darker and appears to consis t of random niy orienta ted m ic ro fib rils  in a dark 

matrix. This has also been observed for G. epigaoum  (B onfante-Faso la  and 

Vian. 1984) .



- 57 -

(b ) G. monosporum

The o rig ina l fie ld sporos used in the establishm ent of s ing le -spo re  pot 

cu ltures were ec toca rp ic  chlam ydospores. They were cream  coloured with a 

green tinge , a lm ost opaque, and globose to ovoid. The hyphal attachm ent was 

d ifficu lt to d iscern  and slightly flared (Photo 11) .  Total wall th ickness was 4 - 

lOum. com posed of an inner pigmented layer ( 2 -5 f im ) and a persistent hyaline 

outer layer (2 -5 / im ) .  This outer layer had throe d is tinc t re fractivo ly d iffe rent 

zones ( Photo 21) .

In pot cu ltured m ateria l two spore types were observed, ec tocarp ic  and 

sporoca rp ic , the la tter being the la rge r spore type (Table 4 . 1 ) .  Ectocarpic 

spores were sm alle r than those found in the fie ld . There was a marked change in 

spore co lou r from  fie ld spore to pot cu ltured spore. The pot cu ltured spores 

becom ing d is tinc tly  honey-brow n, and shiny. The spore contents are separated 

from  the subtending hyphae by a curved septum. Subtending hyphae are usually 

strongly recurved and appressed to the spore wall (Photo 22) .  During spore 

m aturation a th ick and m ore persistent hyaline outer wall develops (Photo 23; 

c . f .  G. m ossoao ). The presence of a 're ticu la te  r idged ' surface texture is 

observed in young spores (Photo 23) which seemed to correspond with the outer 

surface of the inner pigmented iayer when observed by ligh t m icroscopy. The 

outer hyaline wall of sporoca rp ic  spores is very pers is ten t, possibly due to the 

protection afforded it by the tightly interwoven hyphal perid ium  (Photos 24 and 

28) . Sporocarps may conta in  1-3  spores ( c . f .  G. m osseae) .

SEM studies con firm  these observations. Photos 25 and 26 show the surface 

appcarence of a pot cu ltu re  spore and a field spore, respective ly. Photo 26 

shows the outer hyaline wall with smooth and soil 'w ea the red ' reg ions. Photo 27 

shows a separated outer wall and the 're ticu la te  ridges ' below on the surface of 

the outer surface o f the p igm ented 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 (urn)

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

Photo 22 Pot-cultured ectocarpic spore of G. monosporum, showinq 
recurved hyphal attachment (x 500, NIC)

Photo 23 Young pot-cultured ectocarpic spore of G. monosporum 
with thickened outer hyaline wall extending down 
along hyphal attachment. Note also 1 reticu1 ate-ridges 1 
of spore surface beneath hyaline layer (x 760, NIC).

Photo 2 k Pot-cultured sporocarp of G. monosporum containinq two 
spores inside a tightly interwoven hyphal peridium 
(x 190, BF)





Photo 25 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)

Photo 26 Spore of G. monosporum isolated from field showing
short hyphal attachment and zones of rough and smooth 
hyaline outer wall surface (x 300, SEM)

Photo 27 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 28





Photo 29

Photo

Photo

Photo

Transverse section of ectocarpic pot-cultured spore of 
G. monosporum showing thick pigmented inner wall and 
a thinner, more e 1ectron-1ucent outer wall (arrow) with 
a roughened surface (x 6300, TEM)

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

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

32 Transverse sect i on of outer wall of pot-cultured
ectoearpic 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)



i
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TEM of thin sections of spores reveal the structures of inner and outer walls 

(Photos 29 and 3 0 ) . The inner pigmented wall is shown as a more e le c tro n - 

dense. homogenous wall with fa int lam inations (Photo 3 1 ). Unlike G. 

geosporum. however, there does not appear to be a dark sta ining zone near the 

protoplast. There are no c le a r ind ica tions of an a rc -lik e  sub -s truc tu re  to the 

fib rilla r wall but su ffic ien t spores have not been sectioned to confirm  their 

presence or absence. They aro certa in ly  less d is tinct than those of G. 

goosporum  but a detailed study is necessary to d iscover the ir exact nature. The 

outer wall appears more irregu la r and e le c tro n -lu ce n t with two d is tinct zones 

(Photo 3 2 ) . the outer zone having been apparently degraded in p laces. There 

appears to bo a dark sta ining thin layer Between the inner and outer walls 

(arrow ed Photo 32) which may bo equivalent to the 're tic u la te -r id g e d ' layer 

observed with the ligh t m icroscope and the SEM.

(e ) G. mosseae

The o rig ina l fie ld spores used in the establishm ent of s ing le -spo re  pot 

cu ltu res were ec toca rp ic  chlam ydospores. They were cream , trans lucent, 

globose to ovoid with a flared hyphaJ attachm ent (Photo 12) up to 150/im in 

length. Only a sing le pigm ented wall could bo d iscornod (2 ) - 3 - ( 4 )pm  in diam.

In pot cu ltu re  throe spore types wore observed: ec toca rp ic . endocarp ic  and 

sporoca rp ic . the la tter being the la rgest spore typo. Ectocarp ic spores wore 

sm aller than those found in the fie ld (Table 4 .1 ) .  As was observed for G. 

m onosporum , spore co lour of po t-cu ltu red  spores had changed to a honey- 

brown co lou r. The spore contents aro divided from  the subtending hypha by a 

curved septum which extends for up to 70pm  down tho attachm ent (arrowed 

Photo 33: see Dodd and Krikun. 1984). Examination of spores in various stages 

of m aturation in pot cu ltu re  revealed tho in itia l appoaronco of a re lative ly thick



Photo 33 Pot-cultured ectocarpic spore of G. mosseae showing 
relatively long hyphal attachment with septum (x k 2 0 , BF)

Photo 3** Younq ch1amydospore of G. mosseae showinq early hyaline 
wall (x 1050, NIC)

Photo 35 Maturinq 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 showinq 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 11ignituber-1ike ingrowths' through the wall 
caused by parasitic attack (x 500, BF)

Photo 38 

Photo 39

'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)

Field spore of G. mosseae showinq 'retieu 1 ate-ridqinq' 
on the surface of the spore (x 350, SEM)

Photo 39





Photo 40

Photo

Photo

Photo

Photo

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

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

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

43 Surface of pot-cultured sporocarpic spore of G. mosseae 
showing the outer hyaline wall (H) split revealing 
the thin inner 1 reticu1 ate-ridged1 interstitial layer (l) 
overlaying the outer surface of the pigmented (P) wall 
(x 2100, SEM)

44 Higher magnification of a region from Photo 43 showing the 
reticulated area (x 8000, SEM) •
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(1 -2 /im ) outer hyaline layer with a faint inner pigmented wail developing inside 

this (Photo 34 ). The hyaline wall then tends to become ovanescont as the inner 

wall develops (Photo 35) and when the spore is m ature it may bo absont 

altogether (th is  absence is not so frequently obsorvod with octocarp ic pot 

cu lture sporos of G. m onosporum ) .  Sporocarp ic spores tond to rota in tho ir outer 

wall more consistently up to m aturity as was the case in G. monosporum. The 

porid lum  of G. mossoae sporocarps consists of loosoiy Interwoven th ick walled 

hyphao ( in  contrast to the tightly interwoven thin waliod hyphal porid ium  of G. 

monosporum ) (Photo 36 ). Sporocarps may conta in  from 1-6 spores. Field 

spores frequently have 'l ig n itu b o r- lik o  ing row ths ', presum ably synthesised 

during parasitic  attack. These appear as dark brown and give the fie ld sporos a 

spotted appearonco under the low power of the d issecting m icroscope (Photo 

37 ). Using Nomarski in to rfo ronco  m icroscopy, octocarp ic spores from pot 

cu lture  are som etim es obsorvod to havo a vory thin out or hyaiino waJI which 

fragmonts under s ligh t pressure of a coverslip . This can occasiona lly  load to a 

'c ra c k e d ' appoaronco as if fissuros aro present through the pigmontod wall 

(Photo 38 ). The cracks aro . however, an a rtifact and may load to 

m is idontifica tion of species o .g . G. monosporum. and aro oquivaiont to the 

're ticu la te  ridged ' layer observed c learly  under SEM of G. monosporum  spores 

(soo  previous s e c tio n ) .

Examination of spores using the SEM reveals evidence to substantiate the

presence of an in te rs titia l layer between outer and inner walls. Photos 39-41
(

show ectoca rp ic  spores with and without the hyaline outer walls. Photo 39 is a 

fie ld spore and note the area o f ‘ re ticu la te -r id g e s ' on the spore surface. The 

outer surface of the hyaline wall does not have any d is tinct re ticu la tion  (Photo 

4 2 ). Photo 43, however, c learly  shows the presence of a th in layer between 

outer and inner wall surfaces and it appears to be peeling away in certa in  areas.
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Figure 35 shows a c lo se -u p  of this layer ovorlaying the outer surface of the inner 

pigmented wall. It appears that this re ticu la te  layer fragm ents as the spore 

matures and especia lly  where the outer hyaline wall is weathered away. G. 

mosseao spores seem to have a more evanescent outer wall than G. monosporum  

spores in pot cu ltu re .

(d ) Acaulospora  spp.

These spores appeared In spore slevings at irregu la r Intervals through the 

study period (see Figs. 4. 1 and 4. 2 ) ,  in all four fie lds. Two d is tinct types wore 

observed am ongst the few spores available from the Hamill site. Photos 45-47 

show details of Acaulospora  sp. 1 from  Flamili pasture. Photo 45 shows the 

d iagnostic co llapsed m other vesicle (arrow ed) s till attached to the red 

azygospore. The two structures are hold together by the occluded pore (arrowed 

Photo 4 7 ). Tho wall consisted of a hyaline outer layer overlying an Inseparable 

inner pigmented wall. Note the inner m embranous layer, a fu rther cha racte ris tic  

of Acaulospora  and Gigaspora  spp. (arrow ed Photo 4 6 ). This spore type most 

closely resem bles Acaulospora laevis.

Another spore type which appeared sporad ica lly in the Hamill avalon field 

was Acaulospora  sp. 2. This was honey co loured , but Its outer hyaline wall was 

ornam ented and there were 2 -3  membranous walls situated on the inside of the 

pigmontod wall (arrow ed Photo 4 8 ). SEM observations showed tho outer surface 

to be ornam ented with short protuberances (Photos 49 and 5 0 ). This spore most 

c losely resem bles Acaulospora splnosa (W alker and Trappe. 1981).

All attempts to po t-cu ltu re  both spore types using single and m ultip le spore 

inocu la tions fa iled. Other Acaulospora  spp. were observed at the Sussex field 

site but spores were too few to investigate m orphology in detail and attempts at 

in itia ting pot cu ltu res were unsuccessfu l.



Photo 45 Azyqosoore of Acaulospora sp. from Hami11 Pasture with 
attached collapsed mother vesicle (x 180, BF)

Photo 46 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)

Photo 47 Details of the occluded pore attachment formed between 
the mother vesicle and azygospore (x 1250, SEM)

Photo 48 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)

Photo 49 Surface morpholoqy of honey-coloured Acaulospora spore 
showing the presence of short ‘spines' (x 500, SEM)

Photo 50 Close-up view of spines on surface (x 2000, SEM)



I
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(o ) Fine Endophytes (G. tonuo)

The presence of these has only been detected after sta ining of field root 

m ateria l at each fie ld site (see  chap ter 3) . Photo 51 shows typical in terna l root 

mycelium with 'a ttached  vesic les ' (H a ll, 1984). These are likely to be small 

appressoria a id ing spread of in fection from ce ll to c e ll, and from this point of 

view are not 'v e s ic le s '. This view is supported by work done by T rin ick et al. , 

(1983) on the spread of fine endophytes within roots. Photo 52 shows another 

structure occasiona lly  seon w ithin stained roots. Such fan -llke  structures have 

been called ' anom a lous 'hyphao  by Hall, (1 9 8 4 ).

(f)  Other Species

Spores observed in fie ld sievings. from  all s ites, have included empty 

spores of a type resem bling e ithe r G. m acrocarpum  or G. fasc icu la tum . It has 

not been possible to identify these on the basis of availabie keys. G. constrictum  

has also been observed regu larly , but failed to In itiate pot cu ltures.

A com m on spore type which was found in la rge num bers in all fie lds, but 

especia lly  in the d isturbed s ites, was a red-b row n sporocarp ic spore These 

spores, approx. 100/im in diam. . have been seon in groups of 1-6. The spores 

are not covered by a porid ium . but are attached to a yellow weft of coarse hyphao 

(Photo 53 ). They are com m only observed with rad ia l fissures through the ir walls 

and have boon soon to conta in  zoosporangia inside the spore. Those spores 

consistently failed to in itia te  pot cu ltu res despite the ir num bors and the ir 

relevance to the Endogonaceao is uncerta in  and needs fu rther study.



Photo

Photo

Photo

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

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

53 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)
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4. 3. 3. E lectrophore tic  Study

Photo 54 shows a photograph of the banding patterns obtained for esterase 

activity follow ing e lectrophores is  of the spore contents of G. geosporum, G. 

monosporum  and G. mosseae. Two banding typos could be d istingu ished, black 

bands (due to hydrolysis of 1-naph thy l acetate) and red bands (from  2-naphthyi 

acetate: Sen and Hepper, 1986). Faint bands (1 ) could not be placed with 

certa in ty in e ithe r category. G. geosporum  produced only one black band (4 B ) . 

whilst G. monosporum  and G. mosseae produced two com mon bands (3B and 

5B) . G. mosseae. however, could be d istinguished from G. monosporum  by the 

production of a red band (2R) which was the fastest to develop on the gei. An 

extra fa in te r band (1 ) could a lso be detected for G. mossoae. Densitom eter 

scans o f the gel confirm ed the banding patterns observed and indicated relative 

in tensities of bands (F ig . 4 .3 ) .  The scan of the G. monosporum  track indicated 

the vague presence o f a band equ ivalent to ( 1 ) .  which was observed strongly for 

G. mosseae.

No bands of activ ity were obtained from alka line phosphatase sta in ing. One 

band was detected on gels stained for acid phosphatase activity but only for G. 

mosseae sam ples. This was white with a yellow background and ran at = 0. 61. 

It should be noted, however, that this resu lt was inconsisten t during six gel runs. 

A photographic record was not obtained since the band quickly d isappeared oven

when fixed in 7% ace tic  acid.



Photo 5^ Banding patterns of esterase activity following 
polyacrylamide gel electrophoresis

A = G. qeosporum 
B = G. mosseae 
C = G. monosporum 
r = red band 
b = black band

t  ■'» /

USHAft
o.



6. GEOSPORUM

Figure k . 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 num bers of apparently viable spores

In cultivated fie lds com pared to an adjacent undisturbed pasture. A llen and

Boosalis (1983) also noted h igher spore num bers in a grassland adjacent to

disturbed fields grow ing wheat. Spore num bers decreased further with continued

wheat production. Other work, however, has suggested that soils from  perennial
dc

(und is tu rbed) ecosystem s conta in  fewer VAM spores than^cu ltiva ted  fields 

supporting annual c rops , due to the potentia l for eas ie r root to root in fection in 

grasslands conta in ing  many species of the GramineotfK Hayman. 1982; Sward of 

a/. 1978). Previous eco log ica l studies in Now Zealand grasslands, scrub and 

forests have yielded spore densities in the range 6-1590 per lOOg of fresh soil 

(Haym an. 1978). Sward et al. . (1978) found spore num bers in sim ilar

quantities to those observed in this study, as did Hayman (1970) who followed 

spore num bers through a w inter wheat season and found 58-189 per 50g of soil. 

Hayman (1 9 7 0 ), however, found that sporo num bers increased in the summer 

months and wore much lower in the w inter period. The extremely high spore 

num bers (72 -180  g soil) quoted in the lite ra tu re , for natural ecosystem s. 

(Read et al. . 1976) com pared with these lower values may be due to the 

Inclusion of the many dead empty spores present in slovings in counts. I have 

only counted apparently viable spores (cytop lasm  v is ib le ) . I have also om itted 

the red-b row n spore type from  counts s ince most of these spores appeared 

empty and parasitised. The inc lus ion of these spores in the final spore totals 

would have dram atica lly  increased the levels reported in the cultivated fie lds, 

probably above that of the pasture site. Read et al. . (1976) also noted this spore 

type and its predom inance in natural ecosystem s in Eastern England, and this 

m ight help explain the figures of 72-180g-1 obtained. Those spores have not
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been shown to form m ycorrh izas. at least in this study, so the ir relevance to 

m ycorrhlzal ecology is questionable. It should also be noted that the sm allest 

sieve mesh size used when wet sieving spores was 106/¿m . and therefore 

sm a li-sporod  spocies may have boon overlooked.

Changes in spore num bers did occur through the study of the Hamill pasture 

site, and to a lessor degree at the Sussex sites. The peaks in spore densities, 

occasiona iiy  obsorvod. appear to be co inc iden t with or im m ediate ly following 

ra in fa ll peaks for that area (F igs . 4. 1 and 4 .2 ) .  Sward ot at. . ( 1978) also 

noted this co rre la tion  in three disturbed Austra lian heathland sites. Walker ot 

a t . .  (1982) revealed a sta tis tica lly  s ign ifican t co rre la tion  botwoon spore 

num bers and moan grav im etric  soil m oisture content at the ir two field sites in a 

two yoar survey, it has also boon in ferred that soil wator status plays a role in 

sporu lation of VAM spores in o ther arid  and trop ica l c lim ates (Dodd and Krikun. 

1984: G iovanotti. 1985: Redhead. 1977). Reports from the lite ra ture  (Haym an. 

1970: R o ldan-Fajardo ot al. . 1982; Walker et al. . 1982) have stated that there 

is a genera l trend for spore populations to be least in spring and greatest in oarly 

autumn. These trends may be re lated to root senescence. The results presented 

here do not follow this trend and again underlines the d ifficu lties  in predicting 

VAM populations in soil. Factors affecting d is tribu tion  inc lude soil fe rtility , soil 

m oisture, soil dopth. soil d is tu rbance, plant susceptib ility .

Examination of levels of individual VAM species sporulating through the study 

period showed d iffe ren t patterns. W hilst levels of Glomus spp. followed a s im ilar
of

trond to that of the ovorali spore popula tion, the in te rm itten t appoaranco/sporos 

of Acaulospora  and Gigaspora  spp. (F igs . 4. 1 and 4 .2 )  deserves fu rthor study, 

since o ther workers have also noted d iffe rences in sporulation with time for their 

VAM species investigated (W alker ot ai. . 1982). It is known that spores of 

Acaulospora  spp. have a long constitu tive dorm ancy period p rio r to quiesconce
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(Tom m erup, 1983a) . A qu iescent spore fails to germ inate unless physical and 

chem ica l cond itions are favourable, and germ ination is only prevented because 

the environm ent is unsuitable i .e .  exogenous dorm ancy. A constitutively 

dorm ant spore is one that fa ils to germ inate although it is exposed to physical and 

chem ica l cond itions that w ill support germ ination and hyphal growth of apparently 

iden tica l, non -do rm an t spores of the same species. In the same experiments 

spores of Glomus spp. had short constitutive dorm ancy periods of 6 weeks in wot 

so il, which was reduced to one week in dry soil. Soil m oisture had apparently no 

e ffect on the change to qu iescence of spores of Acaulospora  spp. Tommerup 

(1983) suggested that short dorm ancy periods, such as those of Glomus spp. , 

would prevent the spores germ inating im m ediate ly after form ation thereby aiding 

the survival of inoculum  in m oist fie ld soils. Tom m erup, (1985) also reported 

that the fa ilu re  of qu iescent spores to germ inate In m oist soils was due to 

fungistasis. A long dorm ancy period, such as that of Acaulospora  spp. would 

have advantages for survival through diverse soil environm ental cond itions ovor a 

longer tim e poriod. The fu ll com plem ent of VAM species in a particu la r soil 

would, the re fo re , include individual species capable of im m ediate spore 

germ ination and root in fection with the onset o f cond itions suitable for host 

developm ent (.Glomus spp. ) and com plem enting these would be species from the 

Acaulospora  gonus, capable of long term  dorm ant survival p rio r to quiescence 

and potontia l germ inab ility . These fungi would, the re fo re , not react to a 

tem porary onsot of favourable soil cond itions in an otherw ise extended period of 

unfavourable cond itions. The role of d iffe ren t VAM genera within the overall 

endophytic population of a soil obviously requires fu rther study since it is known 

that Acaulospora  and Glomus spp. are prevalent in these grassland ecosytems

(C rush, 1973).
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The low sporo num bers found in the cultivated fie lds is an example of tho 

regu larly  observed lack of co rre la tion  between spore num bers and root in fection 

levels in soils (A llen  and A llen . 1980; Dodd et al. . 1983; Hayman and Stovold. 

1979) . W inter wheat root systems became heavily m ycorrh lzal in the Sussex soils 

soon after seedling em ergence (chap te r 3 ) .  dospite low num bers of viable 

spores. The Inability of dorm ant spores to germ inate and in fect plant root 

systems may be one m ajor facto r contribu ting  to tho lack of such a re la tionship. 

(Tom m erup, 1983a) . It should be stressed that d irec t spore counts ignore the 

contribu tion  of soil hyphae. in fected root fragm ents and root vesicles (Tom m erup 

and Abbott, 1981; Powell. 1976). to m ycorrh izal in fectiv ity. Tho most probable 

num ber (MPN) method attem pts to quantify the total num ber of VAM infective 

propagules in a soil (P o rte r. 1979). and would have probably given an estim ate 

of tho relative proportion of fine endophytic in fectiv ity in this study. A ttention, 

however, should also bo drawn to the fact that certa in  species, such as G. 

occultum . W alker, stain ligh tly , o r not at a ll, in the period shortly a fter root 

penetration (S chenck and Sm ith. 1982). It has recently  been shown that MPN 

counts alone are inadequate in soils conta in ing endophytes such as this 

(M orton . 1985), and it was suggested that spore num bers should be included 

with MPN counts to give a m ore accurate assessm ent of soil in fectiv ity.

The large standard e rro rs  observed for samples at the Hamill pasture site 

(F ig . 4. 1 ), h igh ligh t the variation within individual sam ples. This could well be 

im portant in natura l, undisturbed sites, with a large variety of plant species, 

ra ther than in cultivated sites with its intensive m onoculture .

4. 4. 2. Spore Identifica tion and Taxonomy

The range of m orpholog ica l types of VÁM species at four fie ld sites has been 

described in this chap te r and a thorough m icroscop ica l study has been carried  

out of three spore types obtained in pure cu ltu re . G. goosporum , G.
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monosporum  and G. mosseae. Two m orpholog ica lly  d iffe ren t sporo typos from 

two d iffe ren t so ils , and Isolated from the ir fie ld cha rac te ris tics  G. monosporum  

(Sussex) and G. mosseao (H a m ili) ,  bocamo very s im ila r m orpholog ica lly  in pot 

cu lture . The use of In te rference m icroscopy along with SEM and TEM studios 

revealed only sm all d iffe rences between the two po t-cu ltu red  iso lates. More 

s ign ifican t d iffe rences were detectable in the m orphology of the sporocarps. 

The change In m orphology was most d ram atic  for G. monosporum and was 

consistently observed with each of six s in g le -spo re  cu ltures established. Pot 

cu ltured spores have now been placed into sterile  soil from where the spore was 

isolated to show if the o rig ina l fie ld m orphology can be thus reestablished, 

dem onstrating the potentia l im portance of edaphlc factors on spore m orphology. 

The valid ity of the cu rre n t taxonom ic systems rests on a basic assum ption that 

spore m orphology is not in fluenced by In te ractions with hosts o r soil 

environm ents. To this extent, recent work by M orton. (1985) revealed that this 

does hold true for G. occultum  and G. diaphanum . (M orton and W alker) . In this 

study, pot cu ltu re  spores of G. monosporum  and G. mosseae showed 

considerab le  s im ila rities  in wall structure  under the light m icroscope.

The taxonom ic descrip tions (w ith  photographs) of G. monosporum  in the 

lite ra tu re  ( e .g .  G erdem ann and Trappe, 1974; Hall. 1984). have shown it to 

havo apparent 'o ch ln u la tlo n s ' present between the outer and Inner walls. This 

has been consisten tly  used as a d is tingu ish ing feature of G. m onosporum . It has 

also been noted that this is not a constant feature and apparently only observed in 

a m inority of spores in a population (N om ec et a t . . 1981; Walker fo r this isolate 

-  personal com m unica tion) . SEM and TEM studios of G. monosporum  and G. 

mosseae In this work havo shown them to have s im ila r wall u ltrastructu re . G. 

m onosporum. however, has a moro 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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're ticu la te  ridge ' surface m orphology with the ligh t m icroscope and SEM. This 

has been seen to fragm ent In such a way as to give the Im pression of thin 

'f is su re s ' running between the two walls (Photo 38) which have an och inu la te  

appearenco. No true ech lnu la tlons were over observed using SEM or TEM. The 

re la tionsh ip  of this layer in respect to the Inner and outer walls is c learly  seen in 

the ec toca rp ic  G. monosporum  spore shown in Photo 55. It may be that the 

frequent report o f a th in outer hyaline wall fo r G. mosseae at m aturity (Nem ec et 

al. , 1981) may represent this In te rstitia l layer and not the more evanescent outer 

wall, which is usually only observed in younger spores. Preparations of G. 

goosporum  showed no s im ila r a rch itec tu re  under the SEM. which suggests that 

those wall features are not a rtifacts o f the technique.

TEM studies of G. goosporum  revealed fine r deta ils of the wall lam inations 

observed under the the ligh t m icroscope. G. geosporum  possesses an arced 

organ isation of the fib rils  o f the fungal wall s im ila r in appearence to those 

described by Bonfanto-Easolo  and Vlan. (1984) for G. epigaoum . and by 

Mosse, (1970) for Acaulospora laovls. This organ isation has already been 

described fo r ch itin  fib rils  In the cu tic le  of crabs and o ther Crustacea (L ivo lant. 

G iraud and Bouligand, 1978) and in the cu tic le  of insects (N ov lllo . 1975). 

S im ila r bow -shaped structures have been described In a lgal ch itinous walls, but 

had not been previously recorded in fungal walls (P earlm utte r and Lcm bi. 

1978) . In a prim ary wall of a plant such arced patterns are transien t and become 

dispersed by extension during m orphogenesis, a m echanism  possibly contro lled  

by an endogenous 'c lo c k ' (Roland ot al. . 1983) . In the m ature VAM spore wall, 

however, whore there Is no m ore extension, the arced structure rem ains and the 

num ber of layers could bo used to 'd a te ' the periods of wall deposition , in a way 

analogous to that of ageing trees by coun ting  't re e - r in g s '.  The increase in arc 

curvature going from  the outer o lde r arcs to the inner younger ones suggests a



Photo 55 - Pot-cu]tured 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 6. geosporum, G. monosporum and G. mosseae.
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progressively accelerated rhythm of wall synthesis leading to the dispersed 

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

In sum m ary, the com bined use of ligh t m icroscopy. SEM and TEM can help 

the taxonomist to study spore arch itectu re  and m orphology, aid ing taxonomic 

Identification. With the subsequent use of m urographs (F ig . 4 .3 )  In published 

m ateria l (W alker, 1983). the establishm ent of a standardised taxonom lcai 

grouping of the Endogonaceae could bo possib le. C urrent leading taxonomists 

should co llabora te  to form ulate a unified and yet flexible key fo r the 

Endogonaceao, u tilis ing the results of ligh t and EM procedures along with data 

from new techniques like ELISA, gel e lectrophores is  and m onoclonal antibodies.

I suggest that this should be made a m ajor prio rity  which will help to stop the 

present em phasis on crea ting  and publishing 'n e w ' species on the basis of s light 

m orpholog ica l d iffe rences.

4 . 4 . 3 .  E lectrophore tic  Taxonomy

The results of sta ining spore contents for esterase activity follow ing PAGE 

were successful in d iffe ren tia ting  between the three VAM fungi tested. This 

indicates that such a chem otaxonom ic method can be used to help distinguish 

between VAM fungi at the species level. Sen and Hopper (1986) showed that this 

method is reproducib le  between assays, and for one VAM species maintained 

under a range of cond itions., such as on d iffe ren t hosts in a variety of soils. Their 

results ind icated that the m obility of six enzymes, includ ing esterases, was not 

in fluenced by the environm enta l o r physio logica l cond itions under which the 

spores used had been ra ised. Using esterase s ta in ing , all six of the Glomus spp. 

that they tested could be separated. They subsequently gave recom m endations 

for the enzyme sta ins, needed to d iffe ren tia te  between any particu la r pair of 

species. The methods of enzyme sta ining are so sensitive that only relatively few 

spores are needod, much less than that needed for the production of antibodies
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(Kough et at. , 1983) . The method can therefore be used to check hom ogeneity 

of 'p u re ' stock cu ltu res. Son and Hepper (1986) stated that it would bo 

preferable to run authonticatod fungi as standards on the samo gel when 

unknown strains aro boing identified rather than relying on absolute m obilities. In 

this study, however, the pattern of esterase banding obtained for G. mossoao 

was easily identified by Sen and Hepper (po rs . c o m m .) as equ ivalent to the ir G. 

mossoao isolate banding pattern , even though I had m odified the gel technique 

that they had used considerab ly {the stacking gel was removed, an 8% running 

gel used com pared with the 6% gei used by Sen and Hepper (1986) and th inner 

gels were also used). It may thus be possible to provide a d irec to ry  of banding 

patterns, especia lly esterase, which could bo useful in aiding the curren t 

taxonomic problom s.

From this work it has been possible to separate two species with very sim ilar 

m orphologies using enzymo sta in ing. The problem s of d is tinction  caused by two 

in torgrad ing m orpholog ica l species like G. monosporum  and G. mosseae can be 

solved conclusive ly. Species designations have recently  been made using 

e lec trophore tic  patterns for prote ins in Rhizopus spp. (Seviour ot al. , 1985) .  

Botrytis spp. ( Backhouse et al. , 1984) and within

Sclorotln la  (Tariq  ot al. . 1985) whore fewer in te rspec ific  d ifferences woro 

observed. Tho future uso of prote in banding pattorns as an aid to taxonomy in tho 

Endogonacoao should bo investigated and im plom ontod as soon as possib le, 

since it requires the use of a sim ple b iochem ica l technique which rapid ly gives 

results.

The absence of any particu la r enzyme activ ity, like acid and alkaline 

phosphatases in this study, does not imply that these enzymes are m issing 

m erely that they could be labile and become inactivated during separation, or 

that tho detection method used for tho onzymo may bo inappropria te  for this
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fungus.

The potentia l app lica tion of this technique in helping to d iffe rentia te  between 

several VAM endophytes w ithin a single root system (Son and Hopper pors. 

c o m m .) could provide a long needed breakthrough in identifying species in

mixed in fections.
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CHAPTER 5

The effects of pH. tem perature and pestic ides on spore 

germ ination of G. goosporum , G. monosporum  and G. mossoao.

5. 1. INTRODUCTION

No VAM endophyte has yet been m aintained axenically. Spores, however, 

germ inate readily and have lim ited hyphal growth on water agar (M osse, 1959), 

but fail to germ inate on high nutrien t agars. Low nutrien t concentra tions, 

however, greatly  im prove hyphal growth (D anie ls and Graham . 1976). Spore 

germ ination of various species has also been reported to be stim ulated by dark 

storage of spores at 6 -10 °C  (H epper and Sm ith, 1976) „ add ition of dialysed soil 

oxtract (D anie ls and G raham , 1976). and particu la r optim um  pH levels (G reen 

ot al. . 1976). It has also been suggested that o ther m icroorganism s stimulate 

germ ination by m etabolis ing se lf- in h ib ito rs  conta ined in the spores (D anie ls and 

Trappe, 1980). s ince improved germ ination and hyphal growth has frequently 

been noted when contam inated spores are incubated on agar media (Dodd and 

Krikun, 1984; Photo 5 9 ). yet inh ib ition  of spore germ ina tion  is com m only 

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

Considerable variation has been found in the germ ination of spores isolated 

from  e ithe r stock pot cu ltu res o r d irectly  from agricu ltu ra l soils (D anie ls and 

Duff. 1978). This is especia lly  marked follow ing storage o f spores in so il, on 

damp filte r paper o r in sterile  solutions (Sward et al. . 1978) . The inh ib ition of 

spore germ ination o f spores of several species follow ing form ation indicates an
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Initial constitu tive period of dorm ancy (Tom m erup. 1983). This period was 

several weeks for Glomus spp. . and up to six months for Acaulospora laevls. It 

has also boon noted recently  that ec tocarp ic  and sporocarp ic spores of the same 

species d iffered in the ir ab ility  to germ inate  with the increasing  age o f the stock 

pots from which they were iso lated (H ard ie . 1984).

The addition of pestic ides to the soil may also affect spore germ inability . 

The use of pestic idos to con tro l plant pathogens and posts is com m onplace. 

Concern has developed recently  am ongst agricu ltu ra lis ts  about the effects of 

pesticide usage on n o n -ta rg e t benefic ia l m ycorrh izai fungi. Diverse groups of 

fungic ides and herb ic ides are frequently used in wheat cu ltivation in temperate 

zones and the w idespread and intensive app lica tion of these toxicants may result 

In ind iscrim ina te  k illing  of both pathogenic and non-pa thogen ic  benefic ia l 

m icroorganism s (D om sch, 1964). Evidence indicates that some systemic 

fung ic ides, such as benom yl, are capable of e lim ina ting VAM fungi from the soil 

(M enge, 1982: Ja la li and Dom sch. 1975). Little work, however, has been 

conducted on the effects o f such chem ica ls on the ability of VAM spores to 

germ inate fo llow ing exposure to such pestic ides, particu la rly  herb ic ides 

(Tom m erup and B riggs. 1981).

The developm ent of a VAM sym biotic re la tionsh ip  with a host can be divided 

Into four stages (Tom m erup and B riggs. 1981):

( i)  spore germ ina tion , o r in itia tion  of hyphai growth from in fected root 

inoculum .

( ii)  growth of hyphae through the soil to roots.

( ii i)  penetration and successful in itia tion  of in fection in roots.

(iv ) spread of in fec tion , developm ent of a m ycorrh izai re la tionsh ip  with roots and

spore production.
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Many previous investigations on tho effects of agricu ltu ra l chem ica ls on VA 

m ycorrhizas. reviewed by Trappe (1 9 8 4 ). have assessed final changes in the 

percentage of in fected roots, and spore production. Thus, changes measured 

are the result of the response of each o f the four stages to the added chem ica ls 

(th is  aspect Is covered In deta il in the follow ing c h a p te r ) . It was decided to carry 

out paralle l experim ents to the pot experim ents (fo llow ing c h a p te r), to test tho 

effects of four herb ic ides and three system ic fungic ides on the germ inability  of 

spores (stage I) of three VAM endophytes. The herb ic ides chosen are used 

intensively in w inter wheat cu ltiva tion in S .E . England and were all used during 

the 1982-85 period on the fie lds at Ham ill and Sussex. In advance of these 

experim ents, several tests were necessary to select the best axenic system to 

use to test the pesticides in the concentra tions relevant to norm al field rate 

app lica tions. This involved the testing of the throe VAM endophytes to find tho 

tem perature and pH optim a necessary to achieve maximum germ ination.

5 .2 . MATERIALS AND METHODS

5 .2 . 1. Experiment 1

This experim ent involved the pre lim inary investigation of germ inability  of 

spores isolated from field and stock pot cu ltures on water agar (WA) and WA 

amended with 0 .1%  (w /v )  nutrien t broth (N B ). over a range of pH 6 -9 . 

Tem perature screen ing . 5 -2 5 °C . was carried  out for all three endophytes on the 

incubation pad plates (see chap ter 2 ) . The duration of tests varied between 15- 

21 days and were ca rried  out at 25°C unless stated otherw ise. The incubation 

pad plate technique was used because it e lim ina tes the d ifficu lty  of Incorporating 

pesticides into m olten agar (50°C  is the tem perature at which most active 

pestic ide m oieties become u n s ta b le ). 50 spores per treatm ent were incubated 

for agar tests, whilst 35 wore used on the Incubation pad plates. F ield spores
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were isolated from the ir o rig ina l m oist fie ld soils after storage at 4°C  in a cold 

room for two months. For tom perature studios, a ll throe ondophytos woro 

incubated at pH 7. 5. chosen after by the pre lim inary study outlined above. 

Spores for this tost woro isolated ftom stock pots stored for approx. 6 months in a 

cold room  at 4°C .

5 .2 .2 . Experiment 2

This experim ent com pared stock pot cu ltu re  age with the ab ility  of spores to 

germ inate on incubation pad plates at a range of pH values 6 -9 . Tests were 

perform ed on batches of spores which had been stored for between 3 -24  months 

in a cold room at 4°C . Final checks on germ ination were made after 20 days, 

following incubation at 25°C .

5. 2. 3. Exporimont 3

Batches of spores, of each endophyte, capable of the highest germ ination 

rates were selected after p re lim inary experim ents. The incubation pad technique 

was then used to study the effects of several pesticides on spore germ ination. 

The follow ing four post-em ergence  herb ic ides were used in Experiment 3:

( i)  Avenge (Cyanam id L td .)

( ii)  C eridor (E lanco Ltd. )

( ii i)  D icurane (C iba-G e igy L td .)

(iv) H arrie r ( I. C. I. Plant P rotection)

These are all used in the autumn and spring at times when in fection of the wheat 

root systems by VAM. in itia ted by germ inating spores and in fected root 

fragm ents, appears to be im portant (chap te r 3) . It was decided to attempt to 

c losely approxim ate the concentra tion  o f residual soil herb ic ide in the top 2 -3  

ems of soil a fte r spraying. NichoIJs and Buxton (1982) sim ulated the movement
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and degradation of two active herb ic ide  m oieties, one of which (ch lo rto lu ron ) is 

the active ingred ien t of D icurano. During the period 1974-1981 they used a 

com puter to try to estim ate the level of residual herb ic ide  activity likely to remain 

in the upper soil layers, taking into account the weather data. Their results 

indicated that, on average, 50% of applied ch io rto iu ron  was likely to be 

recovered from the top 2 -3  cm s of soils in the spring follow ing an autumn 

app lica tion. This figure was used as a basis to set for the concentra tions that a

VAM spore would be likely to encounter during this period. The field rate
2

application in kg or L per hectare was roduced to the am ount appliod to a 10 cm 

surface area (the  approx, area of the incubation pad potri p la te ). This was 

considorod as 100% of the appliod herb ic ide and a second concentra tion of 50% 

was usod to sim ulate the maximum average concentra tion  likely to be 

oncountorod in the soil through the autumn poriod follow ing N icholls and Buxton's 

hypothosis <not accounting for the adsorption properties of pestic ide or s o i l) . It 

should be noted, howovor. that the average soil tem peratures In the autumn in 

the fiold range from  6°C  in September to 3°C and below in February (INJichoils 

and Buxton. 1982).

(J) Avenge 630

This is a wild oat herb ic ide  for use as a post-em ergence  spray on cereals 

from  the two leaf stage (1 on Feekes scale) to end of tille ring  growth stages (3 ) . 

It is translocatab io and is applied at a rate of 1. 58kg hectare-1 with a wotting 

agont. It is sold in solid form  and its active ingrod ion t is difoazoquat methyl 

sulphate ( 1 . 2 -d im o th y i-3 . 5-d iphonylpyrazolium  methyl sulphate; Fig. 5 .1 ) .  it 

is also known to con tro l early m ildew on w intor barloy.



Figure 5.1. - Chemical formulae of active moieties of herbicides.
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( ii)  C oridor

This post-em ergence herb ic ide  is a suspension concentra te  conta in ing :

(a ) 18.75%  (w /v )  bifenox (m ethyl 5 - (2 .4  d ich lo rophenoxy)-2 -n itrobenzoa to ; 

Fig 5. 1)

(b ) 46.25%  (w /v )  m ecoprop (2 -(4 -c h io ro -2 -m e th y lp h e n o x y ) propionic acid; 

F ig. 5. 1)

It is used for the con tro l of broad leaf weeds in cerea ls . Its recom m ended 

application rate is 3 -4 L  hectare-1  applied between the three leaf (2 ) and second 

node (7 ) stage. M ocoprop is a translocatab lo post-om orgonco  herb ic ide of the 

chlorophonoxy group , weed death resulting from extreme horm one-like  

responses giving rise to d istorted tissues. It is thought that phenoxy herbicides 

may act on the ce ll nucleus by in te rfe ring  with prote in synthesis.

( iii) D icurane 500L

This is a a p re - o r post-em ergence herb ic ide  in a liquid form ulation 

conta in ing 50% (w /v )  active ingred ien t ch lo rto lu ron  ( 3 - (3 - c h lo ro -p - to ly l) -1 ,  

1-d im ethylurea it con tro ls  b lack -g ra ss , w ild -oa ts , othet annual grasses and 

many broad-leaved weeds in most m ajor varieties of w inter wheat and barley. 

The recom m ended app lica tion rate is 7L hectare1

(iv ) H arrie r

This liquid form ula ted, post-em ergence  herb ic ide  conta ins;

(a ) 45% (w /v )  m ecoprop

(b ) 1.5%  (w /v )  c lopyra lid

(c ) 5% (w /v )  ioxynil (4 -h yd ro xy -3 , 5 -duodobenzon itriie ; F ig. 5. 1 ).

It kills b road-leaved weeds and is a non -e s te r water based form ula tion. It is
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applied at a field rate of 5L hectare \

5 .2 .4 .  Exporlmont 4

Throe cu rre n t system ic fung ic ides, for w inter ce rea ls , were used to tost the 

e ffect of estim ated residual soil concentra tions of fungic ide on VAM spore 

germ ination:

( i)  Bavistin FL (BASF Ltd. )

( ii)  Calixin (BASF Ltd. )

( ii i)  T ilt Turbo (C iba -G e igy L td .)

(I) Bavistin FL

This is a flowable form ula tion conta in ing 50% (w /v ) carbendazim  (m e thy l- 

2 -  benzim idazole carbam ate ; F ig. 5 .2 ) .  It is a broad spectrum  fung ic ide with 

system ic, protectant and curative properties but can be used only up to full ear 

em ergence in ce rea ls . It is , however, recom m ended to be used from when leaf 

sheaths become erect (5 ) to firs t node (6 ) at a fie ld rate of 0. 5L hectare .

( i i)  Callxln

This is a liquid form ula tion conta in ing  75% (w /v )  tridem orph (N -tr id e c y l-2 , 

6 -d im e thy lm orpho line ; F ig. 5 .2 ) .  It is applied to con tro l the cerea l diseases 

powdery m ildew, Rhynchosporium  and yellow rust. It is system ic with eradioant 

and prophylactic p roperties. Application usually occurs between the leaf sheath 

e rect stage (5 ) and the appearence of the flag leaf (9 ) to con tro l m ildew, at a 

fie ld rate of 0. 7L hecta re - 1 .



Figure 5.2. - Chemical formulae of active moieties of fungicides
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( i l l)  T ilt Turbo 375

This is an em ulsiflab le  concentra te  conta in ing:

(a ) 1 2 .5 % (w /v )  propiconazole

(b ) 25% (w /v ) tridem orph

It has contact and system ic action against a wide range of cerea l disoases 

inc lud ing , Rhynchosporium . net b lo tch , rusts, m ildew and septoria . Eyospot is 

also suppressed at low levels. C learence has been given for app lications of three 

sprays per crop at 1L hectare 1. with provision that one Is made in the au tum n.

The spores used in these fung ic ide experim ents were isolated from 

Experiments E l and F2 in the follow ing chapter. One batch (O) was taken from 

the contro l treatm ent where no fungic ides had been applied to the wheat crop 

grown in pots in the greenhouse. The second batch (M /S /B )  was a treatm ent 

which had received three sprays in each of the two experim ents:

(a ) M i lg o E ia . i .  e th irim o l; F ig. 5 .2 )

(b ) S p o r ta k ia . i .  prochloraz)

(c ) Bavistin FL (a . i. carbendazim ; F ig. 5 .2 )

The spores had been stored in the ir respective durite  environm ents (a ir -d r ie d ) 

for 3 -4  months at 10°C. This experim ent was designed to com pare the effects of 

a fung ic ide on two types of VAM spore populations; one which had allowed 

form ation of spores in a fung ic ide free environm ent, and one which had been 

exposed to several fung ic ides, by residual activity in the soil and via the systemic 

activity of the fung ic ide within the host.
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5 .3 . RESULTS 

5. 3. 1. Experiment 1

pH tests using fie ld spores o f G. mosseae and G. monosporum  on WA alone 

indicated a pH optim um  of 7 for the form er endophyte and 8 for the la tter (F ig . 

5 .3 ) .  G. mossoao spores Incubated on WA+NB had reduced germ inab llliy  (9 -  

23% ). whilst those of G. monosporum  had h igher germ ination percentages 

(39-52% ) over the pH range 6 -8 . G erm ination o f G. monosporum  spores at pH 

9 on both media was low. A lthough germ ination 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 com pared with 

WA alone (F ig . 5 .4 ) .  F ield spores o f G. geosporum  were frequently 

contam inated (see  chap te r 4 and Photo 57) therefore no re liab le  data were 

recorded. It should be noted that no vesicles form ed on WA treatm ents of e ithe r 

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

Spores of G. mossoao from a po t-cu ltu re  stored at 4°C  for 6 m onths did not 

germ inate on WA alone, but showed a peak of germ ination at pH 7-8 on WA+NB 

of 43-45% .

5. 3. 2. Experiment 2

Table 5. 1 shows the effect of tem perature on the spore germ ination of 

endophytes. All three species have highest germ ination percentages at 25°C 

(Photo 58 shows G. monosporum  on SW+NB at 2 5 °C ) . No germ ination was 

observed on incubation pads with s te rile  deionised water (SW) aiono and at 5°C 

and 10°C with the SW+NB solution. As a consequence of this and the data from 

Experiment 1. fu rther experim ents were carried  out on incubation pad plates 

moistened with sterile  deionised water conta in ing 0. 1% NB (SW +NB). at pH 7. 5 

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



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 (xl50, B.F.).

PHOTO 60 - Short, swollen germ tube of a pot-cultured spore of (L.
monosporum exposed to Tilt Turbo on an incubation pad 
plate at pH 7.5. (x 150, 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. - Hypha1 qrowth from field spores of G. monosporum
incubated on water agar (WA) .and 

water agar amended with nutrient broth (WA+NB).
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(** = significantly different at P=0.05)

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.

I

INCUBATION % SPORE GERMINATION
TEMPERATURE

G. GEOSPORUM G.MONOSPORUM G.MOSSEAE
oc sw SW+NB SW SW+NB SW SW+NB

5 0 0 0 0 0 0

10 0 0 0 0 0 0
20 0 10 0 19 0 27

25 0 23 0 53 0 93
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Figure 5.5 . - Effect of age of cold stored (4°C) 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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germ ination of sporo batches occured which seemed to bo linked to the age of 

the stock pot cu lture  from which they were obta ined. Results from studies on the 

effect of cold (4 °C ) storage of spores (F ig . 5. 5 )„  ind icate a trend towards zero 

after periods of one year in storage for G. monosporum  and G. mosseae. There 

appears to be a storage time for those two endophytes of around 3 -6  m onths, at 

which time high percentage germ ination can be attained under optim al 

cond itions. Results for G. geosporum  showed that m oderate levels of 

germ ination could s till bo atta ined after storage for 9 m onths. G erm ination 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 herb ic ide app lica tion on spore germ ination. 

Avenge totally Inhib ited germ ination o f spores of all throe endophytes. Ceridor 

and H arrie r behaved s im ila rly  to each o ther in apparently stim ulating germ ination 

at the h igher concen tra tion , whilst preventing germ ination at the lower 

concen tra tion . This is noteworthy since both conta in  tridem orph as the active 

herb ic ide moiety. D icurane had tittle inh ib ito ry e ffect on germ ination and 

appeared to stim ulate germ ina tion  of G. monosporum  and G. mossoao above 

con tro l levels. A pre lim inary test (data not presented hero) using spores of G. 

monosporum  and G. mosseae exposed to h igher h igher concentra tions of Ceridor 

(5 jj1 ml ^) and D icurane O^ul m l- ^) strongly Inhibited germ ination. Both 

herb ic ides reduced germ ination of G. mosseae from  con tro l levels of 91% 

(C e rid o r 23% and D icurane 37% ). G. m onosporum. however, whose contro l 

germ ination was 67% was com ple te ly Inhib ited by both herb ic ides (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

AVENGE
-10.8pg ml 0 0 0

• 0 =,4pg ml 1 0 0 0

CERIDOR
„ , -1 2pl ml 58 25 26

lpl ml 1 0 0 0

DICURANE
3,5pl ml

-

25
.

21 4

z1.75 pi ml 26 38 33

HARRIER
2.5|il ml 1 22 22 50

1-25pl ml-1 0 0 0
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5 .3 .4 . Exporimont 4

An In itia l test of equivalent field rate app lica tions of Bavlstln and T ilt Turbo on 

spore germ ination of G. mosseae com plete ly inh ib ited germ ina tion. So, for the 

purposes of the main screening experim ent, the concentra tions were reduced by 

a factor of 10. Work by Carr and Hlnkloy ( 1985) had Indicated that 

concentra tions of 10-100 ng ml  ̂ of benomyl covered a range of response to 

app lica tion , i.e .  from  norm al germ ination rates to inh ib ition of spore 

germ ination of G . caledonlcum .

Table 5 .3  shows that Bavistln com plete ly Inhib ited germ ination of spores of 

G. monosporum  and G. mosseae from  both (O) and (M /S /B )  stock cu ltures. G. 

geosporum  (O) spores did germ inate in the presence of Bavlstln (15 -16% ) but 

this was lower than con tro l G. geosporum  spores (4 1 % ). G. geosporum  

(M /S /B )  spores did not germ inate when exposed to Bavistin. Calixin appeared to 

have little  e ffect on germ ination o f spores from  con tro l cu ltures (O ) ,  it d id, 

however, appear to inh ib it spores of G. geosporum  from the (M /S /B )  stock 

cu ltu res at the h igher concen tra tion . T ilt Turbo appeared in term ediate between 

Bavistin and Calixin in Inh ib iting germ ination on spores of all three endophytes 

from con tro l (O) cu ltu res , but did have a noticeable inh ib ito ry  effect on G. 

mosseao spores from  the (M /S /B )  pot cu ltu res at both concentra tions. G. 

goosporum  germ ination was also inh ib ited at the h igher concentra tion .



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

TREATMENT

PRIOR
SPRAY
SERIES
+/-

PESTICIDE
RATE

% SPORE GERMINATION

G.MOSSEAE G.MONOSPORUM G.'GEOSPORUM

CONTROL 0 33 37 41
+ 0 43 9 50

-1BAVISTIN _ 25nl ml 0 0 16-1- 12.5nl ml 0 0 15
+ 25nl ml“1 0 0 0
+ 12.5nl ml-1 0 0 0

-1CALIXIN - 50nl ml 33 29 24
- 25nl ml“1 13 40 29
+ 50nl ml 26 6 0
+ 25nl ml“1 38 17 41

-1TILT - 35nl ml 10 27 15
TURBO _ 17.5nl ml 17 14 7

+ 35nl ml 1 4 13 0
+ 17.5nl ml“1 0 7 28
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5 .4 . DISCUSSION

Tho best tem perature for tho germ ination of spores of tbroo Glomus 

endophytes was revealed as 25°C In this investigation, which corrobora tes work 

done previously on G. eplgaeum  (D anie ls and Trappe, 1980; G raham . 1982) 

and G. mosseae (S chenck et a l, 1975). both in soil and on agar media. 

Tommerup (1 9 8 3 b ). however, achieved germ ination of spores of G. 

caledonicum  at 5°C and 10°C using spores sandwiched between membrane 

filte rs  and buried in a Lancelin sand. There was. however, a lag in the onset of 

germ ination below 20°C for all three endophytes tested by Tommerup (1 9 8 3 b ). 

but all species did eventually reach the same germ ination percentages found at 

25°C . This apparent lag at lower tem perature may explain low o r neg lig ib le  

germ ination found in this study and in o ther studies using short spore incubation 

periods of around two weeks (D anie ls and Trappe. 1980; Koske, 1981; Graham. 

1982).

All three endophytes in this study appeared to have an optim al pH range for 

germ ination between 7 -8  when incubated on weak nutrien t m edia. This 

corre la tes well with o ther Glomus spp. studied (D anie ls and Trappe. 1980; 

Green ot a l. 1976) . Field spores of G. monosporum  and G. mosseao did show 

an optim al pH value when Incubated on water agar, but tho re levance Js unclear 

since po t-cu ltu red  spores did not germ inate under these cond itions, so further 

investigation was im peded. It was noted, however, that germ ination of G. 

monosporum  was reduced at pH 9 in both fie ld and pot cu ltu re  spores throughout 

the studies, whilst G. geosporum  and G. mosseae were unaffected. This may 

re flect an adaptation to the local edaphic factors from  where spores wore 

o rig ina lly  iso la ted, since G. monosporum  was iso lated from  a soil of pH 6. 5. 

whilst G. geosporum  and G. mossoao were Isolated from  a soil of pH 7. 5. This 

preference for a lower pH on agar media has been noted for two Glgaspora  spp.
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which were com mon in more acid soils (G reen ot al. . 1976) . Whilst the same 

workers found that G. mosseao. more com m on in a lkalino so ils , had a more 

alkaline pH optimum for germ ina tion . It is noteworthy that in Experiment 1 the 

fie ld spores of G. monosporum  showed sign ifican tly  h igher hyphai growth (Table 

5 .4 ) at pH 7 on WA+NB and the effect of pH on hyphai growth may be a more 

im portant factor. Carr and Hinkley (1985) also noted that whilst spore 

germ ination of G. calodonicum  was unchanged over the range of pH 5. 3 -7 . 4. a 

s ign ifican t optimum of pH 6 .6  was recorded fo r hypha) growth. This aspect is

Considerable variab ility  has been found in the germ ination of spores isolated 

from stock pots and d irec tly  from agricu ltu ra l soils (M osse. 1959; Daniels and 

Graham . 1976; Hepper and Sm ith. 1976; Daniels and Duff. 1978). This may be 

expla ined, to some extent, by periods of constitu tive dorm ancy in VAM fungal 

spores (Tom m orup, 1983a). In this study, however, there was a trend towards 

reduced o r inhib ited spore germ ination with spore age (F ig . 5 .5 )  for G. 

monosporum  and G. mosseae. despite storage at low tem peratures (4 °C ) and 

subsequent incubation on woak nutrien t media. This resu lt is consistent with work 

roportod by Hardio (1984) for two isolates of G. mossoae. which noted the same 

trend for octocarp ic  spores stored for up to a year. Certain VAM fungi, like those 

studiod by Hardio (1 9 8 4 ). and G. monosporum  and G. mossoao in this study, 

produce both oc tocarp ic  and sporocarp lc  spores and In those oxamplos 

octocarp ic  spores have boon used in experim entation. Sylvia and Schonck 

(1983b) also noted that maximum gorm ination of spores of throe Glomus spp. 

was ro lativo ly low and possibly due to storage of the VAM inoculum  in 

ro frldgoratod soil over a long period affecting spore viability. Tommorup (1985) 

found that gorm ination of qu iescent spores of throe VAM ondophytos was 

prevented in soils under crops or pastures and pot cu ltures of VAM fungi under

worthy of fu rther investigation. ClUo
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long term  storage. W ater-so lub le , hea t-lab ile  com pounds which were extracted 

from the crop  and pot cu ltu re  soils prevented germ ination of spores. S e lf- 

inh ib itors were also im plicated in regulating germ ina tion. Most of the early 

germ ination studies, however, were conducted on sporocarp ic spores (M osse. 

1959; Hopper and Sm ith. 1976). Hopper and Smith (1976) reported that 

storage of G. mosseae sporocarps at 6 °C for several weeks enhanced 

germ ination. In o ther studios, however, agoing of spores of Gigaspora  spp. in 

the cold had a detrim enta l effect on germ ination (Sward ot a l. 1978; Kosko. 

1981). It may be that ectocarp ic  spores, when newly form ed, are quiescont but 

have only a lim ited period of time in which to germ inate before long term storage 

in the same soil causes spores to bocomo dorm ant under the Influence of 

exogenous factors i. e. m ycostasis. Tommorup (1985) defined m ycostasis "as a 

form of exogenous dorm ancy associated with the b io iog ica i properties of the soil, 

resulting in the absence of spore germ ination when phys ico-chom lca i proportios 

of the soil are otherw ise conducive to gorm ination". Daniels and Trappo (1980) 

have suggested that after a tim e, certa in  m icroorganism s or plant exudates are 

needed to o ithor metabolize se if- in h ib ito rs  in the spore or produce chem ica ls 

that can stim ulate gorm ination. Spores of o ther b io troph ic fungi are known to 

produce se lf- in h ib ito rs  (M acko. 1981). This may be im portant since it has been 

shown that the absence of a bacteria) population can reduce VAM spore 

gorm ination (W ilson. 1984). For the two endophytes studied hore. G. 

monosporum  and G. mossoae. a period of botwoon 3 -6  months storage would 

appear to bo necessary to obtain maximum spore gorm ination using the 

incubation pad system described. Daniels and Graham (1976) also showed that 

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

spores.
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Results of the herb ic ide  tests, at concentra tions equ ivalent to those found in 

the top 2 -3  ems of soil a fter fie ld app lica tions, showed that Individual herbicides 

affected spore germ ination d iffe rently . Avenge tota lly inh ib ited spore germ ination 

of ail three endophytes. It is known to have the ability to con tro l early m ildew 

Infections on barley and its a . i .  DMS (F ig . 5. 1 ). may therefore possess more 

general fung ic ida l p roperties, it should be noted that Avenge was the only 

herb ic ide tested used as the solid form  with a wotting agent, and this m ight have 

been a factor. Although tho low levels of germ ination observed In the contro ls 

(Table 5 .2 )  h indered in te rpre ta tion  of the resu lts . C eridor and H arrie r did 

appear to behave s im ila rly , in that spore germ ination was apparently Inhibited at 

the lower concentra tion  used, whilst a neutral to stim ulatory e ffect was noted at 

the h igher concentra tion  (p a rticu la rly  for G. geosporum ) . Both these herbicides 

conta in the a . i .  m ecoprop in the same concentra tions in the ir form ulations 

(approx. 45% w /v ) . which apparently causes wood death by extreme horm one- 

like responses of the weed leading to distorted tissues. Previous work has shown 

that plant horm onos, along with am ino acids, vitam ins and o ther organ ic 

substances present In tho plant rh lzosphere. are capable o f being produced by 

com m on soil m icroorganism s and that they may enhance the developm ent of VAM 

fungi in the absence of any host plant (Barea and A zcon-A gu ila r. 1982; 

Hopper. 1979; Hepper and Jakobson, 1983). Thus the ho rm ono-llko  activity of 

m ecoprop could ind ica te  a type of chem ica l which could aid spore germ ination 

and developm ent of hyphal growth at a particu la r concen tra tion , since extensive 

hyphal growth was noted but not quantified. The inh ib ition  at lowor 

concentra tions cannot be easily explained. D icurane genera lly  produced neutral 

to stim ulatory responses, particu la rly  at the lower concen tra tion . Tommerup and 

Briggs (1981) tested three herb ic ides on tho spore germ ination of two Glomus 

species and Acaulospora laevis. Herbicides were incorporated into soil at
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oquivalent fie ld rates and up to ton times this concen tra tion . No inh ib ition of 

germ ination o r hyphai growth was observed ovon at tho h igher concontra tions, It 

has. however, been noted that a num ber of herb ic ides have stim ulated growth of 

some ectom ycorrh iza l fungi in axenic cu ltu re  at low concentra tions (T rappe ot 

at. . 1984).

Results of the fung ic ide tests were c le a re r and effects of low concentra tions 

of fungicides on spore germ ination were dem onstrated. Bavistin inh ib ited 

germ ination of spores of G. monosporum  and G. mosseae in both stock culture 

batches. Spore germ ination of G. geosporum  was only inh ib ited com plete ly in 

the (M /S /B )  cu ltu res , which had expe rienced  two Bavistin sprays. This would 

ind icate that the levels of 12-25ng ml of Bavistin used may represent tho 

concentra tion at which it becomes inh ib itory to spore germ ination of G. 

geosporum  under axenic cond itions. Carr and Hinkley (1985) also noted that 

lOng ml 1 of benomyi inh ib ited spore germ ination and hyphaJ growth of G. 

caledonicum  on water agar, but below this concentra tion  germ ination and normal 

hyphai growth was observed. Tho Inh ib ition was attributab le  to tho activity of 

carbendazlm . one of the hydrolysis products of bonom yl, and the a. I. of 

Bavistin. Carbendazim  is believed to d isrup t m icrotubulo form ation , affecting 

nuclear d ivis ion and hyphai growth (Howard and A ist. 1980). Tom m erup and 

Briggs (1 9 8 1 ). however, showed no e ffect o f carbendazim  on spore germ ination 

and hyphai growth when incorporated into soil with concentra tions as high as 

lOQpg g "* o f so il. Carr and H inkley (1985) suggested that this was probably due 

to carbendazim  being adsorbed onto the sandy soil used, decreasing tho 

amounts to which the spores were exposed below inh ib itory levels. This, 

however, may re flec t the natural fie ld situation since carbendazim  is known to 

have a h igher adsorption coe ffic ien t than benomyi in soil (Batem an and N lchoils, 

1982) . Carr and Hinkley (1985) also noted that spores of G. caledonicum  could
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germ inate when removed from m edia conta in ing at least lOOng benomyi m i- 1 , 

suggesting a fung ista tic  ra thor than a fung ic ida l offoct. This may hoip explain the 

temporary offocts of bonomyi soli d renches on the dovolopm ont of VA 

m ycorrhizas (Boatm an ot a t. 1978; Spokes ot at. 1981).

Calixin had iittlo  offoct on spore gorm ination when com pared  with con tro ls  in 

both (0 ) and (M /S /B )  cu ltu res tested, oxcopt at the h igher concentra tion used 

for <3. goosporum ( M / S / B )  spores, whore no gorm ination occurred  (Table 

5 .3 ) .  A s im ila r resu lt was noted for G. goosporum  (M /S /B )  spores incubated 

with Tilt Turbo at the h igher concentra tion . Both fung ic ides contain tridom orph as 

an a. i. . whilst T iit Turbo also conta ins propicanazoie. Both these active m oiotios 

are known to Inh ib it storo l b iosynthesis In fungi (Davidso and do W aard. 1984), 

particu larly  in the Ascom ycotina. Basid iom ycotina. and Doutorom ycotina. Tiit 

appoarod to roduce spore gorm ination rotative to con tro l lovols. but but to a 

lessor extent than Bavistin. Propicanazoie was shown to bo the most inh ib ito ry  to 

VAM in fection of c itrus  roots of four storo l inh ib iting fung ic ides investigated by 

Nomec. 1985. Storol inh ib iting  fung ic ides have been shown not to have a m ajor 

effect on spore gorm ination of the ir target fungi, but to cause germ  tubes and 

hyphao to become swollen a n d /o r  excessively branched (Davidso and do Waard. 

1984). Swollen ends of short germ  tubes wore observed in these studios, 

particu la rly  in the T ilt and Calixin treatm ents (Photo 60 ),

A reduction in spore gorm ination of the (M /S /B )  spores of G. monosporum  

was notod com pared with (0 ) germ ination lovols. This was not noted for the 

o ther two ondophytos tested. G orm ination of the (M /S /B )  sporos of G. 

goosporum  also appoarod to be inh ib ited by the h igher concentra tions of Caiixin 

and Tilt as woll as both concon tra tions o f Bavistin. These. (M /S /B ) .  sporos had 

form od in an environm ent which had boon exposed to both Bavlstin and Sportak. 

another storo l inh ib iting  fung ic ide s im ila r In activity to Calixin and Tilt. It may bo



-  89 -

that the presence of such toxicants in the local environm ent, at the same time as 

these spores were form ed, produced a spore population d iffe ren t from that found 

in the absence of these chem ica ls , with regards to germ inab ility . P rio r exposure

of spores to these chem ica ls in the o rig ina l pot would poten tia lly  have been over
b

a long period since such pestic ides are known not to bo easily loached from pots 

during norm al irr iga tion , and to be in fact 'c y c le d ' around the pot duo to the 

offects of evaporation of wator from  the pots (P . N icho lls . Rothamsted. pers. 

c o m m .) . Short term adaptation can occu r in VAM fungi since it is already known 

that a strain of G. mosseae to le ran t to heavy metals was isolated from a heavily 

polluted spoil site (G ildon and T inker. 1981).

Most work on the e ffect of fungicides on m ycorrhizas in axonic cu ltu re  has 

been carried  out on ectom ycorrh lzas and results showed that they tended to 

depress growth (T rappe et at. 1984). It was particu la rly  noted that when several 

species of fungi were exposed to a given fung ic ide in a cu ltu re  m odlum. they 

tended to d iffe r in response. This appears to be the case in this study.

As yet, it is d ifficu lt to translate results in axenic cond itions to natural field 

cond itions for VAM fung i, and even ectom ycorrh izas, due to the problem s of 

com plex m icroorganism  in teractions in the plant rhizosphere and soil p roperties. 

The d iffe ren tia l sensitivity of d iffe ren t species to edaphic factors and pesticide 

app lica tions, however, may be useful fo r con tro lling  m ycorrhizal form ation In 

experim ents. This series of screening experim ents has determ ined the effects of 

tem pera ture, pH and pestic ide app lications on spore germ ination of several

d iffe ren t VAM iso lates.
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CHAPTER 6

The effects of pestic ides and phosphorus app lica tions on tho VAM 

sym biosis of w inter wheat grown in pots.

6. 1. INTRODUCTION

Tho application of system ic fungic ides to field crops to con tro l cereal 

diseases, is now com m on practice  (ADAS. 1984). Annual surveys have shown 

that the proportion of w inter wheat fie lds receiving fungic ide app lications has 

increased from 1% in 1974 to 59% in 1980 (P riestley and Bayles. 1982) . If these 

app lications were to have adverse effects on VAM fung i, phosphorus uptake by 

the crop could bo affected with a consequent e ffect on yield. It is known that 

benom yi. which rapid ly breaks down to form carbendazlm . s ign ifican tly  

decreased P uptake by VAM infectod plants com pared to unsprayed contro ls  

(Boatm an et a l. 1978). Bailey and Safir (1978) found that VAM in fection of 

soybeans was reduced and yields decreased by benomyi app lica tion . They 

postulated that reduced germ ination o f propagulos. hyphal growth or reduced 

host-fungus com patib ility  could account for the effects of benomyi app lica tion. 

They did not. howover, cons ide r possible effects on P uptake. Many other 

reports of tho inh ib itory action of of benomyl have been covered in a recent 

review by Trappe ef al (1 9 8 4 ). Bavistin FL is a systemic fungicide curren tly  in 

w idespread use on U. K. cerea l crops and has carbendazlm  as Its active moiety.

Recent trends in the developm ent of new fungic ides for the contro l of 

diseases of sm all g ra in and forage crops have boon towards system ic, s te ro l-
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inh ib iting , triazo le -based products with broad spectrum  activity against powdery 

m ildews, rusts and leaf spots. The goal of now fung ic ide dovolopm ont has boon 

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

when applied at low rates and preferably with only one app lication needed. Tilt 

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

fung ic ides, widely used on cerea ls in S .E  England. Nomoc (1985) has recently 

screened four such s te ro l- inh ib ito rs  and found propicanazole to be the most 

inh ib itory of VAM in fection of C itrus roots.

Two members o f two o ther systemic fungic ides (grouped

accord ing  to the ir mode of action) were chosen to be screened for any inh ib itory 

effects on VAM In fections. namoJy M llgo E ( a . i .  e th lrlm o l) and Callxin ( a . i .  

tridem orph) . These have boon previously tested on the VAM sym biosis via soil 

app lica tion , as indeed have most fungicides In VAM studios, and found to have 

inh ib itory effects on VAM in fection  and sporulation (Ja la li and Domsch, 1975). 

Tridem orph is a fung ic ida lly  active m orpholine derivative, giving broad spectrum  

contro l along with curative and e rad ican t properties.

Besides fung ic ides, most agricu ltu ra l crops are also treated with 

herb ic ides. Herbicides by the ir nature, are toxic to a wide range of p lants, many 

of them potontla l hosts to VAM fungi. The possib ility therefore exists that those 

chem ica ls could inh ib it the effectiveness of VAM fungi by preventing in fection 

processes, subsequent sporulation and P uptake. The published lite ra ture  on 

herb ic ide /VAM  in teractions is much sparser (T rappe et a l. 1984), although 

studies using norm al field rate app lica tions have indicated that they may have 

little  obvious e ffect on the sym biosis. It is . however, noteworthy that VAM 

in fection of a Chenopodium  sp. was promoted by a simazine app lica tion , possibly 

corre la ted  with an apparent increase in the release of am ino acids and sugars 

from the roots (Schwab et a l . 1982). It may be, there fo re , that the host plant Is
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more sensitive to increased herb ic ide  dosage than its VAM partner (Sm ith et a l. 

1981. Ocampo and Baroa. 1982). Smith et a l (1981) tested six herb ic ides 

incorporated d irectly  into soil in pot and field experim ents and found no effect of 

normal app lica tion rates on VAM in fection and sporu lation.

This study, as a follow up to work described in tho previous chap te r, was an 

assessment of the effects o f such pestic ides on the four stages of tho 

development of a VAM re la tionsh ip  with its host, outlined in tho Introduction of the 

previous chapter. Four herb ic ldos wore, thorefo ro . chosen to cover a range of 

modes of action . Avenge 630, C eridor. D icurane and H arrie r, as well as five 

fung ic ides. Bavistin FL, Calixin. M llgo E, Sportak and T ilt Turbo, all of which 

have w idespread use in S. E. England on cerea ls . It must be acknowledged that 

pestic ide screening such as this should really be perform ed in a range of soils 

and under cond itions as near to those perta in ing at the time that the pestic ide is 

applied In tho fie ld , in my work 1 have attempted to apply sprays at the 

recom m ended crop  growth stage used in intensive cerea l agricu ltu re  in the 

U .K . . Previous studies have not always related the time of app lication or the 

concen tra tion  of pestic ide used to that expected in tho fie ld.

6. 2. MATERIALS AND METHODS

6 .2 .1 .  Experiment 1

The e ffect of in fection of two VAM fung i. G. geosporum  and G. m osseae , on 

w inter wheat var. Avalon was investigated in durite  at three d iffe ren t phosphorus 

lovols. The fungi were both o rig ina lly  isolated from the Hamiil fie ld site and were 

pure cu ltu res raised from  s ing le -spo re  inocula. This in itia i experim entation was 

designed to identify the cond itions needed for maximum VAM in fection 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 por pot of steam sterilised durlto  was used amended with throe 

superphosphate levels; Og ( OP). 2. 3g ( 2 P ) . and 4. 6g ( 4P) por pot. This gave a 

range of phosphorus levels equivalent to the Olsen P levels found in fie ld soils 

used for cerea l crops (Table 6. 1 ). The superphosphate was thoroughly mixed 

Into the durite . Inoculation was ca rried  out by the addition of lOOg of finely 

chopped infected roots, from  pot cu ltures of e ithe r endophyte, as a band 

approx. 8 ems below the durite  surface. Control pots received a s im ila r lOOg 

aliquot of autoclaved Inoculum  along with 100ml of a filtra te  of the pot cu lture  of 

both endophytes. Each pot was sown with seven seeds, th inned to six plants if 

necessary after 14 days. There were 8 rep lica te  pots per treatm ent arranged in a 

random ised design. Plants were in itia lly  grown in an unheatod glasshouse. 

During the period 2 5 /1 0 /8 3  (sow ing date) to 1 1 /1 /8 4 , the m inimum  nightim e 

tem peratures regu larly  fe ll below 5°C and it was noticed that VAM in fection was 

Inhib ited. As a resu lt a greenhouse heater was insta lled to maintain night 

tem peratures above 9°C . Plants received a half strength Hoaglands nutrient 

solution ( -P )  each week, whilst In the warm er early  sum m er period, between 

nutrient app lica tions, plants were also watered daily with tap water. Root 

in fection levels, fo liage fresh weights (Inc lud ing  separate ear and straw fresh 

weights at harvest) and in terna l shoot N .P .K  levels (poo led d a ta ), were 

measured at 42. 70. 110 and 170 days.

6 . 2 . 2 .  Experiment HI

A fter cons idera tion  of the results of Expt. 1. no superphosphate was added 

to durlto in o rde r to achiovo high root in fection levels. This would allow inhib itory 

offocts of pestic ide app lica tion on VAM Infection levels to be m onitored most

effectively.



Table 6.1 Chemical characteristics of the durite growth medium 
i n Expe r i ment 1.

PHOSPHORUS

TREATMENT
pH N(mg L ]) P(mg L 1) K(mg L 1)

OP 8.5 5 7 88

2P 7.6 0 52 86

4P 7.0 0 117 74
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Fungal treatm ents were as follows;

(a ) G. goosporum

( b) G. monosporum

(c ) G. mosseae

(d ) non-inocu la tod  contro l 

(o ) non-inocu la tod  contro l +P

the la tter treatm ent receiving 2 .3 g  of superphosphate d ispersed through the pot. 

Six seeds o f Avalon were sown per pot, thinned to 5 plants after 14 days. Five 

herb ic ide spray treatm ents were used at day 107 at equ ivalent field ratos 

(ca lcu la ted  on an area b a s is ). Avenge (1 .5 8  kg h a ^ 1) .  C oridor (4L ha~ ^). 

D icurane (7 L ha ^ ) .  H arrie r ( 5L ha ^) and a water sprayed con tro l. Each 

concentra tion  was applied to five rep lica te  pots of oach fungal treatm ent until 

in itia l runoff. Irriga tion  was as for Expt. 1 and in fection levels wore measured 

after 49. 101 and 146 days. Results of total and oar fresh weight yiolds and fo liar 

NPK lovols (poo lod) at harvest are presented. Chlam ydospore num bors wore 

dotorm lnod by w ot-s lov lng four rop llca te  lOg samplos obtalnod from poolod 

sub-sam ples at harvest.

6 .2 .3 .  Experiment H2

In o rde r to investigate the e ffect of potentia l soil herb ic ide residues and a 

second herb ic ide app lica tion on a subsequent wheat c rop , the same durite was 

re -used  for s im ila r treatm ents after dry sieving through a 4mm sieve to remove 

most of the old root system. No additional inoculum  was added but 2 .3 g  of 

superphosphate was added to the con tro l +P treatm ent. Sprays were applied as 

before at day 50 and irriga tion  was as fo r Expt. 1. Infection levels were measured 

after 43, 65 and 98 days. Results of total fresh weight yields and fo lia r NPK levels 

(from  pooled data) at harvest are presented. Chlam ydospore spore numbers
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were determ ined as fo r Expt. H I. Both these experim ents. Expt. H I and H2, 

wore carried  out in the same greenhouse at d iffe ren t tim es (U niversity of Kent) in 

a random ised block design and sta tis tica lly  analysed as 5x5 facto ria ls . Expt. HI 

covered the period from  November to A pril, whilst Expt. H2 occupied the period 

from m id-Juno to m id-S optom bor. Those seasonal d iffe rences should be noted 

when com paring the results o f these experim ents.

6 .2 .4 .  Experiment F I

Four fungal treatm ents were included in this experim ent;

(a ) G. geosporum

(b ) G. monosporum

(c ) G. mosseae

(d ) non-inocu la ted  contro l

all wore inoculated as In Expt. 1. Six seeds of Avalon wore sown per pot and 

thinned to five after 14 days. Three fungicides wore tested separately along with a 

trip le  programme of each fung ic ide  and a water sprayed contro l treatm ent. The 

sprays were applied at the recom m ended cerea l growth stages at equ ivalent field 

rates ( ca lcu la ted on an area b a s is ). M llgo E (1 .2 5 L  ha- 1 ) at day 38. Sportak 

(1 .0 L  ha-1 ) at day 56 and Bavistin FL (0 . 5L ha -1 )a t day 75. the trip le  spray 

(M /S /B )  received each of those sprays on the same days. There wore 

five rep lica tes of each treatm ent arranged in a random ised block design and 

results wore sta tis tica lly  analysed as a 4x5 facto ria l. Infection lovols wore 

measured after 38. 75. 104 and 135 days (h a rve s t). Fresh weights of shoot 

m ateria l wore dotorm inod afte r 75. 104 and 135 days. Internal fo liage NPK lovols 

(poo led) were obtained for water sprayed con tro l treatm ents a fte r 75. 104 and 

135 days and fo r the M /S /B  treatm ent at 104 and 135 days. Chlamydosporo 

numbors wore dotorm inod as for Expt. H I.
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6 .2 .5 .  Exporlm ont F2

As for the herb ic ide experim ent. Expt. H2. it was decided to re -u se  the 

same durite  to assess the potentia l e ffects of any residues along with a second 

application of the same spray on a subsequent wheat c rop . The durite  from  Expt. 

F I was dry sieved through a 4mm siovo to romovo tho old root systems, and ail 

pots received 3g of KNO^ and Ig  o f superphosphate to im prove plant growth. 

The contro l +P treatm ent received an extra 2. 5g of superphosphate. Six Avalon 

seeds wore sown per pot and th inned to fivo plants a fto r 14 days. M llgo E was 

sprayed after 86 days and Sportak after 128 days. The experim ent was harvested 

after 186 days. The Bavistin FL spray treatm ent was not assessed due to an 

apparent plant d iso rder causing a loss of plant m ateria l. Infection levels were 

measured after 86. 128 and 186 days (h a rv e s t) . F inal total and ear fresh weight 

yields are presented. Foliar NPK levels for water sprayed con tro l treatm ents after 

86. 128 and 186 days along with levels fo r all treatm ents at harvest. 

Chlam ydospore num bers were determ ined as for Expt. H I. Both these 

experim ents wore carried  out in a tem perature contro lled  greenhouse at Wye 

College, Wye. Expt. F I covered the period April to August whilst Expt. F2 

covered the period O ctober to May.

6 .2 .6 .  Experiment F3

This experim ent was designed to screen two d iffe ren t system ic fungicides 

and Bavistin FL for effects on a young rapid ly spreading VAM Infection of wheat. 

These two new fung ic ides Calixin and T ilt Turbo were tested because of the ir 

recent widespread use in cerea l production in the S. E. of England and more 

particu la rly  on the two farm  sites studied here (see chap ter 3 ) .  Four fungal

treatm ents were sot up;
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(a ) G. Qoosporum

(b ) G. monosporum

(c )  G. mosseae

(d ) non -inocu la tod  contro l

prepared as in Expt. 1. Fresh durite  was used fo r this experim ent with 3g of KNOg 

dispersed through each 4kg of durito  por pot. Five p ro -gorm ina tod  Avalon soods 

wore sown per pot and four fung ic ida l treatm ents wore used at equivalent field 

rate  app lica tions; Bavistln FL (0 .5 L  ha- 1 ) .  T ilt Turbo (1 .0 L  ha“ 1) .  CaJixin 

(0 . 7L ha 1) and a non-sprayed con tro l. These were applied until runoff at day 

56. A random ised block design was used and results sta tis tica lly  analysed as a 

4x4 facto ria l. Infection levels were measured at day 26. 56. 74. and 88 

(harvest) whilst fina l fresh weight yields and shoot NPK levels (poo led) were 

obtained at harvest. This experim ent was ca rried  out in an unheatod glasshouse 

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

6 .3 . RESULTS 

6 .3 .1 .  Experiment 1

An in itia l developm ent o f in fection was inh ib ited during the early w inter 

period (D o c o m b o r-Ja n u a ry ). when tom poratures consistently foil bolow 5°C 

causing fractiona l in fection lovols to fa ll to Joss than 5% (F ig . 6 .1 ) .  

Tem peratures increased towards the end of January, due to the use o f a 

greenhouse hoator. and in fection increased sharply In the OP treatm ents of both 

endophytes (F ig . 6 .1 ) .  Infection increased steadily but slowly in the 2P 

treatm ents, and there was little  in fection In the 4P treatm ents. A s im ilar 

tem pera tu re -re la ted  doclino overw inter was also noted for fie ld VAM Infections of 

w inter wheat in the same season (see  chap ter 3 ) . Despite this decline period. 

G. QQosporum at OP s ign ifican tly  Increased yiolds (P0. 01) over the OP con tro l 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).

DAYS SINCE SOWING



Table 6.2 Fresh weight yields and shoot concentrations of nutrients of 
wheat plants in Experiment 1 (day 70). Mean values from each 
treatment are given, with levels of significance.

F values S i g n i fi canee

Phosphorus 6 1 .8 *» Ve Ve Ve

Fung i 21.09
Phosph X Fungi **0.03

T reatment 0P 2P 9P LSD Value

P05 POI POOl

Phosphorus 2.783 3.992 9.092 0.25 0.33 0.99

T reatment Contro 1 G .qeosporum G .mos seae

0.25 0.33 0.99Fung i 3.600 3.992 3.975

T reatment 
1 nteract ion Control G .qeosporum G.mosseae

0.99 0.58 0.75

0P 1 .975 9.175 2.200

2P 9.962 3.775 3.087

9P 3.862 9.025 9.237

Phosphorus 
T reatment

Funga 1 
T reatment

% Element (DW) Foliage

N P K

OP Control 3.51 0.21 5.50
G. qeosporum 3.68 0.37 5.07
G. mosseae 3.63 0.23 5.39

2P Control 9.01 0.59 5.52
G. qeosporum 3 .O6 O . 9 7 5.90
G. mosseae 3.88 0.95 5.35

9P Contro 1 3.59 0.97 5.33
G. geosporum 9.19 0.51 5.99
G. mosseae 3.85 0.50 5.95



Table 6.3 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 S i g n i fi canee

Phosphorus 16.43 Ve Ve

Fung i 2.76 NS
Phosph X Fungi 3.93 **

T reatment OP 2P 4P LSD Value

P05 P01 P001

Phosphorus 3.30 6.40 5.72 1 . 1 1.5 2.0

T reatment Control G . qeosporum G .mosseae

NS NS NSFung i 4.64 5.90 4.89

T reatment 
1nteract i on Control G .qeosporum G .mosseae

2.0 2.6 3-4

OP 2.19 5.57 2.15

2P 6.10 5.69 7.42

4P 5.62 6.44 5.10

Phosphorus 
T reatment

Funga 1 
T reatment

% Element (DW) Foliage

N P K

OP Contro 1 3.36 0.20 5.00
G. qeosporum 3.46 0.31 4.90
G. mosseae

. ' 3.58 0.23 5.20

2P Contro 1 3.86 0.46 4.50
G. qeosporum 3-92 0.44 4.80
G. mosseae ND ND ND

4P Contro 1 4.03 0.52 4.50
G. qeosporum 3.98 0.46 4.90
G. mosseae ND ND ND



Table 6.4 Ear yields of wheat plants in Experiment 1 (day 170). Mean 
values from each treatment are given, with levels of 
s 1 gn 1 f 1 canee.

F values
!

S 1 gn1f1 canee

Phosphorus 13.65
Fung 1 1.83 NS
Phosph X Fungi 6.10 ***

T reatment OP 2P 4P LSD Value

P05 P01 P001

Phosphorus 2.40 3.77 3.81 0.6 0.9 1 .2

T reatment Control G . geosporum G.mosseae

NS NS NSFung 1 3.42 3.57 3.00

T reatment 
1nte ract1 on Control G .geosporum G.mosseae

1 .2 1.8 2.7

OP 1.36 3.32 2.52

2P 4.84 3.45 3.01

4P 4.05 3.92 3.92

Phosphorus 
T reatment

Funga 1 
T reatment

% Element (DW) Foliage

N P K

OP Cóntro 1 1 .80 0.18 1 .20
G. geosporum 2.40 0.33 1 .40
G. mosseae 1.90 0.23 1 .20

2P Control 2.60 0.38 1.10
G. geosporum 2.30 0.33 1.30
G. mosseae 2.40 0.34 1.50

4P Contro 1 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 
sign!f1 canee.

F values S 1gn1f1 canee

Phosphorus 12.64 . . .
Fung i 4.83 V?
Phosph X Fungi 1.65 NS

T reatment OP 2P 4P LSD Value

L
A

OQ
_ P01 P001

Phosphorus 9.87 15.28 14.64 2.4 3.1 4.1

T reatment Control G . qeosporum G.mosseae

2.4 3.1 4.1Fungi 11.38 15.03 13.37

T reatment 
1nteract1 on Control G . qeosporum G.mosseae

NS NS NS

OP 6.55 13.60 9.40

2P 13.09 16.04 16.71

4P 14.51 1 15.45 13.94
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day 70, presum ably duo to tho increased Internal P levels observed (0 .37%  

against 0 .21% ; Table 6 .2 8 ) .  It was. however. Interesting to note that thè 2P 

contro l plants had s ign ifican tly  h igher yields (P 0 .001) than e ither of the 

endophytic 2P treatm ents, and s lightly h igher in terna l P levels (0 .5 4%  against

0. 47% and 0. 45%, Table 2) . Both these s ign ifican t growth effects had also been 

noted at day 42 when plant heights were measured (data not p re se n te d ).

By day 110. in fection leveJs of G. geosporum  and G. mosseae at OP had 

Increased to 36% and 29% respective ly (F ig . 6 .1 ) ,  and plants Infected with 

e ithe r endophyte had h igher in terna l P levels than the OP contro l (Table 6 . 3 0  . 

Total fresh weight yields of G. geosporum  at OP were s ign ifican tly  h igher 

(P O .001) than tho o ther two OP treatm ents (Table 6 .3 B ) .  Control plants at 2P 

produced a h igher yield than the equivalent endophytic plants, but this e ffect was 

not s ign ifican t at PO. 05. Control plants at 4P produced sign ifican tly  lower yields 

than contro l plants at 2P.

At day 170, high in fection levels were observed In the OP treatm ents (G. 

geosporum  68% and G. mosseae 85%; Fig. 6 .1 ) .  Infection levels wore much 

lower in the 2P treatm ents (G. geosporum  16% and G. mosseae 10%) and 

extremely low in the 4P treatm ents. Treatments at 2P and 4P produced 

s ign ifican tly  h igher oar and straw yields (PO. 001) than OP treatm ents overall 

(Table 6. 4B and 6. 5B) in non -inocu la ted  and inoculated plants. The contro l 

treatm ent and G. geosporum  inoculation resulted in h igher ear yields than G. 

mosseae inocu la tion , but this e ffect was not s ign ifican t. G. geosporum  at OP 

produced s ign ifican tly  h igher (PO. 01) oar yields than the OP con tro l. Inoculation 

with G. mosseae at OP also resulted in h igher yields than the OP con tro l, but this 

was not s ign ifican t at P>0.05. Table 6. 4C shows that plants in fected with G. 

geosporum  conta ined alm ost twice (0 .3 3 % ) the in terna l P of tho con tro l at OP 

(0 .1 8 % ). with G. mosseae between the two (0 .2 3 % ). The concentra tion  of
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shoot P in plants at OP inoculated with G. goosporum  was p ractica lly  tho same as 

that observed In the G. goosporum  treatm ent at 2P. There was also no 

s ign ifican t d iffe rence between the ear yields of these two treatm ents (Table 

6 .4 8 ) .  G. goosporum  treatm ents produced sign ifican tly  h igher straw yields 

(Table 6 .5 8 )  than the con tro l treatm ents (P 0 .0 1 ) and G. mossoao treatm ents 

(P 0 .0 5 ) . The in te raction  of phosphorus x fungi was not s ign ifican t at PO. 05 

despite the apparent d iffe rences between the OP trea tm ents, and the fact that 

there had been a s ign ifican t e ffect noted at tho previous harvest (day 110). To 

e lim inate this masking e ffect, the OP and 2P treatm ents were extracted from  the 

table and analysed individually by one way analysis of variance. Although both 

endophyte treatm ents at 2P produced h igher straw yields than tho 2P 

con troK Tab le  6 .5 8 ) ,  this was not s ign ifican t at P 0 .05 . G. geosporum . 

however, at OP produced s ign ifican tly  h igher straw yields than the equivalent 

contro l ( PO. 001) and plants inoculated with G. mosseae (PO. 0 1 ).

6 .3 .2 .  Experiment H I

in fection in the roots of all plants inoculated with one of the three endophytes 

was slow to develop and spread in this experim ent (up  to 80 d a y s ) . At the time of 

herb ic ide app lica tion (day 107 ). there fo re , fractiona l in fection levels wore loss 

than 20% for all endophytes, with G. monosporum  levels especia lly  low (<10% ). 

Table 6 .6  shows fina l in fection levels which were still low. Any effects of 

herb ic ide app lica tion on VAM levels were consequently on a well developed root 

system with a late in fection and spread of the endophytes.

Table 6. 7 shows the e ffect of the four herb ic ides on total final fresh weight 

yie lds. Tho highly s ign ifican t e ffect of overall herb ic ide app lica tion (F  value 

2 0 .3 5 ) .  was entire ly  duo to the lowering of yields by D icurane. This may have 

been a phytotoxic e ffect on wheat. The same effect was noted on final ear yields 

(Table 6 .8 8 )  which were also s ign ifican tly  reduced (P 0 .0 0 1 ) . C oridor and
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H arrie r s ign ificantly  increased ear yields (P 0 .0 1 ) over w a ter-sprayed contro l 

yields. All throe VAM fungi and the con tro l +P treatm ent s ign ifican tly  increased 

total yields (Tab lo  6. 7B) over the non -inocu la ted  contro l trea tm ent (P 0 .0 5 ) ,  

whilst both G. goosporum  and G. mossoao treatm ents were s ign ifican t at 

P0.001. These inocu lant effects were consis ten t in each individual herb ic ide 

treatm ent inc lud ing D icurane. S ign ificantly  increased ear yields over w a ter- 

sprayed con tro l levels (Tab le  6 .8 8 )  were noted fo r G. goosporum  (P 0 .0 1 ) . G. 

mossoae (P 0 .0 5 ) and con tro l +P (P 0 .0 5 ) .  Ail three endophytes s ign ificantly  

increased ear yie lds (P 0 .0 5 ) over non-Hnoculated contro l yields when sprayed 

with H arrie r (G. goosporum  at P 0 .001 . G. mossoao at P0.01 and G. 

monosporum  at PO. 0 5 ). Those Increased yields produced by G. goosporum  and 

G. mossoao were apparently re lated to the ir h igher in fection levels within the root 

systems unlike those of G. monosporum  at harvest (Table 6. 6 ) .  Infection by G. 

monosporum  and G. mosseao was unaffected by herb ic ide  app lica tion , but G. 

geosporum  in fection was s ign ifican tly  h igher in the H arrie r trea tm ent than the 

w ater-sprayed con tro l G. goosporum  trea tm ent (PO. 0 5 ).

Control +P treatm ents resulted in h igher in terna l shoot P levels than the 

o ther treatm ents (Tablo 6 .6 ) ,  but only plants in fected by G. goosporum  had 

h igher levels than the non -inocu la ted  co n tro l. It should be noted that although 

G. mossoao Infection had little  e ffect on Internal P levels. It was consis ten t in 

producing plants with the h ighest in terna l N and K levels in all herb ic ide 

treatm ents (Table 6. 6 ) .  This m ight explain the increased yields observed despite 

low in terna l P levels.

6 .3 .3 .  Experiment H2

During tho course of this experim ent the non -lnocu la tod  con tro l treatm ents, 

became infected and were there fo re  om itted from  any analyses and as a result 

only data fo r the three endophytes are presented. The phytotoxicity (apparen tly
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cum ulative) of D icurane had severely stunted plant growth by the 50 day sampling 

and so these treatm ents were also e lim ina ted. It was. however, noted that there 

had been little  e ffect of D icurane on VAM in fection levels in roots of G. 

geosporum  and G. mosseae plants at this stago (F ig  6. 2) . but levels were lower 

in G. monosporum  plants com pared with Its w a ter-sprayed con tro l. This may, 

however, been due to tho poor cond ition  o f these plants at the sam pling time.

Overall, e a rlie r In fection, and there fo re , h igher final in fection levels were 

observed in this experim ent com pared with Expt. H I. Herbicide application did 

not have a s ign ifican t e ffect on in fection by G. geosporum . at harvest, but 

C eridor had s ign ifican tly  reduced (P 0 .0 5 ) in fection at day 65 (F ig  6 .2 )  relative 

to tho o ther treatm ent levels. C eridor had a s im ila r e ffect on in fection of plants by 

G. mosseae at harvest. Avenge s ign ifican tly  reduced G. mosseae in fection at day 

65 and at harvest re lative to w ater-sprayed con tro l plants and those treated with 

H arrie r. C eridor and H arrie r s ign ifican tly  reduced in fection levels of G. 

monosporum  below w ater-sprayed con tro l levels at day 65, but this effect had 

dim in ished by harvest.

Table 6. 9B shows that, at harvest. Avenge (P0. 0 0 1 ), C eridor (P0. 05) and 

H arrio r (P 0 .0 0 1 ) had s ign ifican tly  reduced yie lds rolativo to wator-sprayod 

contro ls . Plants infocted by G. goosporum  (P 0 .0 0 1 ) and G. mosseae (P 0 .0 1 ) 

s ign ifican tly  outyle ldod those Infected by G. m onosporum . This e ffect was 

consis ten t in all herb ic ide trea tm ents, except in the case of Avenge which 

s ign ifican tly  (P0. 05) reduced yie lds o f plants in fected by G. mosseae re lative to 

those in fected by G. geosporum . Yields of all plants Inoculated with endophytes 

and also receiv ing an Avenge app lica tion were reduced re lative to water-sprayed 

con tro ls , and this was s ign ifican t at P0.001 for the G. geosporum  and G. 

mosseae treatm ents.

Inoculation with G. goosporum  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 
Exper i ment H1 .

Pest i c i de Funga 1 % Element (DW) in Shoots % Final VAM
T reatment T reatment N P K 1nfect i on*

Control Control (+P) 0.85 0.17 1.39 0
Control 0.78 0.10 1 .3*» 0
G .geosporum 0.7^ 0.1 1 1.37 31
G .monosporum 0.74 0. 1 1 1 .32 10
G.mosseae 1 .02 0.09 1.89 36

Ce r i dor Control (+P) 0.77 0.16 1 M 0
Contro 1 0.88 0.09 1 . k 2 0
G . geosporum O . 8 3 0.10 1.58 23
G .monosporum 0.02 0.09 1 -3A 8
G.mosseae 1 .03 0.09 1.78 36

D i cu rane Control (+P) 1.53 0.28 2.A8 0
Contro 1 1 .39 0.18 2.5^ 0
G .geosporum 1.61 0.22 3.07 37
_G. monosporum 1 .36 0.19 2.33 9
G.mosseae 1.61 0. U 2.83 35

Harrier Control (+P) 0 . 8 5 0.16 1.33 0
Control 0.76 0. 10 1 .22 0
G .geosporum O . 8 7 0. 12 1.58 A6
G .monosporum 0 . 8 2 0.09 1 .23 1 A
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 .mosseae 33

-LSD (P0.05) for significant difference between G. g e o s p o r u m  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 S i gn i f i canee

Herbicide 20.35 Ve Ve Ve

Fung i 6.41 ***
Herb X Fungi 1.70 NS

T reatment Contro 1 D i cu rane Cer i dor Avenge Harrier LSD

P05 POI P001

Herbicide 24.96 18.59 24.84 24.61 24.74 1.73 2.29 3.0

T reatment JLl
mosseae

G. qeo- 
sporum

G.mono- 
sporum

Control Control
(+P)

Fung i 25.05 24.81 23.46 21.14 23.38 1.73 2.29 3.0

T reatment 
1 nteract1n mosseae

G. geo- 
sporum

G .mono- 
sporum

Control Control
(+P)

Contro I 25.76 25.36 23.48 22.98 27.24

D i cu rane 20. 12 19.82 18.58 15.70 18.74

Cer i dor 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 HI.
Mean values of results are quoted with levels of significance.

F Value S i g n i fi canee

Herbicide 106.54
Fung i 3.55 *
Herb X Fungi 3.52 ***

T reatment Contro 1 D i curane Cer i dor Avenge Harrier LSD

P05 P01 P001

Herbicide 3.336 0.964 3.796 3.448 3.832 0.33 0.43 0.56

T reatment G^ G. qeo- G.mono- Contro 1 Control
mosseae SDorum sporum (+P)

Fung i 3.156 3.336 2.996 2.748 3.140 0.33 0.43 0.56

T reatment JL. G. cieo- G.mono- Control Control
1 nteract1n mosseae snorum snorum (+P)

Cont ro1 2.580 3.540 3-340 3.300 3.920

D i curane 1.340 1.100 0.780 0.760 0.840

Cer i dor 3.960 3-760 4.360 3-340 3.560 0.73 0.97 1.25

Avenge 3.520 3.640 2.660 3.460 3.960

Harr ier A.380 4.640 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 S i gn i f i canee

Herbicide 18.35 1  ̂ ,

Fung i 11.63 ***
Herb X Fungi 3.70 **

T reatment Control Avenge Harrier Cer idor LSD Value

P05 POI P001

Herbicide 16.38 10.19 12.69 lA.OA 1.7 2.3 3.0

T reatment G. mono- 
SDorum mosseae

G. qeo- 
sporum

Fung i 1 1 .32 13.88 lA.76 - 1 .A9 2.0 2.6

T reatment 
1 nte ract i on

G. mono- 
sporum

G^
mosseae

G .qeo- 
SDorum

3.0 A.O 5.3

Cont ro1 
Avenge 
Harrier 
Cer i dor

13.56 
10.66 
8.6A 
12. k b

17.70
8.18
13.92
15.7^

17.88 
11.72 
15.50 
13.9A

-



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 
T reatment Fungus

Percentage Element (DW) 
in Shoots

Final %
V AM

1 nfect i on
N P K

Control G .qeosporum 2.09 0. 12 4.27 72
G .monosporum 2.17 0.1 1 4.24 72
G .mosseae 1 .96 0.09 3.29 76

Avenge G .qeosporum 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

Cer i dor G.qeosporum 2.39 0.10 3.79 63
G .monosporum 2.17 0. 1 1 4.55 47
G .mosseae 2.25 0.09 4.21 41

Harrier G .qeosporum 2.57 0.14 4.99 73
G .monosporum 2.48 0.12 5.03 56
G.mosseae 2.24 0. 10. 4.67 65

!



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)

Fung i
Herbicide Treatments wit 

(FW) Soil
h Spores per lOgm LSD

Control Avenge Cer i dor D i cu rane Harrier P05

G.
mosseae 1* 1 4 1 3 NS

JL.
monosporum 0 2 0 1 1 NS

£-l
geosporum 14 1 1 8 9 9 NS

(B)

Fung i
Herbicide Treatments with Spores per lOgm 

(FW) Soil
LSD

Cont ro1 Avenge Cer i dor D i cu rane Harrier P05

_G_.
mosseae 18* 6 10 ND 32 12

JL
monosporum 12 6 2 ND 12 7

CL_
geosporum 66 24 30 ND 28 21

* means of four replicates



Figure 6.2 Effects of herbicide applications on VAM infection development
in Experiment HI with levels of significance. Arrows (H) show time 
of addition of herbicides.
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plants with h igher shoot P concentra tions than plants with G. mossoao In all tho 

herb ic ide treatm ents (Table 6 .1 0 ) .  The h igher overall P concentra tions 

observed in the Avenge treatm ents were probably due to the ir reduced growth 

relative to w ater-sprayed con tro ls  (seen in Dicurane treatm ents in Expt. H I ) .  

N /P /K  levels of plants in fected by G. mossoao and sprayed with Avenge were 

lower than those in both of the o ther endophytes, and this should be noted with 

the fact that Avenge also s ign ifican tly  reduced G. mossoao in fection levels 

Imm ediately follow ing its app lica tion (F ig . 6. 2 ) .

In term s of spore production , only low spore num bers were isolated at the 

end of Expt. H I in all treatm ents inc lud ing con tro ls , and therefore no s ign ifican t 

effects of herb ic ide  app lica tion were observed (Table  6. 11A). At the end of 

Expt. H2. however, d iffe rences were noted between herb ic ide treatm ents (Table 

6 .1  IB ) .  H a rrie r s ign ifican tly  increased (P 0 .0 5 ) G. mosseao spore numbers 

relative to con tro ls , whilst Avenge s ign ifican tly  reduced (P0. 05) spore num bers. 

C eridor s ign ifican tly  reduced (P 0 .0 5 ) spore num bers of G. monosporum. All 

throe herb ic ides s ign ifican tly  reduced spore num bers of G. goosporum.

6 .3 .4 .  Experiment F I

Table 6. 12 shows the results a fte r 75 days, the time of Bavistin app lica tion , 

but a fter M ilgo and Sportak sprays. Overall, shoot fresh weights were unaffected 

by fung ic ide app lica tion , but yields of the M ilgo /S portak (M /S ) treatm ents 

were noticably lower than the water-sprayed con tro ls . Both G. goosporum  

(P 0 .0 5 ) and G. monosporum  (P 0 .0 1 ) s ign ifican tly  increased yields over G. 

mosseae and non -inocu la ted  con tro l treatm ents. This trend was re flected in the 

shoot P concentra tions (Table 6. 1 2 0  where plants infected by G. geosporum  

and G. monosporum  had twice that of the non -inocu la ted  con tro l levels. It should 

be noted that G. mosseae plants were much slower to develop in terna l in fection 

than the o ther two endophytes up to day 39 and this piay have had an effect on
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reducing any response to In fection. G. goosporum  and G. mossoao Infection 

levels were unaffected by fung ic ide app lica tions at this stage, but G. 

monosporum  in fection levels were s ign ifican tly  (P 0 .0 5 ) lower than the w ater- 

sprayed contro ls  after M llgo app lication and in the M /S  treatm ents (F ig . 6 .3 ) .

Table 6. 13B shows results a fte r 104 days revealing no s ign ifican t e ffect of 

fung ic ide app lication on yie lds, however, Sportak and M /S /B  treatm ents 

had notlcably lower yie lds than w ater-sprayed con tro ls . All three endophytes 

s ign ificantly  increased yie lds re lative to non -inocu la ted  con tro l. There were no 

s ign ifican t in te ractions. The in fection levels of all three endophytes were 

s ign ifican tly  lower (P 0 .0 5 ) In the M /S /B  treatm ent com pared with the w ater- 

sprayed con tro ls  (F ig . 6. 3) . Infection was also s ign ifican tly  lower In the Bavistin 

sprayed treatm ents of G. monosporum  and G. mosseao and in the Sportak 

treatm ent on G. mosseao. All VAM infected plants conta ined h igher in terna l 

shoot P concentra tions than uninfected contro ls  (Table 6. 1 3 0  . The e ffect of 

the M /S /B  trea tm ent in reducing in fection levels of G. goosporum  was reflected 

in the lower Internal P concentra tion  recorded In com parison with that of tho 

o ther two endophytes. It was, however, still h igher than the uninfected contro l 

treatm ent. Of note, aga in, is the s lightly h igher levels of N and K recorded in G. 

mossoae in fected plants.

At harvest, day 135. there was still no overall e ffect of fungic ide application 

nor s ign ifican t in teractions (Table 6 .1 4 ) .  Plants Infected with G. geosporum  

(P 0 .0 1 ) and G. monosporum  (P 0 .0 0 1 ) produced sign ifican tly  h igher yields than 

non -lnocu la tod  con tro ls . G. m onosporum -lnfoctod  plants also s ign ificantly  

outyiolded those in fected with G. mosseae (P 0 .0 0 D . Plants infected with G. 

mosseao outyie lded the non -inocu la ted  contro l but this effect was not s ign ifican t. 

Tho M /S /B  trea tm ent reduced o r delayed oar form ation com pared with tho 

w ater-sprayed con tro ls , and this e ffect is re flected in the in terna l shoot P
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concentra tions observed (Tab ic  6 . 1 4 0 .  with only plants infected with G. 

monosporum  having a h igher in terna l P concentra tion than tho non-lnocu la tod  

contro l.

6 .3 .5 .  Experim ent F2

Infection of plants in this experim ent was slow, especia lly  for G. mosseae 

(Table 6. 15) and as a result spraying was dolayod. Subsoquontly a plant 

d iso rder causing fo lia r d isco loura tion o f the leaf tips and poor p lant vigour 

curta iled  the experim ent and caused the e lim ina tion of tho planned Bavistin 

app lica tion .

Infection levels increased little  a fter 86 days, reaching a maximum of 

between 30-40%  for the three endophytes (Table  6 .1 5 ) .  The contro l +P 

treatm ent did not reduce in fection levels of G. goosporum  and G. mosseae but 

caused a reduction in plants in fected with G. monosporum  a fter 86 days. The 

spray app lica tions had little  e ffect on in fection levels. All plants infected by the 

endophytes had h igher lovels of N /P /K  than non -inocu la tod  contro ls  (Table

6. 16) and also h igher than the contro l +P treatm ent a t harvest (Tab le  6. 1 6 0  . 

There was no e ffect of fung ic ide app lica tion o r fungal treatm ent on the ear yields 

(Tab le  6. 17 ). but there were s ign ifican t e ffects on total yields (Table 6. 18). 

Both contro l +P and M ilgo treatm ents s ign ifican tly  increased total yields (PO. 05) 

relative to contro l levels. G. m onosporum. however, was the only endophyte to 

s ign ifican tly  increase yie lds relative to non -inocu la tod  contro l trea tm ent levels. 

This was unexpected since all three endophytes contained h igher in terna l shoot 

N /P /K  levels than con tro l treatm ents at harvest (Table 6. 1 6 0  with G. 

monosporum  the lowest of the three. This anomaly may re late to the plant

d iso rder noted.
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With respect to spore production , individual app lica tions of Sportak. Bavistin 

and tho M /S /B  trea tm ent had all s ign ifican tly  decreased the spore num bers of G. 

geosporum  and G. mosseao during Expt. F I (Tab le  6. 19A) . By the end of Expt. 

F2 M llgo. Sportak and M /S  treatm ents had all s ign ifican tly  decreased spore 

levels of G. goosporum  (Tab le  6 .1 9 B ). In both Expt. F I and Expt. F2 Milgo 

s ign ificantly  increased spore production of G. monosporum  whilst spore numbers 

In the Sportak and M /S /B  treatm ents were lower than con tro l levels. The addition 

of phosphorus in Expt. F2 s ign ifican tly  reduced spore production of G. mosseao.

6 .3 .6 .  Experim ent F3

Infection spread, particu la rly  by G. geosporum  and G. mosseae. was slow 

up to tho tim e of spraying at 54 days. Plants receiving tho Cailxin application 

produced tho h ighest fina l in fection levels with all three endophytes, and those 

were s ign ifican tly  h igher than the w ater-sprayed contro ls  fo r G. geosporum  and 

G. mosseae (F igs . 6 .4  and 6 . 5 A ) . Bavistin s ign ifican tly  reduced in fection 

relative to w ater-sprayed con tro l levels at all sam plings for all three endophytes. 

T ilt Turbo s ign ifican tly  reduced in fection of G. geosporum  and G. monosporum  

re lative to w ater-sprayed con tro l levels at harvest, and G. mosseae a fter 75 

days. These trends, at harvest, were reflected by tho in terna l N /P /K  shoot 

concentra tions (Table  6 .21  and Fig. 6. 5B) since all three endophytes had 

slightly h igher levels of P than non -m ycorrh iza i contro ls  In the w ater-sprayed 

con tro l and Calixin treatm ents but not so in the Bavistin and T ilt treatm ents. 

Indeed, Bavistin reduced in te rna l N /P /K  levels re lative to non-m ycorrh iza l 

contro l levels, wh ilst Calixin increased them. There was no overa ll e ffect of 

fung ic ide app lica tion on fina l y ie lds of wheat (Tab le  6. 20) but Calixin yie lds wore 

the highest. G. geosporum  and G. monosporum  s ign ifican tly  increased (P 0 .0 1 ) 

yields above non -m ycorrh iza l con tro ls  despite tho slow in fection . 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 FI
with levels of significance and means of treatments.

F values S i gn i f i cance

Pest i c i de 1.37 NS
Fung i 4.91 **
Pesticide X Fungi 1.56 NS

T reatment Control M i 1 go Sportak H/S LSD Value

Pest i c i de 7.10 6.15 6.78 5.96 NS NS NS

T reatment iL
mosseae

G .mono- 
SDorum

G. geo- 
sporum Cont ro1 P05 P01 P001

Fung i 5.64 7.66 7.02 5.66 1.3 1.7 2.2

T reatment 
1nteract ion

G.
mosseae

G .mono- 
sporum

G .qeo- 
sporum

Control

NS NS NS
Control 
M i 1 go 
Sportak 
M/S

6.44
5.16
5.26
5.70

6.42
7.66
9.44
7.12

8.82
5.58
7.58 
6.12

6.72
6.20
4.84
4.90

Fungicide 
T reatment

Funga1 
T reatment

% E 1ement (DW) i Shoots % VAM 
1 nfect ionN P K

Cont ro1 Cont ro1 1.53 0.06 2.61 0

G .qeosporum 1.41 0.11 2.78 57

G .monosporum 1.41 0.12 2.37

LAvO

G .mosseae 1.51 0.07 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 = Mi 1 go, 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 FI with levels of significance and means of 
t reatments

F values S 1gn!f1 canee

Pesticide 2.08 NS
Fung 1 16.10 ***
Pesticide X Fungi 1.76 NS

T reatment Control M 1 1 go Sportak Bav i st 1 n M/S/B LSD

Pest 1c 1 de 10.34 9.76 7.97 10.85 8.69 NS

T reatment
G.qeo- 
SDorum

G .mono- 
SDorum

G^
mosseae

Contro 1
P05 P01 P001

Fung 1 10.07 13.28 8.45 6.30 2.1 2.7 3-5

T reatment 
1nteract ion

G .qeo- 
sporum

G .mono- 
sporum

CL
mosseae

Control

Control 
M 1 1 go 
Sportak 
Bav 1 st1n 
M/S/B

13.10 
8.46 
8.08 

1 0 . 3 6  
10.36

14.56
14.42
8.68
18.36
10.36

7.36
9.14
8.68
7.98
9.10

6 . 3 6
7.04
6.44
6.70
4.96

NS NS NS

Pest 1c 1 de Funga 1 % Element (DW) In Shoots % VAM
T reatment T reatment N P K 1nfect1 on

Contro 1 Contro 1 2 . 3 0 0.07 4.09 0
G .qeosporum 2.36 0.12 3.21 44
G .monosporum 2.04 0.09 3.17 54
G.mosseae 2.30 0.09 4.21 69

M/S/B Contro 1 2.07 0.05 3.47 0
G .qeosporum 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 FI with levels of significance and means of 
treatments.

F values S i gn i f i canee

Pesticide 0.91 NS
Fung i 14.75 ***
Pesticide X Fungi 1.22 NS

T reatment Control M i 1 go Sportak Bav i st i n M/S/B
'

LSD

Pest i c i de 12.63 13.96 1 1.62 11.69 14.41 NS

T reatment Control G.
mosseae

G .qeo- 
soorum

G .mono- 
SDorum P05 P01 P001

Fung i 8.17 10.86 13.47 18.95 3.4 4.5 5.8

T reatment 
1 nteract ion

Control Ĝ _
mosseae

G . qeo-̂  
sporum

G. mono- 
sporum

Control 
M i 1 go 
Sportak 
Bav i st i n 
M/S/B

9.68 
6.92 
6.64 
9.96 . 
7.66

10.02 
1 2 . 8 2  
1 1 .34 
10.62 
9.52

11.22
17.90
12.08
12.10
14.06

19.62
18.20
16.42
14.10
26.40

NS NS NS

Pest i c i de Funga 1 % Element (DW) in Shoots
T reatment T reatment N P K

Contro 1 Control 2.18 0.07 3.47
G .qeosporum 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* Contro 1 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

Funga1 Pest i c i de Days since Sowing
T reatment T reatment 86 128 186

G. Control 39 33 39
qeosporum Control (+P) 44 ND 33

M i 1 go E 30 28 41
Sportak 16 42 30
M/S/B 10 ND 34

LSD (P05) 8.0 6.0 6.0

G. Cont ro1 15 22 23
mosseae Control (+P) 17 ND 36

M i1 go E 13 21 20
Sportak 8 19 24
H/S/B 11 ND 30

LSD (P05) NS NS 7.0

G_. Control 32 26 24
monosporum Control (+P) 8 ND 20

Mi1 go E 24 13 34
Sportak 29 21 32
M/S/B 25 ND 32

LSD (P05) 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)

Fungal 
T reatment

X Element (DW) n Shoots

N P K

Control 2.62 0.24 5.45
G.qeosporum 3.17 0.30 6.16
G.monosporum 3.13 0.33 6.34
G.mosseae 3.20 0.30 6.34

(B)

Funga 1 
T reatment

% Element (DW) in Shoots

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 4.14

(C)

Pest i c i de Funga 1 X Element (DW) in Shoots
T reatment T reatments N P K

Control Control 0.73 0.1 1 1.63
G.geosporum 1 .16 0.29 2.30
G.monosporum 0.96 0.16 2.08
G.mosseae 1.21 0.22 2.32

Control (+P) Contro 1 0.70 1 .15 1.38
G.qeosporum 0.81 0.20 1.55
G.monosporum 0.69 0.16 1.46
G.mosseae 0.81 0.19 1.58

M i 1 go E Contro 1 0.78 0.11 1.61
G .qeosporum 1.27 0.24 2.89
G .monosporum 0.99 0.16 1.86
G.mosseae 1.11 0.22 2.50

Sportak Contro 1 0.73 0.1 1 1.64
G.geosporum 1 .27 0.22 2.64
G.monosporum 1 .08 0.18 2.1 1
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 S i gn i f i canee

Pest i c i de 0.91 NS
Fung i 2.31 NS
Pest ic i de + Fung i 2.02 NS

T reatment Contro 1 Control
(+P)

M i 1 go Sportak LSD

Pest i c i de 2.98 3 . A 2.90 2.65 NS

T reatment G_.
mosseae

G .geo- 
sporum

G.mono- 
sporum

Control

Fung i 2.52 3.16 3.20 2.77 N S

T rea tment 
1 nteract ion

L.
mosseae

G.geo- 
sporum

G.mono- 
sporum

Contro 1

Control 2.50 3.7A 2.60 3.08 NSControl(+P) 2 A 2 3 . 8 2 3.68 2.6A
M i 1 go 2.36 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.

F values 1 S i gn i f i canee

Pest i c i de 3.42 ...

Fungi 3.67 *
Pest i c i de X Fung i 1 .21 NS

T reatment Contro 1 Control
(+P)

M i 1 go Sportak LSD Value

P05 P01 P001

Pest i c i de 16.02 19.74 19.71 17.21 2.9 V>x
)

OO U"
l o

T reatment JL.
mosseae

G.geo- 
sporum

G.mono- 
sporum

Control

2.9 3.8 5.0Fung i 16.18 18.22 20.77 17.42

T reatment 
1 nteract ion

G_.
mosseae

G .geo- 
sporum

G .mono- 
sporum

Control

NS NS NS
Contro 1 
Contro 1(+P) 
M i 1 go 
Sportak

13.84
17.84 
15.44 
17.60

18.48
20.32
19.20
14.88

17.36
20.54
26.00
19.20

14.42
20.26
18.20
16.80



Table 6.19 Effect of fungicide application on spore production 
of VAM fungi in Experiments FI (A) and F2 (B).
Mean values from treatments with levels of 
s i gn i f icance.

(A)

Fungicide Treatments with Spores 
per lOq (FW)

LSD

Fung i Control Sportak Bav i st i n M i1 go E M/S/B P05

JL.
geosporum 147* 62 89 139 77 42

G.
monosporum 25 13 25 67 13 13

G_.
mosseae 58 25 1 6 20 6 12

(B)

Fungicide Treatments with Spores 
per 10g (FW)

LSD

Fung i Contro 1 Contro 1 
+P

M i 1 go E Sportak M/S P05

G.
geosporum 200* 2 1 8 128 27 100 28

monosporum 22 13 43 25 16 1 1

(L
mosseae 37 14 15 20 90 23

* 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 S i g n i fi canee

Pest i c i de 1 .08 NS
Fung i 5.42 **
Pesticide + Fung i 0.18 NS

T reatment Tilt Bav i st i n Cali x i n Control LSD
P05 P01 P001

Pesticide 1 1.82 1 1 .04 12.64 10.64 NS NS NS

T reatment G_.
mosseae

CL
monosporum

IL_
qeosporum

Contro 1

Fung i 10.99 13.44 12.72 8.99 2.4 3.2 4.3

T reatment 
1 nteract ion mosseae

<L_
monosporum

(L_
aeosporum

Control

Ti It 10.87 13.65 13.75 9.00

Bav i st i n 10.12 12.72 12.85 8.47

Cali x i n 13-17 14.95 12.95 9.50 NS NS NS

Control 9.80 12.45 1 1 .32 8.97



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

Pest i c i de Funga 1 % Element (DW) in Shoots
T reatment T reatment

N P K

Control Control 1.95 0.06 4.21
G .qeosporum 2.06 0.08 4.56
G.monosporum 1.86 0.08 4.23
G.mosseae 2.17 0.07 4.18

Bav i st i n Control 2.37 0.07 4.33
G .geosporum 1.83 0.06 3.72
G.monosporum 1.90 0.06 4.13
G.mosseae 1.93 0.06 3.70

Tilt T u rbo 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 .9** 0.06 4.03

Cal i x i n Control 1.98 0.06 4.35
G.geosporum 2.08 0.08 4.46
G.monosporum 2.15 0.09 4.82
G.mosseae 2.19 0.09 4.86
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F ig u re  6 .4  -  E f fe c t s  o f  fu n g ic id e  a p p l i c a t io n s  on development o f  VAM 
i n f e c t i o n  i n  Experiment. F3. E r r o r  bars  show le v e l s  o f  
s ig n i f i c a n c e  (LSD, P = 0 .05 ) .  Arrows (F) show t im e  o f  
a d d i t i o n  o f  fu n g ic id e s .
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F ig u re  6.5A -  E f fe c t s  o f  fu n g ic id e  a p p l ic a t io n s ;  on development o f  
VAM i n f e c t i o n  i n  Experim ent F3 ( c o n t in u e d ) .

CONTROL

GLOMUS
GEOSPORUM

GLOMUS
M0N0SP0RUM

GLOMUS
MOSSEAE

% PHOSPHORUS IN SHOOTS (D.W.)

Q;Q5 Q-Q6 0;07 0;08 0-09 0-1

WATER CONTROL

&  BAVISTIN

£ 2  TILT TURBO

[ H  CALIXIN

F ig u re  6.3B -  E f f e c t s  o f  f u n g ic id e  a p p l i c a t io n s  on f i n a l  shoo t
phosphorus concentrations at harvest of Experiment F3
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6 .4 . DISCUSSION

6 .4 . 1. Experiment 1

As In previous studios ( o .g .  K lornan or a l. 1983). Increasing soil 

phosphorus was corre la ted  with decreased in fection levels of both VAM 

ondophytes tested, in the root systems of w inter wheat (F ig . 6 .1 ) .  It was noted 

In this study, however, that the 2P phosphorus lovol (approx. 50ppm Olsen 

extractable P) in the grow ing medium was adequate for non-m ycorrh lza l wheat 

growth but led to a s ign ifican t reduction in both VAM in fection and ear yields in 

m ycorrh izal plants (Tab le  6 .4 ) .  Tho fina l in foction levels of G. geetporum and 

G. mosseae In these two treatm ents wero 16% and 10% respectivo ly. and the 

in fection did not appear abnorm al ( i . e .  there were arbuscu ios present) . Crush 

(1976) frequently noted that VAM fungi woro de leterious to legume crops which 

were heavily fo rtiiised  (h igh  soil P ) . and apparent pathogenicity has also been 

noted with sparse VAM co lon isa tion  (C rush . 1976: Flail et a l. 1977) . Davis and 

Young (1985) showed that 10% in fection levels of Gig. m argarita  depressed 

wheat growth in pots. K iernan et a l (1 9 8 3 ). however, observed that several VAM 

ondophytes. tested over a range of soil P levels, inhitjit'ecl plant grow thf

This occurred  at d iffe ren t P levels and with d iffe rent Infection levels of 

various endophytes (4 -5 9 % ). Furtherm ore, Koido (1985) noted a perm anent 

decrease in the leaf area of VAM -in foctod sunflowers when grown in a soil of 

m oderate P availab ility  (1 5^ig g ~ 1) ,  whilst such an e ffect was transien t in a soil of 

low P availability (5^ig g_1) . These observations can bo explained by considering 

the nutrien t dra in imposed by the presence of the sym biont. Snellgrove et al 

(1982) showed that a VAM endophyte increased transport of fixed carbon to the 

roots of look plants by about 7% of the total and suggested that about 10% may bo 

an avorage value for w o ll-in foc tod  m ycotroph ic spocies under steady growth 

cond itions. This loss o f photosynthato maybe com pensated for in VAM -infoctod
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plants (grow ing in low soil P cond itions) by increased uptake of nutrients 

stim ulating p lant growth. If. however, the plant can obtain su ffic ien t P from the 

soil solution w ithout the aid of a VAM sym biont, it could be that in fection would be 

essentia lly parasitic . Bethlenfalvay o t a l (1982) showed that the early plant 

growth Inhib ition of soybean infected by G. fasclculatum  was a resu it of 

carbohydrate demand on the host by the endophyte. It is known that the carbon 

requ irem ent for growth of gra in  is mot la rgo ly by photosynthesis ca rried  out after 

anthesis. whilst the num ber of gra ins are determ ined before anthesis. The 

nitrogen requ irem ent can on the o ther hand be provided to a large extent by 

n itrogen taken up before anthesis (Sp iertz and Vos. 1985). S ince gra in analysis 

o f the VAM infected plants in the 2P treatm ents also revealed lower N 

concen tra tions, it may be that a com bination of carbon dra in and reduced 

transfer of N to the gra in  could have inh ib ited ear development, in this case, tho 

fungal in fection sites could have acted as an^metabollc 's in k ' to tho gra in , 

throughout p lant growth. Tho presence of a funga l-spec ific  (VAM) alkaline 

phosphatase loca lised in tho m ature arbuscles of G. mossoao Infecting onion has 

been shown (G ianinazzi ot a l. 1979) . This phosphatase activity was inhib ited by 

increasing phosphate concen tra tions in the incubation medium of onion root 

extracts ( G ianinazzi-Pearson and G ianiniazzi. 1978). It is believed, therefore , 

that this enzyme could aid the transfer of P from the polyphosphate granu les, 

localised in tho same vacuoles as this a lka line phosphatase activ ity (Cox ot al. . 

1975). which the VAM fungus moves from Its external hyphal network into the root 

cortex (C apacclo  and Callow. 1982). If tho Inner root co rtica l ce lls  have 

adequate levels of P. this could halt tho transfer of P across tho a rbuscu la r/h os t 

plasmalomma in te rface . 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 (C apaccio  and Callow. 1982) . If arbuscles
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are active without transforing such nutrients as P It may bo acting as a type of 

haustorium  and dra in photosynthate from the host. F. Am ijoo (Rotham stod 

Experimental Station) has also observed growth depressions in G. mosseao 

in fected leeks grown at high soil P levels (pe rs . c o m m .) .  This aspect of 

VAM /host in teractions needs fu rther study since high soil P levels are com m only 

found in intensive ag ricu ltu ra l systems, corre la ted  with low VAM in fection levels 

(B lack and T inker. 1979; Dodd and Je ffrios , 1986).

A second point dorlvod from  this experim ent Is tho potentia l o fflc ioncy of tho 

two endophytes in re la tion to the ir e ffects on plant yie lds and nutrien t uptake. G. 

geosporum  (OP) s ign ifican tly  Increased yields over non-m ycorrh lza l contro ls  

(Tables 6. 2 -6 . 5) at a ll sam plings, whilst plants Infected with G. mossoao (OP) 

had h igher yields than tho con tro l plants only at harvest. This may re late to its 

in itia l slow in fection spread up to day 70. It should be noted that tho growth 

response in G. geosporum  in fected plants (OP) noted a t harvest was evident as 

early  as the firs t sam pling, ind ica ting  an early  stim ulatory e ffect (Tab le  6 .2 ) .  

Plants Infected by G. geosporum  a lready had twice tho Internal P concentration 

and fresh weight of the non-m ycorrh iza l con tro l (O P). This alm ost certa in ly  

indicates the the that rapid early  in fection o f young root systems is necessary for 

a benefic ia l growth response to occur. In Expt. F I (F ig . 6 .3 )  G. mosseae was 

again slow to in fec t and at the end of tho experim ent the same trend of 

'e ffic ie n c y ' was observed as this experim ent, with G- monosporum  giving oven 

h igher final yie lds than G. geosporum . It should, however, be noted that this 

trend in ’ e ffic iency ' also occurred  in Expts. F2 and F3 where all threo 

endophytes were slow to Infect and it m ight therefore  be assumed that under 

those growth cond itions G. mosseao is loss e ffic ien t than the other two 

ondophytos in prom oting plant growth and P uptake. In con tras t G. mosseao 

appeared the most e ffic ien t of these three endophytes in a sand of pH8. 0 used in
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Experiment 1 of chap te r 8 and was also the only endophyte to Infect peppers 

grown in a high P soil (O lson P 76 mg L- 1 ) at a pH of 7. 3 in a com m ercia l 

greenhouse at Wye College, with 30% of the roots in fected (Dodd and Joffrlos 

unpublished d a ta ).

S ign ificantly  Increased yields of VAM -infected plants relative to non -

m ycorrhizal con tro ls  were s till revealed after late Infection with G. mosseae

producing overall the h ighest p lant growth (Table 6 .7 ) .  A feature of this late

stim ulation of growth by G. mosseae was not h igher shoot P levels but h igher

in terna l N concentra tions (Table  6 .6 ) .  This has also been noted with G.

caledonium  in fection of lucerne (N ie lson and Jensen, 1983) . As a com parison,

Ames et al (1983) observed that ce le ry  infected by G. mosseae took up more 

15 N from two am monium  n itrogen sources (o rg an ic  and in o rg a n ic ) , than non - 

infected plants. The ir p lants, however, had very low Infection levels (<7%) and 

there was no s ign ifican t growth response. The occurrence  o f late in fection in 

Expt. H I did not e lim ina te  a growth response as seen by increased ear yields of 

VAM -infected plants (Table 6 .8 ) .  It may therefore be that late season in fection 

o f w inter wheat, in low soil P cond itions, could have a benefic ia l ro le to play In 

the pre -an thes is  period, since yields of G. mosseae plants were s ign ifcantly 

h igher than con tro l +P plants (Table 6 .7 )  despite having lower fo lia r P. It is 

probable that defic iencies o f o ther nutrients like N and K helped to h igh ligh t the 

benefic ia l e ffects o f VAM Infection.

6 .4 .2 .  Herbicides

The main e ffect noted in H I  was the apparent phytotoxic action of 

D lcurane (a . I .  ch lo rto lu ron ) when applied as a fo lia r spray. It caused a 

s ign ifican t reduction (P 0 .001 ) in fina l ear and total yields associated with h igher 

in terna l nu trien t levels (Tables 6. 6 -6 . 8 ) . Spokes et a l (1981) also noted that 

ch lo rto lu ron  incorporated d irec tly  into the soil m edium , reduced germ ination and
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prevented norm al growth of onion in a glasshouse experim ent at a a fie ld rate 

oqu ivalent to 4kg ha 1. Potentia l phytoxiclty problem s of ch lo rto lu ron  should be 

noted when used in pot studies since It would appear to have a powerful residual 

action. Soil taken from  a fie ld in S. Kent, which had received a D icurane 

app lication three months previously, tota lly Inhib ited norm al radish growth when 

used in a pot study (D odd, personal observation) . D icurane. however, had no 

effect on VAM Infection levels and little  e ffect on spore germ ination (see previous 

ch a p te r). Plants Infected with G. m osseae . in Expt. H I.  had improved finai ear 

and total yie lds re lative to non -inocu la ted  con tro l levels and may. there fo re , 

have helped alleviate the phytotoxic effects of ch lo rto lu ron . Ocampo and Barea 

(1985) also noted that VAM fungi seemed to aid wheat p lant recovery from  the 

phytotoxic low doses o f a carbam ate herb ic ide  (a  photosynthesis In h ib ito r) .

There were transitory o r no effects of the o ther herb ic ides tested In

Expt. H I on VAM in fection  levels. C eridor and H arrie r did tend to increase the 

total yields o f VAM -Infected plants and s ign ifican tly  increased ear yields (Table 

6 .8 ) .  Both these herb ic ides conta in  the translocatab le  ho rm one-like  active 

moiety m ecoprop. along with a con tact herb ic ide ing red ien t, as outlined in the 

previous chapter. It is in teresting to note that N ilsson (1973) showed that 

m ecoprop enhanced 'ta k e -a ll ' disease caused by Gaoumannomyces gram in is  in 

pot experim ents at low concentra tions. It was suggested that susceptib ility  of tho 

host to in fection was increased due to the m alform ation of the wheat roots after 

m ecoprop app lica tion , a llow ing a more rapid Invasion of tho fungus than into 

healthy roots. S ince roo t param eters were not measured in this study it Is not 

c le a r if these herb ic ides increased the length of in fected roots causing changes 

in e ffic iency of nu trien t uptake or whether the ho rm one-like  activity had a 

benefic ia l e ffect on the fungi d irec tly . It Is known that some VAM fungi can 

produce substances with ho rm one-like  activity under axenic cond itions (Barea
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and A zcon-A guil a r . 1982) and w ithin the plant (A llan  et a l . .  1980). It may 

therefore be that a synerg istic horm onal e ffect is affecting p lant grow th. The role 

o f horm ones in VAM associations requires fu rther study. The low levels of 

in fection observed in G. monosporum  treatm ents in Expt. H I (<14%) were 

probably responsib le for the observed reduction in the benefic ia l e ffect on plant 

growth com pared with the o ther two endophytes.

Expt. H2 revealed the effects of a second spray treatm ent on the same 

growth environm ent. A llow ing fo r the problem s of contam ination of the con tro ls , 

the reduced plant vigour caused by these herb ic ide app lica tions was probably 

due to phytotoxicity problem s caused by the accum ulation of residues in the 

durito . D icurane treated plants died 15 days a fte r spraying and yet only plants 

in fected with G. monosporum  showed s ign ifican tly  lower root in fection levels than 

tho w ator-sprayod treatm ents (F ig  6. 2 ) .  Avengo s ign ifican tly  reduced (P0. 001) 

overall total yie lds and yet had no e ffect on tho root in fection lovoJs o f e ithe r G. 

geosporum o r G. m onosporum. and G. mosseae levels were s ign ifican tly  

reduced only at tho time of harvest. C eridor genera lly lowered the in fection 

levels of each endophyte at 15 days after app lica tion , and also at harvest but was 

the least Inhib itory of p lant growth.

Spore levels were genera lly  reduced o r unaffected over the duration of the 

two experim ents follow ing horb lc ldo app lica tions. This would accord  with 

previous work reporting that herb ic ide  app lica tion had little  e ffect on VAM 

sporulation when equiva lent fie ld rates were used, although occasiona l 

reductions may be observed a t h igher doses (Pope and Holt, 1981; Smith et a l. 

1981; Sylvia and Schenck, 1983).

Although herb ic ide  app lica tions seem to have had few apparent d ire c t effects 

on VAM in fection param eters, it is noteworthy that recen t work has indicated 

depressed m etabolic activ ity o f G. mosseae co lon is ing  alfa lfa and wheat root
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systems following spraying with a photosynthesis inh ib itor herbicide. This was 

recorded 48 hours after application and may be short term since Santakunari and 

Das (1972) concluded that plants recover the ir normal m etabolic activity and 

growth 72 hours after herb ic ide app lication.

6. 4. 3. Fungicides

Flesults of these three experim ents affirm ed the fungitoxic effect of fo liar 

applied Bavistin ( a . i .  carbendazim ) on VA m ycorrhizas in pot experim ents, at 

equivalent field rate app lications. The thiazoles (benom yl. carbendazim  and 

thiabendazole) are particu larly  suppressive of the Zygomycotina but less effective 

with most members of the Ascom ycotina and Basidiom ycotina. 'I ne 

F ndogonaceae have been placed in the Zygomycotina. a lbeit in a separate 

o rder, the Endogonales. (B en jam in . 1979) and the effects of benomyl on the 

VAM symbiosis support this p lacem ent. 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 iritectiori 

arid sporulatiori of several Glomus spp. (Ba iley and Safir. 1977; Boatman er at. 

1978; De Bertoldi ei a / . 1977; Jala li and Domsch. 1975; Nemec, 1980; Ocampo 

and Dayman. 1980; Parvathi et at. 1985; Spokes et a l. 1981; Verkade and 

Ham ilton. 1983). Ih is  method of app lication is. however, not widely used 

com m erc ia lly , the more common practice being fo lia r application of fungicides to 

cereal crops. Much of the previous work has ignored this along with the fact that 

tim ing and rates of app lica tions of fungic ides norm ally occur at specific  growth 

stages of the particu la r crop and not at sowing. The active moieties of all the 

fungic ides tested in this study remain localised within the treated leaves following 

fo liar 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 to a 

plant in a fo lia r spray passes through the leaf cu tic le  into the plant. It is.
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however, known that these com pounds are readily taken up by roots and rapidly 

translocated to the leaves in the transp ira tion stream . Since only about 20-40% 

of the surface of the pot was covered by wheat fo liage in these experiments, 60- 

80% of the applied spray would have reached the surface of the growth medium 

directly or as 'ru n -o ff ' (P. N icho lls . Rothamsted Exp. Sta. , pers. comm. ; . it is 

also known that fungicides (m ore  than herb ic ides) have fa irly high adsorption 

coeffic ients in soils. Bateman and N icholls ( 1982) used a com puter sim ulation to 

attempt to predict the movement ot benomyl in soil in pots and in the field. They 

used it to estim ate the upward movement of water and revers ib ly-adsorbed 

fungic ide during periods of soil dry ing, and downward movement a lter watering. 

They concluded that a cycling of the fung ic ide within the pot would occur, 

creating an environm ent whereby roots would be continually exposed to the 

applied chem ica ls. The inh ib itory and stim ulatory effects of the pesticides on the 

VAM symbiosis in this study would therefore  appear to be as a result of either 

a irect contact with the VAM m ycelial network in the pot or their uptake by hyphae 

(o r root) and subsequent effect on fungal m etabolism . Fungicide movement in 

fie ld soil would also be greatly in fluenced by soil cond itions, ra infa ll and time ot 

app lica tion. A cereal crop, for example, receiving an early aufumn application of 

Calixin to contro l m ildew would have only a sm all percentage of 'g roun d -cove r' 

and The cycling of fung ic ides in pots is likely to be less applicable in the field 

s ituation, particu larly  for crops grown in tem perate regions where soils are at or 

near fie ld capacity for much of the growing season. Expts. F I.  F2 and F3 

showed the negative effects of spraying Bavistin on a well-developed VAM 

in fection (Expt. F I)  and on a rapid ly spreading young in fection (Expt. F3t . in 

Fxpt. F I the later application of Bavistin alone and as a th ird  spray in a simulated 

typical intensive spray program  (R. Chapman, personal com m un ica tion), 

reduced overall VAM in fection levels (pa rticu la rly  in the M /S /B  trea tm en t). The
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most dram atic effect was noted with the M /S /B  treatm ent on G. geosporum  ( Fig 

6 .3 ) .  Hale and Sanders ( 1982) applied a soil drench of benomyl on a well 

established VAM in fection of red clover. It halted further infection and reduced 

phosphorus inflow by an order of m agnitude com pared with untreated contro ls 

They also showed a decrease in the rate of plant growth co incident with this 

roduction of phosphorus inflow, implying that the VAM fungus was the major 

factor involved in phosphorus uptake in the low soil P conditions used. 7 hey 

further suggested that the mechanism  of this inh ib ition was in terference with the 

polyphosphate conta in ing vesicles in the external hyphae via d irect action on 

cytoplasm ic m icrotubule form ation. This effect was more clearly observed in 

Expt. F3 where all VAM -infected plants had reduced in ternal N /P /K  levels 

com pared with the ir w a ter-sprayed contro ls  (Table 6 .2 1 ) .  The absence of a 

correspond ing growth depression in these treatm ents may be explained by the 

fact that wheat is not a wholly m ycorrhizal dependant plant under low P conditions 

com pared with plants like cassava (Howeler et a l . 1982). onion (Dodd and 

Krikun. 1983) or soybean (Bailey and Safir. 1978). The in fection levels of all 

three endophytes were s ign ificantly  reduced relative to water-sprayed contro l 

trea tm ent percentages at both sam plings after Bavistin application in Expt. F3 

(F ig . 6. 4) . revealing the strong inh ib itory effect of this fungic ide on an actively 

spreading VAM in fection.

Tilt Turbo and Sportak sprays belong to a d ifferent systemic fungic ide group, 

the Triazole derivatives, which are effective in contro lling  plant pathogens in the 

Ascom ycotina. Basidiom ycotina and Deuterom ycotina (Rathm ell and Skidmore. 

1982) . Sportak (a . i. prochloraz) was used in Expt. FI and F2 and appeared to 

have inh ib itory effects on G. geosporum  and G. rnosseae in fections (F ig . 6 .3 ) 

in the form er experiment. It also reduced yields following application in Expt. FI 

but these had recovered at harvest. Effects in Expt. F2 were masked by reduced
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plant v igour, but, Sportak treatm ents produced the lowest ear yields at harvest. 

This was most evident in the VAM treatm ent yields (Table 6. 18) whilst it also 

reduced spore num bers of G. geosporum  over both experiments. The application 

of T ilt Turbo ( a . i .  propicanazole) in Expt. F3 had a less inhib itory effect than 

Bavistin on VAM in fection levels (F ig . 6 .4 ) ,  causing a slight reduction in the 

in ternal nutrient status of the shoots of VAM -infected plants com pared with 

water-sprayed contro ls ( Table 6 .2 1 ) .  Nemec (1985) tested four such sterol 

inh ib iting fungic ides includ ing prop icanazo le , and found it to be the most 

inh ib itory against citrus plants infected by two Glomus spp. These sterol 

inh ib iting fungic ides are known to inh ib it the biosynthesis of ergosterol in fungi 

and is the suggested m echanism of action in m ycorrhizal species. This inhib itory 

trend of T ilt was also observed in the spore germ ination studies in the previous 

chapter.

Calixin has tridem orph as an active ingred ien t, as does Tilt Turbo, ana is 

used as an eradicant of powdery mildews ( Ascom ycotina) . Its precise mode of 

action is unclear, but, it is believed to act on the respiratory chain. Calixiri 

treatm ent increased in fection levels, in terna l nutrient levels of the shoot, and 

yields of all three VAM treatm ents at harvest in Expt. F3 (F ig . 6 .4  and Table 

6 .2 1 ) .  It also appeared to stim ulate germ ination of spores of all three 

endophytes at certa in  concentra tions (see previous chap te r). These responses 

are d ifficu lt to explain but it has previously been noted that single sprays ot 

tridem orph applied in October on winter barley have caused increased tille ring  

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 m ight ensue due to more 

e ffic ien t uptake of nutrients. S im ilar responses follow ing 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 concentra tions of sodium azide (Nem ec, 

1980), for white ash seedlings inoculated with G. fasciculatum  subjected to 

0 .5kg  ha  ̂ of paraquat (Pope and Holt, 1981), for VAM -infected soyDeans 

subjected to metalaxyl (G roth and M ortinson, 1983) and for fosetyl-A I on 

m ycorrhiza! leeks (Jaba ji-H a re  and Kendrick. 1985) . The latter two in teractions 

are particu larly  in teresting s ince both these two fungic ides exhibit highly specific 

fungitoxicity towards Oomycetes (B ru in  and Edgington. 1984) with no effects 

reported towards the Zygom ycotina. Menge et al ( 1979) showed that le rra z o le . 

as a soil d rench, s ign ifican tly  increased root co lonisation and spore production 

by G. fasciculatum  in sorghum and this is also effective against Oomycetes. 

Fosetyl-A I is also a downward translocated fung ic ide within the plant whilst the 

system ic fungicides used in this study are all translocated upwards.

M ilgo E application (a. i. e th irim o l) 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 s ign ifican tly  increased final total yields (Table 6. 18) . 

Brookes ( 1972) also noted increased vigour and weight of pots produced by 

e th irim ol treated plants and this may indicate the presence of a disease problem 

in Expt. F2 which was relieved by the M ilgo app lication (the re  was no evidence of 

m ildew pustules on the leaves). E thirim ol is norm ally used as a seed coated 

treatm ent and in such a form has been shown even more deleterious to VAM 

in fections than benomyl (Ja la li and Domsch, 1975). E thirim ol is known to be 

more effective against its target fungi (m ildews) when applied as a soil treatm ent 

six weeks after sowing, since it is taken up by the roots and readily metabolised 

to release a fung ic ida lly  active derivative (E rw in , 1973) . M ilgo had little  effect on 

G. monosporum  spore production over two experiments but did reduce spore

levels of G. mosseae at both harvests.
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6. 5. CONCLUSIONS

In conclusion to these studies, it should be emphasised that results of 

greenhouse and laboratory screen ings require verifica tion in the field before 

in form ation for or against pestic ide application is dissem inated. With this in 

m ind, results of the four herb ic ides tested indicate that normal field application 

rates are unlikely to have any serious adverse effects d irectly  on VAM in fection , 

sporulation and spore germ ination. This conclusion was also arrived at by Smith 

et al (1981) fo llow ing field studies with six herb ic ides. Potential problem s could 

only arise from the phytotoxicity of such chem ica ls as Avenge and D icurane when 

used in pot studies.

The effects of the system ic fungic ides tested on VAM in fections ranged from 

inh ib itory (Bavistin) through less inh ib itory (Sportak and Tilt Turbo) to 

stim ulatory (C a lix in ). a trend paralle led in the spore germ ination studies of the 

previous chapter. The site and mode of action of these fungic ides in the plant 

would seem to be the major determ inants of any effects on the VAM association. 

Another im portant point aris ing from these studies is the possibility of using 

pesticides to help e lucidate certa in  aspects of VAM fungal m etabolism , presently 

made d ifficu lt due to the ir obligate nature. The use of d iffe rent sterol inhib itor 

pesticides like Sportak. Calixin and Tilt Turbo could be used to investigate sterol 

m etabolism . Since the modes of action of many systemic fung ic ides are unclear, 

however, explanations of the results presented here are d ifficu lt. There does, 

however, appear to be consistency between the pesticides grouped together 

because of the ir s im ila r active m oieties ( C e rid o r/H a rrie r and S portak/T ilt 

Turbo) . The new fung ic ide T ilt rribc deserves to be studied in the light of these 

find ings since it contains both carbendazim  and propicanazole as active 

m oieties, both of which appear inh ib itory to VAM fungi.
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CHAPTER 7

The effect of inoculation of VAM fungi on winter whoat grown in
fum igated and non-fum lga ted soli In the fie ld .

7. 1. INTRODUCTION

The benefic ia l in fluence of VAM fungi on p lant growth in pots under low 

so il-P  cond itions was reaffirm ed in the preceding chapter. S im ilarly most of the 

published results o f the effects o f VAM fungi on plant growth are also from  pot 

experim ents and there is a d is tin c t lack of investigations on m ycorrhizal e ffects in 

the field (F itte r. 1985). The ultim ate test of the potentia l benefic ia l ro le  of VAM 

Inoculation on the growth of a c rop  Is whether it can increase yields under a 

typical arable fie ld system. Results from pot experim ents often do not match 

those from  fie ld work (Haym an and Mosso. 1979). This may be due to 

d ifferences in the environm ent i .e .  ligh t, tem pera ture , soil water status. pH and 

restricted root growth. Nevertheless there have been pot experim ents which have 

paralle led field work (o .g .  Dodd of a /. 1983; Krikun e t a l. 1982). In field 

experim ents using cerea l c rops . Khan (1975) and Saif and Khan (197?) 

reported that inoculation of seedlings p rio r 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 w ithout added P respective ly. Inoculation of a non -s te rllo  

seed bed gave growth increases in the range 0-133%  in studios on w inter barley 

(C larke and Mosse. 1981; O wusu-Bennoah and Mosse. 1979; Powell. 1981). 

Jakobson (1983b) found that inocu la tion of fum igated plots increased the d ry -
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m atter yie lds of spring barley by 20%. and increased P uptake by approx. 100%. 

Buwalda et a l. (1985b) also found that a rtific ia l inocu la tion with G. mosseae 

increased the yields o f both spring and w inter barley and wheat sown on 

fum igated plots by 17-25% , but little  e ffect was observed in non-fum lga tcd  plots. 

M ycorrhizal in fection also Increased the P concentra tion in the shoots at very 

early  stages of grow th, an e ffect which declined with time.

In my investigations, the three year study of the Sussex s ite , described in 

chapter 3. rovoalod high levels o f naturally occu rring  VAM Infection in the roots 

of w inter wheat crops throughout the season, it is , however, very d ifficu lt to 

define the ro le  of such in fection because of problem s In m anipulating the soil 

Inoculum  potentia l of the Indigenous population w ithout d rastica lly  changing other 

soil p roperties. Such in form ation may be obtained ind irectly  by com paring the 

growth and P uptake in plants from  fum igated plots with those from non-fum igated 

plots (Dodd Qt a l. 1983; P lonchotto o t a l. 1983a.b ; Yost and Fox. 1979). A 

more d ire c t method is the inocu la tion of soil in which the indigenous VAM 

population have been suppressed by fum igation ( Buwalda et a l. 1985a. b ) .

This study was. there fo re , designed to Investigate the e ffect of Inoculation of 

several iso lates of VAM fungi on growth and nu trien t uptake of a w inter wheat crop 

grown in fum igated and non-fum iga ted soil at two levels of added 

superphosphate. The purpose being to Indicate the relative e ffic iency of the 

indigenous VAM population com pared with o ther single species inoculants.
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7. 2. MATERIALS AND METHODS 

7 .2 .1 .  Experim ent 1

This experim ent was sot up near the headland end of the Sussex Ex-pasture 

fie ld at Goffsland Farm . West Sussex. The rem ainder of the fie ld had boon sown 

to rye on 1 4 /1 0 /8 4 .

7 .2 . 1 .1 . Experimental Design

2
Two plots covering a 320m area (32x10m) were staked out each with 18 

whole plots which were sub-d iv ided Into two. Whole plots measured 4. 5x3. 5m 

and sub-p lo ts  3x2m with 0. 5m paths around each sub -p lo t. The in tention was to
p

harvest a 2m area within each sub-p lo t. Roots were sampled throughout the 

duration of the experim ent, up to day 196. by removing plants (as outlinod in 

chap ter 3, section 3 . 1 . 2 . )  with the ir root systems attached. The plants were 

taken from rows sltuatod on e ithe r side of tho cen tra l harvest area. Treatments 

on whole plots com prised , two levels of superphosphate app lication in factoria l 

com bination with fum igation and non -fum iga tion , with each whole plot sub­

divided into an inoculated and non -inocu la ted  sub -p lo t. There were three fungal 

treatm ents:

1. G. goosporum

2. G. monosporum

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

Each of the six treatm ents was rep lica ted throe times in a com plete ly random ised 

design w ithin each of the two large plots. P was applied on 2 4 /1 0 /8 4  to both 

large plots a fte r fum igation. This was broadcast as granu la r superphosphate 

<18%P) on the soil surface at ratos of 0 and 120 kg P ha~^ and rakod into tho

surfaco layor.
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7 .2 . 1 .2 . Fum igation

The fum igation trea tm ent was designed to e lim ina te  the indigenous VAM 

population in one of the two large plots (Photos 61 and 62) on 1 6 /1 0 /8 4 . Mothyl
_ o

brom ide was the fum igant used at a rate of 125g m using the hot gas mothod of 

app lica tion. The liquid mothyi brom ide flowod In itia lly  into a copper hoating co il 

and was volatiilsod. The gaseous fum igant was thon disponsod into perforated 

layflat tubos (Photo 61) as a measured dose using woighing scalos (Photo 62 ). 

The whoJo aroa was covorod undor a hoavy shoot of polythono which was dug Into 

the soil to a depth of 20cm around the porim otor of the large plot, thoroby 

allow ing diffusion of the gas into the soil. The shoot of polythono was romovod 

from the plot 72 hours after the fum igant was applied and vontod for 6 days prior 

to sowing. A fte r fum igation groat care was taken to avoid contam inating the 

fumigated plots with non-fum iga tod soil.

7. 2. 1 .3 . Inoculation

inoculum  of oach of the VAM fungal treatm ents was applied at 500g m~2 to 

tho inoculated sub-p lo ts . IMon-inoculatod sub-p lo ts  rocoivod an oqual a liquot of 

non -in fec ted  medium as a con tro l. Tho inoculum  was appliod along furrows 6 - 

lOcms deep, o rig ina lly  marked out by a trac to r-d raw n  seed d r ill,  giving 13cm 

gaps botwoon rows across tho plot.

7.2.  1 .4 . Sowing

Tho experim ent was sown with w inter wheat var. Rapier on 2 2 -2 3 /1 0 /8 4  at a
— O

rate of 350 seeds m . The seed was sown d irec tly  on top o f the inoculum  using 

a s ing le -row  manual seed d r ill.  The sowing date was la ter than antic ipated duo to 

a very wet O ctober causing a delay in fum igation and venting. The crop received 

a herb ic ide  app lica tion of Dicurano  (7 L ha ^) 5 weeks after seedling

om orgonco. Unfortunatoly fresh ch icken manure had boon appliod to tho entire



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 farm er In Soptombor 1984 at a rate of 10 tonnes ha- 1 . This fact was 

not d iscovered until m ld-N ovom bor 1984 follow ing roco lp t of tho rosults of soil 

analysis.

7 .2 . 1 .5 . Measurements

In order to assess the effects of fum igation on the availability of nutrients in 

the soil samples wore taken for analysis on 1 4 /1 1 /8 4 . Roots were sampled at 

regu lar intervals during tho experim ent for the estim ation of VAM in fection levels. 

Plant fo liage was sampled and analysed fo r Internal e lem ent concentra tions twice 

during the expe rim on tion  1 4 /1 1 /8 4  and 5 /5 /8 5 ) .  Severe lodging of the crop 

growing on the fum igated plot occurred  during tho wot sum m er months and an 

attempt to obtain yield data was unsuccessfu l.

7 .2 .2 .  Experim ent 2

In o rde r to maxim ise tho use of the fum igated so il, this experim ent was 

designed to test the ability  of three VAM fungal Isolates. G. geosporum . G. 

monosporum  and G. mosseae. to improve tho early  season nutrien t uptake of a 

w inter wheat crop allowed to grow for 56 days.

In July 1985 a section of the fum igated plot was scythed down and c leared, 

leaving a total plot of 3x8m. This area was extensively ro/a.yated to plough stubble 

into the soil and create  a fine soil texture suitable for sowing. This plot was 

further sub-d iv ided in to 8 sub -p lo ts  of 1 .5  x 2 .5m  separated by 0 .5m  wide 

paths. There wore four fungal treatm ents:

1. G. geosporum

2. G. monosporum

3. G. mossoao

4. N on-inocu la ted  contro l
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Each treatm ent was rep lica ted tw ice and random nly arranged. The Inoculum  of 

each ondophyte was applied at a rate of 5kg m and contro ls  recoivod a s im ila r 

aliquot of non -in foc tod  m atoria l. This was broadcast ovor the tho soil surface and 

rotivatod into each sub -p lo t to a dopth of lOcms. Sowing occurred on 2 6 /7 /8 5  

using tho w inter whoat var. Rapier and tho oxporim ont was allowed to run for 56 

days. Root samples wore taken a fte r 20 .3 8  and 56 days for estim ations of VAM 

in fection. Foliage from oach plot was sam plod at day 56 and analysed for in tornai 

nutrient iovols. There was insu ffic ien t m atoria l to ca lcu la te  yield data.
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7 .3 . RESULTS

7 .3 . 1. Experiment 1

Table 7. 1 shows the results o f soil analysis perform ed 24 days after sowing 

(1 4 /1 1 /8 4 ) .  The levels o f nutrien ts in the soil were extremely variable between 

samples and (m uch h igher than in previous years) in the case of Olson P on the 

untreated NF (0 ) plots ( c . f .  Table 3 .3 .  chap ter 3 ) .  It was discovered that the 

farm er had applied frosh ch ickon manure  at a rate of 10 tonnes ha-  ̂ in 

Soptombor p rio r to the sowing of his rye crop  in the othor section of the fiold. 

This iroatm ont had also boon applied to the experimental area of the fio ld. It had 

not. however, boon spread uniform ly across the fio ld and clum ps of manure wore 

ovidont in the upper surface layers of the soil. Soil sam ples taken for analysis 

conta in ing a high proportion of this m anure would have resulted in the high

values of P. in pa rticu la r, observed in the NF (+P) sam ple (Table 7. 1). The

3 - 1Doad Sea Brom ine Co. . Israe l, advises that a m anure dressing of 200m ha 

should be the maximum app lica tion before firs t cu ltiva tion in a soil about to bo 

fum igated. Whon la rge r dressings or lumpy m anures are used, those must bo 

applied at least 3 m onths before fum igation to allow decom position and thorough 

mixing with the so il. The high levels of nutrients which wore subsequently 

re leased as a resu lt of this m anure app lication would have created a soil 

onvironm ont tota lly unsuitable for VAM Infoction. High lovols of am m onium - 

nltrogon are known to bo ro loasod afte r fum igation undor norm al fum igation 

cond itions anyway (Rovira and Simon. 1985). This effect was re flected in the 

foliage analysis a fto r 196 days (Table  7 . 2 ) .  which rovoalod s ign ifican tly  h lghor 

shoot P. K and Br~ concentra tions in plants sampled from  fum igated plots, 

in terna l N levels wero also h igher. It was subsequent to this sam pling that sovere 

lodging of the crop  growing on the fum igated plot occu rred . This was almost 

ce rta in ly  due to a com bination o f wet and windy weather at the time and excessive
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vegetative growth in the high soil nu trien t (espec ia lly  N) environm ent. It was 

decided, there fo re , to abandon plans to obtain harvest yield data from  plots and 

to in itia te  another sm a ll-sca le  experim ent on the fum igated plot alone.

A com parison of tho fo lia r phosphorus concentra tions In tho w inter wheat 

crops in 1982-83 ( G - l ,  G -2 . and Ham lll) and tho crop  from Experiment 1 at G -2 

showed that the la tte r, in 1984-85. had h igher shoot P levels than the two Sussex 

crops in 1982-83 (F ig . 7 . 1 ) .  The fo lia r P concen tra tion , however, was still 

lower than that observed In the Ham lll c rop  o f 1982-83.

7 . 3 . 2 .  Experiment 2

Results of soil analysis from  tho c leared fum igated plots (Tab le  7.1)  

indicated that soil P levels had fa llen appreciably over the season to 21mg P L - 1 , 

and consequently VAM inocu la tion would be expected to produce in fected whoat 

plants if su ffic ien t inoculum  could be incorporated in to the plots.

Results in Fig. 7. 2 show tho progression of in fection over the 56 day growth 

poriod. At tho firs t sam pling tim e only, plants infectod with G. mossoao had 

s ign ifican tly  h igher in fection Jovols. Howovor. by day 56. plants in foctod singly 

by each of tho throe in troduced endophytes had s ign ifican tly  h igher in foction 

levels and h igher shoot P concen tra tions than tho non -inocu la tod  contro l plants 

(F ig . 7. 3 ).



Table 7.1 Soil analyses of Sussex G-2 site on three occasions after 
so 11 fum i gat i on.

SAMPLE DATE TREATMENT pH P K Mg no7 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) 6,1 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 — —

Table 1 . 2  Concentrations of nutrients In shoots of winter wheat grown 
In Experiment 1 after 196 days, with levels of significance 
and means of treatments.

TREATMENT
% ELEMENT IN SHOOTS* (DW) %

VAMN P K Br

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 (P05) NS 0.08 0.67 55 8
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Fig. 7.1 Comparison of concentrations of P in shoots of winter wheat 
grown at Hami11 or Sussex in 1982-83 with that grown 
at Sussex G-2 in Experiment 1 in 1984-85.

O O  HAMILL AVALON 1982-83
I H B  SUSSEX G-l AVALON 1982-83

SUSSEX G-2 RAPIER 1984-85

C H U  SUSSEX G-2 AVALON 1982-83

WINTER WHEAT SEASON (MONTHS)
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Fig. 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.

7.3 Concentration of P in shoots of wheat at harvest of
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7 .4 . DISCUSSION

Attempts to inoculate a wheat crop  growing in fum igated soil with VAM fungi 

failed in Experiment 1. probably duo to a masslvo release of nutrients from the 

freshly applied ch icken m anure. As a consequence, vegetative growth of wheat 

on this plot visibly bettor and greener in appearence than on the non-fum igated 

plot (see also Rovira. 1976). Fum igation of ca lcareous soils in Australia 

increased wheat plant dry m atter and gra in  yie lds at harvest (Rovira and Simon, 

1985). Fum igation caused the re lease of am m onium -n itrogen in the soil and led 

to h igher n itra te -n itro gen  15-25 weeks la te r, whereas addition of n itrogen 

fe rtilize r did not increase yie lds on non-fum lga ted plots. Rovira and Simon 

(1985) concluded that bettor growth and h igher yields wore attributable both to 

contro l of a root disease com plex and to release of am m on ium -n itrogen . Rovira 

(1976) studied the e ffect of soil fum igation on nutrien t levels in the field and 

found that the bicarbonate~extractablo phosphate doubled follow ing fum igation. 

He also showed that root growth and phosphate uptake by the roots increased. 

Inoculation of the non-fum iga tod plots in this study did not increase VAM root 

in fection levels in the wheat c rop  during the experim ent. There was also no 

s ign ifican t d iffe rence in in fection levels between plots receiving P and those 

without added superphosphate (Tablo7-2). This is in teresting since tho soil 

samples taken from the NF (+P) plots on 14 / 11 / 84  had four times tho Olsen P 

level o f the NF (0 ) plots (Tab le  7. 1 ). High soil P is believed to greatly inh ib it 

VAM in fection (Abbott and Robson. 1982) and yet it has also been observed that 

a h ighly ca lcareous soil in Israel which received very high levels of broadcast 

superphosphate (up  to 3 ,000kg  ha ^) did not suppress VAM in fection levels in 

ce le ry , m elon, onion or popper root systems (Dodd at a /. 1983 and unpublished 

data and ob se rva tio n s ). It was discovered in the la ttor study that this 

phenom enon was due to the low levels of w a ter-so lub le  P com pared with other
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sands and sandy-loam s. Further laboratory work showed that 70% of the added P 

to this soil was irrevers ib ly  bound w ithin 10 days of app lica tion , as estim ated by 

adsorption isotherm s (Yarm itsky and Dodd unpublished d a ta ). Heavy clay soils 

arc also known to have s im ila r phosphorus-b ind ing  properties and may help 

explain this anomaly (Bowman and O lson, 1985). Recent work has also shown 

that wheat did not respond to added VAM inoculum  in non-fum iga ted soils, 

whereas there was a largo benefic ia l effect on wheat growth a fte r Inoculation of 

G. mosscac in fum igated soil (Buwalda c t a t. 1985a. b ) .  It was suggested, that 

this was duo to a greater developm ent of the external m ycelia l network in 

fumigated soils duo to the e lim ina tion  of predatory fauna such as spring ta ils  

which food on hyphao (W arnock c t a t. 1982). S ince uptake of P and other 

nutrients occurs via this external m ycelium , (as described in detail in the 

D iscussion of chapter 6) in fection would bo loss e ffic ien t in non-fum iga ted soil. 

TKm  any reduction in the absorptive surface area or damage of the m ajor 

nutrient transloca ting hyphac would resu lt in a reduced grow th-p rom oting  roio for 

the VAM in fection.

Soil analysis p rio r to Exporimont 2 (Table 7 .1)  rovoalod tho dram atic drop in 

soil P levels to 20mg L  ̂ over a 10 month period, and all three VAM fungi wore 

successful in establish ing in fections in tho root systems follow ing tho July 

inocu la tion . Each VAM fungus in troduced increased in terna l shoot P 

concentra tions above non -inocu la ted  con tro l plant levels at day 56 (F ig . 7 . 3 ) .  

Tho root systems of con tro l plants also conta ined substantia l in fection by day 56, 

but this ch ie fly  com prised fine endophytic in fection. This rapid re in festa tion by 

a natura l VAM species was not unexpected since Mongo (1982) also found that 

levels of the ind igenous VAM population returned to norm al six m onths after 

fum igation of a s im ila r c lay -loam  soil. He suggested that this was due to a poorer 

fum igation of a heavy m oist soil typo, which would have allowed survival of VAM
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propagulcs at all depths. Reinfestation of fum igated sandy and sandy-loam  soils 

took longer than 13 months to recover duo to bottor fum igation. Mossc or al 

(1982) and Jakobsen (1983b) and have also noted that horizontal spread of an 

in troduced endophyte in a soil was considerab le  within a sing le growth season of 

a c rop . W arner and Mossc (1980) showed that VAM fungi are also capable of 

lim ited independent spread in so il, probably due to rudim entary saprophytic 

growth from  an o rgan ic base.

Since data on the num bers o f in fective propagulos in each plot at the start of 

Experiment 2 are not available, it is not possible to decide whether there was 

slowor bu ild -up  of in fection in con tro l plant roots duo to loss in itia l inoculum  or 

whether this was a cha rac te ris tic  of tho in fecting endophytes. Rosults from 

chapter 3 of this thesis ind icated that fine endophyte in fection  was a m ajor 

com ponent of tho total VAM in fection observed in this Sussex site. It appeared to 

constitu te most of the in fection detected in wheat roots grow ing in tho contro l 

plots of Experiment 2. a lthough this was not quantified . F itter (1985) h ighlighted 

tho com m on observation that fine endophytes, although most abundant in 

tem perate natural so ils , have rare ly been shown to produce growth responses 

oven in in fe rtile  soils (Pow ell. 1979). High levels of fine endophyte in fection 

were observed at tho end of the w inter wheat seasons studied in 1982-85 

(chap te r 3) in Sussex fie lds, whereas coarse endophyte in fection was prevalent 

in tho early autumn and late spring peaks of a rbuscu lar activity. Tho rosults of 

Experiment 2 may therefore  ind ica te  the re lative ineffectiveness of the fine 

endophytic in fection  in this fie ld s ite , s ince all the o ther throe in troduced coarse 

endophytes increased shoot P levels by 25% (F ig . 7 .3 )  with only about 10% 

h ighor in fection  at day 56 (F ig . 7 .2 ) .  This could a lso ind icate the im portance of 

the presence of coarse endophytic in fection  to a wheat crop  at a tim e when P 

inflow is at a maximum (o . g. early autum n) in a iow P soil.
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Plcnchottc et a l ( 1983a. b) showed the potentia lly dam aging effect of 

fum igation on m ycotroph ic crops like look grow ing in pots and in the fie ld . They 

revealed, however, that oat and wheat grow equally well in fum igated and non- 

fum igatod soil with a P—fertility  of lOOpg g_1 (cons idorod  su ffic ion t for good 

growth and yio lds of both c o ro a ls ) . Both crops had well developed root in foctions 

050% ) but m ycorrh iza l e ffic iency was very low. Baylis ( 1975) stated that plants 

with a gram ino id root system wore loss dependent on m ycorrhizao for their 

supplies of p  hosphorus. P lonchotto ot at ( 1983b) also noted that wheat is a plant 

requ iring  less P for growth than m ycorrh iza l-dependent species like ca rro t, leek 

or onion. Tho fio ld work of Buwalda ot a l ( 1985a. b) was ca rried  out on a low P 

s ilty -c la y  loam so il, o rig ina lly  with 5mg P kg  ̂ which was incroasod to 28mg P 

kg  ̂ by the highest superphosphate app lica tion . The site had also been fallow for 

5 years p rio r to the ir firs t experim ent. Thoy found that yiolds at harvest continued 

to respond to applied P even when uniform ly high levels of in fection (40 -50% ) 

had been established over several seasons. Thoy therefore suggested that the 

ability of the cerea l root system to absorb P was not greatly increased by 

m ycorrh izal in fection . This benefic ia l response to added P was also noted in tho 

levels of shoot P concentra tions from  the firs t wheat crop  grown in the Sussex 

G -2  fie ld in 1984/85 when com pared with levels observed in the 1982/83 crop 

when tho soil P value was much lowor (F ig . 7. 1 ). Although thoro Is a d iffo rcnco 

in the cu ltivar used, the sowing dates wore s im ila r for the Sussex Ex- pasture 

crops. It should also be noted that maximum in fection levels wore lowor in tho 

1984/85 crop  than in e ithe r o f tho two previous seasons when the soil P level was 

much lowor (see chap ter 3) . The conclusion  reached by Buwalda of al ( 1985b) 

was that VAM in fection was useful but not essentia l to coroa ls in the fio ld even 

under low soil P cond itions. This was also tho conclus ion  on the role of VAM on 

wheat growth in the desert o f S. Israel (K rikun , personal com m un ica tion ). My
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results do not cha llenge this conclus ion  but h igh ligh t the fact that the role of 

natural VAM in fections, (bo th  fine and coarso ondophytlc Infections) noods 

further Investigation to assess the contribu tion  of high Infection lovols of each 

typo to cerea l growth and nu trition . This would bo Im portant s ince VAM Infections 

are known to drain carbon from the host (S no llg rovo ot a l. 1982).
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CHAPTER 8

Phosphatase activ ity in the roots and rh izosphoro of plants 

in fected with the VAM fungi Glomus goosporum , Glomus 

monosporum  and Glomus mossoao.

8. 1. INTRODUCTION

The benefic ia l growth responses conferred on m ycotrophic host piants by 

vos icu la r-a rbuscu la r m ycorrh izal (VAM) fungi havo boon explained prim arily  in 

term s of improved uptake of phosphate (Nye and T inker. 1977; Hayman, 1983; 

Mosso ot a l. , 1983). The ch ie f a ttribute  of the VAM fungi is the ir apparent ability 

to tap soluble phosphate boyond the phosphato-dop lo tlon zone that dovoiops 

around the root surface in soils of low P status. This zone arises because of the 

poor m obility of phosphate ions in the soil (T inke r. 1980; Hayman, 1983) .

The external hyphao of VAM fungi can absorb nutrien t ions, and translocate 

them to the root (Pearson and T inker. 1975). Phosphate, in pa rticu la r, is taken 

up and translocated as polyphosphate granu les by protoplasm ic stream ing before 

being hydrolysed in the arbusclos p rio r to transm om brane transfer into the host 

co ll (C apaccio  and Callow, 1982). Those workers showed the presence of both 

polyphosphate-synthesiz ing and -deg rad ing  enzymes within the fungal network, 

whilst G laninazzi or a l. (1979) showod tho prosonco of funga l-spoc iflc  a lkaline 

phosphatase activity within tho vacuoles of m aturo arbusclos and in te rce llu la r 

hyphao. Polyphosphate granu les havo also been shown to be present within 

these vacuoles by Cox ot a l. (1 9 7 5 ). The ro le of in terna l fungal acid
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phosphatases is unclear but they arc also present and may be associated with the 

growth and developm ent o f tho fungus within the host tissue (G ianinazzi ot a l. . 

1979).

The e ffic iency of phosphorus u tilisation has been inversely linked to the 

presence of root phosphatases (M cLach lan , 1976; 1 9 8 0 a ,b ). s ince acid

phosphatase activity was found to be lower in plant species or cu ltivars that wore 

more e ffic ien t at P uptake grown under P -de fic ion t cond itions. Increased uptake 

of P by cctom ycorrh iza l trees has been attributed to tho increased root surface 

area but, in add ition , phosphatase activity has been im plicated (B artle tt and 

Lewis. 1973; A lexander and Hardy. 1981; Antibus c t a l . .  1981). Acid

phosphatases re leased by tho cctom ycorrh iza l fungal m antle and attached 

m ycelium  ram ifying through tho soil a rc  believed to catalyse tho hydrolysis of 

com plex (o rg a n ic ) phosphorus com pounds in to m ore readily absorbed forms 

(Ho and Zak. 1979). Ridge and Rovira (1971) indicated that root surface 

phosphatases acting in the im m ediate root environm ent may be more im portant in 

tho organ ic P m inera lisa tion  than soil bound enzymes in the surrounding soil. 

Antibus ot a l. (1981) showod that tho acid phosphatase activity of 

ectom ycorrh iza l roots of Salix ro tund lflo ra  and Entoloma scriceum  was 40 times 

as groat as non-m ycorrh iza l roots on a surface area basis. D ighton (1 9 8 3 ), on 

tho o ther hand, showod a docroaso In phosphatase- activity produced by 

m ycorrhizal B irch roots com pared with non-m ycorrh iza l con tro ls . There appears 

to be little  o ther evidence that p lant and m icrob ia l extrace llu la r phosphatases play 

a prom inent ro le  in the m inera lisa tion  of soil o rgan ic  phosphorus com pounds and 

it has boon suggested that phosphatase activity only becomes im portant after 

in itia l breakdown of soil o rgan ic  com pounds catalysed by a host of other 

m icrob ia l enzymes (S po ir and Ross. 1978).

Extrace llu lar phosphatases have not boon found specifica lly  associated with



the VAM external m ycelia l network In the root rh izosphcrc and there is little  

published in form ation conce rn ing  root phosphatase activity involving a VAM 

sym biosis. Azcon c t at. (1982) com pared the effects of VAM in fection and 

phytato addition on the grow th. P uptake and root phosphatase activ ity of wheat 

and lavender (h igh  m ycorrh izal dependency under low P co n d itio n s ). VAM 

in fection decreased root phosphatase activity of lavender com pared with non- 

m ycorrhizal con tro l p lants, but had no effect on wheat.

An investigation of acid phosphatase activity in the root and rh izosphorc of 

VAM infected and uninfected plants was therefore  ca rried  out in sterile  sand 

cu lture  in an attem pt to d iscover if phosphatase activity is re lated to m ycorrhizal 

dependency undor low nutrien t cond itions. Tho exporim ont was also designed to 

determ ine if the "e ffic iency" o f a particu la r VAM iso late is related to its ability to 

a lte r rh izosphere levels o f phosphatases. Three plants wore used to cover tho 

range of m ycotroph ic responses, nam ely rape {a non -m ycorrh iza l species which 

has been shown to be e ffic ien t in absorb ing soil P (Nyc and Baldw in, 1976)), 

wheat (low  m ycorrh iza l dependency in low P soils) and onion (h igh  m ycorrhizal 

dependency In low P s o ils ) .

- 133 -
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8 .2 .  MATERIALS AND METHODS

8. 2. 1. Plant inocu la tion and growth

Rape ( Brassica n a p u s ) . onion (Allium  ccpa . var. Ailsa Craig) and wheat 

( Triticum  aostivum. var. Avalon) seeds wore germ inated on glass paper 

(W hatman G F /A ) m oistened with s to rilo  d is tilled  water. A fter 2 days four 

germ inated seeds with s im ila r rad ic le  developm ent (5 - 10mm length) were 

planted 2cm below the surface o f the growth m edium . The plants wore grown in a 

constant tem perature room  at 2 0 ° C having a 16h day/8h  night cycle. Relative 

hum idity and ligh t in tensity wore m ainta ined at approxim ately 60% and 4. 6Klx 

respectively. The plants were irriga ted  with one th ird  strength Hoaglands 

nutrient solution conta in ing no orthophosphato (H oagland and A rnon . 1939).

In Experiment 1. progorm lnatod seeds of rape, onion and w inter whoat woro 

sown in polythene pots conta in ing  1. 75kg bu ilders sand (pH  8. 0) and 7. Omg L 1 

NaHCOg-soluble P (O lson ot a i. , 1954). Inoculum , from m aize-grow n p o t- 

cu ltures of three VAM fungal iso lates Glomus gcosporum , Glomus monosporum  

and Glomus m osscac. was thorough ly mixed in to the sand at a rate o f 150g dry 

weight per pot. Controls received an equal amount of autoclaved inoculum  from 

each iso late soaked in a filtra te  of the inoculum  of all throe endophytes but which 

was free of any in fective VAM propagulos. Six rep lica tes wore used for each 

treatm ent. Plants woro thinned after one week to three per pot for rape, 2 per pot 

for onion and 4 per pot for wheat. Sam pling occurred  after 53. 72 or 98 days.

In Experiment 2 progerm inated seeds o f w inter wheat (Avalon) wore sown in 

a coarse builders sand of pH 7. 5. Inoculum  (300g) of each of the throe VAM 

fungal isolates woro thoroughly mixod in to oach pot as above. Six rep lica tes woro 

again used for oach treatm ent. Plants woro thinned to 4 per pot after seven days. 

Samples woro takon aftor 21. 51 and 74 days.
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8. 2. 2. Assessment of plant growth and VAM in foctlon.

A fter harvesting p lant shoots and roots, fresh weights wore determ ined. In 

addition shoot dry weights wore rocordod in both experiments (80 °C  for 24 

h o u rs ) . Roots wore washed, la id flat and the cen tra l 1cm of each root was taken 

and stained for VAM in foction followed by estim ation of lovols of in fection using 

the grid  -lino  in tersection method.

8. 2. 3. Rhizosphoro sam pling procoduro.

Plants wore care fu lly  removed from  tho bags and the root systems with 

adhoring sand woro oxcisod from  tho shoots. Tho roots woro thon shakon by 

hand until most of tho sand was dotachod (ou te r rh izosphoro sam ple) and thon 

washed with s te rile  d is tilled  water (10  -100 ml depending on tho weight of tho 

roo t-sand  mass) to romovo tho sm all am ount of strongly adhoring sand (inne r 

rh izosphoro s a m p lo ). Sand w ithout plants, but otherw ise troatod s im ilarly  to that 

in which plants woro grown, sorvod as tho non-rh lzosphoro  con tro l. Samples 

woro takon with a 1 cm so ll-b o ro r at tho same tlmo as rhizosphoro sampJos.

8. 2. 4. Assay of Phosphatase activity.

Phosphatase activ ity was measured using a m odifica tion of the method of 

Tabatabai and B rom ncr (1969) . Samples ( Ig  dry weight) of tho inner and outer 

rh izosphero and con tro l sand wore incubated with 1ml 50m M -p-n itrophcny l 

phosphate (PNP) and 4ml 0 .1  M -sod ium  acetate buffor, pH 5 .2 , for one hour at 

25 in a shaking water bath (60  rev m in ^ ) . Tho reaction was term inated by 

tho add ition of 5ml 0. 5M- NaOH and tho samples were centrifuged at 2, 500xg for 

10 m in. Tho optica l density of the supernatant was measured in a 

spectrophotom eter (LKB u itraspec 2000) set at 400 nM. Phosphatase activity was 

expressed as the am ount o f ( spectropho tom ctrica lly  determ ined) p -n itrophono l 

re leased during incubation. Contro ls were assayed by adding 1ml PNP to a
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suspension conta in ing sand and acotato buffer before tho add ition of NaQH. Tno 

standards wore preparod in acotato buffer solution conta in ing 0. 10. 20. 30. 40 

or 50 mg p -n itrophcn o l. Intact root phosphatase was measured by determ in ing 

tho am ount of p -n itrophono l re leased when 1ml of 50mM PNP and 4mi 0. 1M 

sodium acetate buffer. pH 5 -6 . was incubated with lOOmg of fresh root tissue. 

The p -n itrophcn o l product was developed with 5ml Q.5M NaQH and determ ined 

spoctrophotom otrica lly  in tho samo way as for rh izosphoro phosphatase activity.

To obtain the pH range in which optim um  enzyme activity occurred a series 

of buffers of tho follow ing com position and pH values wore used; 3 .8 - 5 .8 ,  

sodium acetate; 5. 7 -6 . 8. sodium m aloate; 6. 5 -8 .0 ,  tr is /m a lo a te ; 7. 5 -9 . 5. 

tris /H C I (a ll 0. 1 M ). All assays wore rep lica ted six tim es.
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8. 3. RESULTS AND DISCUSSION

Figuros 8. 1A and 8. IB  show the e ffect of pH on the phosphatase activity in 

wheat roots infected by Glomus mosscac (F ig . 8. 1A) and in the total rhizosphere 

(F ig . 8. IB ) . In F igure 8. 1A It is apparent that the root has a range of activity of 

pH 5 -7 , with a peak at pH 5. 5 -6 .0 .  In the rh izosphoro, however, there is a 

more c learly  defined peak at pH 5. 0 -5 . 5 with reduced activity above pH 6 .0 . 

This ind icates that acid phosphatase activity predom inates in the rhizosphero 

whilst there may also bo a lka line phosphatase activity in the roots. A sim ilar 

pattern was observed for plants in fected with the o ther two VAM fungi tested. 

G ianinazzi c t a l. (1979) used h istochom ica l studios to localise phosphatase 

activity w ithin VAM -in foctod roots at an u ltrastructura l le ve l. Acid phosphatase 

( pH<6) activity was noted in the cytoplasm  of the plant root ce lls  as well as at the 

growing tips of m ycorrh izal hyphao. A lkaline phosphatase (pH>8) activity, 

however, was weak in root co lls  and was unaffected by VAM in fec tion , but was 

consp icuous within the vacuoles of hyphao of the VAM fungus. McLachlan 

(1980a) found that the optim um  pH for root phosphatase activ ity lay in the range 

pH 5 -6  when ho tested buckwheat, ryo. subtorranoan c lover and wheat, but 

found no evidence of a lka line phosphatase activity. On this evidence, it would 

appear that the phosphatase activity detected in the rh izosphero orig inated from 

root co lls  ra ther than from  the associated fungus.

Levels of rh izosphcrc and root acid phosphatase activity arc shown in Table 

8. 1 for each host in Experiment 1. Results for on ion a rc  from the 98 day harvest, 

those from  rape a rc  from  the 72 day harvest, whilst those of wheat from  the 53 

day harvest. At these times adequate plant growth had occurred  (Photos 63- 

6 5 ). As expected, rape did not become in fected with VAM fungi and there was 

no s ign ifican t d iffe rence between samples at any o f the harvests in term s of shoot 

dry weights o r enzyme activ ity. Onion was m ore d ifficu lt to analyse due to its slow



Photos 6 3 - 6 5  Comparative growth of experimental plants inoculated 
with different G lo m u s spp. during Experiment 1 of 
phosphatase assay investigation.

Photo 64 Onion

Photo 63 Rape

Wheat

( 9 8 days after sowing) 

(72 days after sowing) 

(53 days after sowi ng)Photo 6 5
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Figure 8.1A _ Effect of pH on phosphatase activity of 25 day old
wheat roots infected with G. mosseae. Activity is 
expressed in umol p-nitrophenol released (lOOmg fresh 
root tissue"!) hour"!.

Figure 8.2B - Effect of pH on rhizosphere phosphatase activity of 
wheat plants infected with G. mosseae after 53 days.

2 - sodium maleate buffer

3 - Tris/maleate buffer
4 - Tris.HCl buffer



P L A N T T R E A T M E N T %  V A M  

I N F E C T I O N

S H O O T  D . W .  

( g )  P E R  P O T

E N Z Y M E  A C T I V I T Y

R O O T < + ) i n n e r ( * >

R H I Z O S P H E R E

O U T E R ( * )

R H I Z O S P H E R E

R A P E C O N T R O L 0 2 . 4 7 1 0 . 8 2 8 . 3 9 2 . 8 4

G .  M O S S E A E 0 2 . 1 8 9 . 2 8 8 . 9 9 2 . 2 0

G .  G E O S P O R U M 0 2 . 4 5 1 1 . 3 8 9 . 1 8 2 . 8 9

G .  M O N O S P O R U M 0 2 . 2 5 1 0 . 5 8 8 . 6 0 2 . 6 5

L S D ,  P = 0 . 0 5 N T N S 0 . 8 2 1 . 0 9 0 . 3 4

W H E A T C O N T R O L 7 0 . 5 6 3 . 8 5 0 . 8 6 0 . 2 3

G .  M O S S E A E 6 6 0 . 9 9 4 . 5 6 1 . 1 9 0 . 3 8

G .  G E O S P O R U M 5 7 0 . 5 1 4 . 1 7 1 . 0 7 0 . 2 5

G .  M O N O S P O R U M 5 9 0 . 5 8 4 . 0 1 0 . 9 2 0 . 2 8

L S D ,  P = 0 . 0 5 N T 0 . 3 0 0 . 3 4 0 . 1 5 0 . 0 3

T O T A L  R H I Z O S P H E R E

O N I O N C O N T R O L 1 0 0 . 0 3 4 . 1 0 0 . 4 8

G .  M O S S E A E 6 5 0 . 5 6 5 . 2 3 0 . 5 7

G .  G E O S P O R U M 7 0 0 . 0 8 4 . 9 9 0 . 6 0

G .  M O N O S P O R U M 8 0 0 . 1 0 4 . 2 5 0 . 4 9

L S D ,  P = 0 . 0 5 N T 0 . 0 5 0 . 6 5 0 . 0 5

Table 8.1 Acid phosphatase activities j

72 (rape) or 98 (onion) days.

after 53 (wheat) ,

NS- <\ot s.jA,(icawf ; K T- festa l  ̂ -  wo Atdbx
+  p-.\vr«,?W oV  (»00 wg f a V  root Woo-T’ W ' *  ; *  ¿jswA) W



T R E A T M E N T %  V A M  

I N F E C T I O N

S H O O T  D . W .  

( g )  P E R  P O T

%  P ( D . W . ) 

C O N C E N T R A T I O N  

I N  S H O O T S

E N Z Y M E  A C T I V I T Y

r o o t * + ) I N N E R * * )

R H I Z O S P H E R E

O U T E R *  * )  

R H I Z O S P H E R E

2 5  D A Y S :

C O N T R O L 0 0 . 2 0 2 . 3 4 1 . 1 3 0 . 6 1

G .  M O S S E A E 3 0 . 1 7 2 . 8 2 1 . 1 1 0 . 5 8

G .  G E O S P O R U M 7 0 . 2 6
l N D

2 . 8 1 0 . 9 8 0 . 5 9

G .  M O N O S P O R U M 0 0 . 2 3 1 . 9 4 0 . 9 9 0 . 6 0

L S D ,  P = 0 . 0 5 N T N S 0 . 3 2 0 . 1 5 0 . 0 9

5 1  D A Y S :

C O N T R O L 0 0 . 3 2 0 . 1 4 5 . 7 0 1 . 0 4 0 . 5 4

G .  M O S S E A E 6 0 0 . 4 2 0 . 1 9 6 . 3 2 1 . 4 1 0 . 7 9

G .  G E O S P O R U M 1 5 0 . 3 8 0 . 2 2 6 . 1 7 1 . 3 4 0 . 7 2

G .  M O N O S P O R U M 2 8 0 . 5 3 0 . 2 0 5 . 4 3 1 . 0 1 0 . 5 8

L S D ,  P = 0 . 0 5 N T 0 . 0 9 0 . 0 3 0 . 3 6 0 . 3 0 0 . 1 4

7 4  D A Y S :

C O N T R O L 1 0 . 2 4 0 . 0 9 5 . 0 2 1 . 2 1 0 . 6 6

G .  M O S S E A E 7 6 0 . 4 5 0 . 1 6 7 . 8 1 1 . 8 2 0 . 7 8

G .  G E O S P O R U M 7 4 0 . 5 4 0 . 1 5 7 . 4 6 2 . 0 2 0 . 8 4

G .  M O N O S P O R U M 6 8 0 . 5 5 0 . 1 4 4 . 9 3 1 . 1 9 0 . 6 5

L S D ,  P = 0 . 0 5 N T 0 . 1 3 0 . 0 2 0 . 5 3 0 . 2 2 0 . 1 6

a tTable 8.2 Growth responses and acid phosphatase activities 

three successive harvests of winter wheat plants «O £*ç«rvcr»ç*v.t X ,
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rate of growth and paucity of root m ateria l produced, and therefore  the 

rh izosphero was not divided in to inner and outer zones (oven after 98 days). 

Rhizosphorc levels of phosphatases wore h igher for plants infected with Glomus 

mossoao and Glomus goosporum  com parod with the contro l plants. Infection by 

Glomus m onosporum . however, did not produce this increase in enzyme activ ity, 

but nevertheless a th ro e -fo ld  increase in shoot dry weight was noted com pared 

with the uninfected con tro ls . The reason for this anomaly is unclear. Wheat 

plants in fected with Glomus mosscao grew better than the con tro l, and had 

sign ifican tly  h igher rh izosphere levels of phosphatases. Control plants had 

become contam inated by extraneous or residual VAM in fection by 53 days so 

further readings wore not taken. The com paratively high levels of phosphatases 

produced by the non- m ycorrh izal rape com parod to e ithe r the m ycorrhizal onions 

or m ycorrhizal wheat should a lso bo notod.

In Experiment 2 the wheat response to VAM in fection was examined in more 

detail with respect to age of plant. Y ields, phosphorus concentra tion  in shoot 

m ate ria l, and the e ffect on phosphatase levels in the root and rh izospherc were 

m onitored. Results in Table 8 .2  show that the level of acid phosphatase activity 

had increased re lative to that of the con tro l in both inner and outer rh izosphero 

zones and roots for plants in fected with e ithe r Glomus gcosporum  or Glomus 

mossoao a fter 51 days and 74 days (bu t not by day 2 5 ). in con tras t, the levels of 

activity associated with con tro l plants o r with those infected by Glomus 

monosporum  do not increase. S ign ifican tly  h igher in terna l shoot P levels at days 

51 and 74 wore again noted fo llow ing in fection  in a ll throe endophyte treatm ents. 

Plants in fected with Glomus monosporum  showed no d iffe rences in root or 

rh izospherc phosphatase activ ity from that of the con tro l (Table 8 .2 ) .  but had 

s ign ifican tly  incroasod shoot dry woights and alm ost doublo tho phosphorus 

concentra tion  w ithin tho plant fo liage com pared with the con tro l.
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tn both these experim ents- in fection  o f host plants by some VAM fungi has 

boon shown to in fluence activ ities o f root and rh izosphcrc phosphatases, in the 

second experim ent, for exam ple, in fection  of wheat by two out of the throe VAM 

isolates tested resulted in a s ign ifican t increase in phosphatase activity in the 

rhizosphoro and roo t, co inc id ing  with increased growth and h igher in terna l P 

concentra tions. This does not co rrobora te  tho results obtained by Azcon ct a l.

(1982) with lavender. In Experiment 1, however, results indicated that only 

in fection of wheat by Glomus mossoae increased root and rh izosphero levels of 

phosphatases com pared with con tro ls . One possib ility for this d iffe rence may 

have been the s lightly  lower pH of the coarse sand used in tho second experim ent 

which was 0. 5 units below that of the sand used in tho firs t experim ent, or may 

re flect o ther subtle d iffe rences in the experim ent o. g. rates of spread of in fection 

or early establishm ent of in fection . Rocont work by Hayman and Tavares ( 1985) 

showed that d iffe ren t endophytes respond bettor, with respect to root in fection 

and stim ulation of host growth response, at d iffe ren t soil pH 's. This response 

was also shown to vary in d iffe ren t soils m aintained at tho same pH. Plcdlcy c t a l.

(1983) showed that rape grown in a sandy loam soil (pH  6 .5 ) ,  in pots, with a 

low P status ac id ified its rh izosphere (pH  4 .3 )  and depleted ac id -so lub le  forms 

of soil P. Plants thus absorbed twice tho am ount of P which could bo desorbed 

from  tho con tro l soil (n o n -a c id if io d ) . It was also notod that an incroasc in 

rh izosphere phosphatase activ ity (a  factor of ton h igher than con tro l soil levels) 

with increasing  sovority of P -do fic ioncy  appeared to bo a response to increasing 

root density and docroasing concentra tion  of soluble inorgan ic P in the soil. In 

these results rape produced h igher levels of extrace llu la r phosphatases 

com pared with onion and wheat (Table 8 .1 ) .  It may be that phosphatase 

production could bo inversely re lated to m ycorrh izal dependency of a crop 

species, s ince root phosphatase activ ity and the VAM sym biosis could bo
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regarded as a lternative m echanism s for P uptake by plants growing in low so il-P

cond itions (see also Azeon ot a l . , 1982) . There appears to a sim ple process of

diffusion of those enzymes from  the high activity of the root surface (rh izop lano)

into the sand m edium , it would appear therefore that the increased levels of

phosphatases noted in the rh izosphero is not a result of d irec t secretion from

external hyphac but occurs due to d iffusion from  the m ycorrhizal root surface.

This does not. however, explain the anomaly of Glomus m onosporum . which may

increase the rate o f P uptake by more e ffic ien t uptake o r translocation of

phosphate, o r may have a particu la rly  e ffic ien t phosphate transfer system

involving loss overall production of in terna l phosphatase activity. Cooper and

Tinker (1981) suggested that trans loca tion , ra ther than uptake of P. is the rate

lim iting  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 e ithe r o f the o ther two

isolates and. as resu lt, an increase in phosphatase levels is not necessary and

thus re lease is not observed. Hedloy c t a l. (1983) using rape suggested that

ac id ifica tion  of the rhizosphero led to d issolu tion of an ac id -so lub le  form of

32inorgan ic  P (Pi )  which was not exchangeable with tho P used in the ir iso tope- 

exchange technique for estim ating P taken up from  tho labile pool. A lternative ly, 

it may be hypothesised that if G. monosporum  could 'ta p ' o ther sources of Pi 

unavailable to tho non-m ycorrh iza l plants or ovon thoso in foctod with G. 

goosporum or G. mossoao and therefore not dopioto tho Pi in tho labilo pool tho 

plant would not bo sovoroJy P~doficiont and no such Incroaso in phosphatase 

activity would occur. Tho G. goosporum  and G. mossoao symbiosos may show 

increased root phosphatase activity as a resu lt of depleting tho available Pi 

supply, it is noteworthy that thoso experim ents wore carriod  out In coarse sands 

with little  b ica rbona te -so lub le  P and tho source of tho increased shoot P 

concen tra tions observed in Experiment 2 in VAM -infoctod plants is unclear and
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deserves fu rther study since such observations have been made before (Dodd ct 

a l. . 1983). It appears that models for P uptake basod on in vitro  m easurem ents 

of physicochem ical param eters con tro lling  phosphate d iffusion in soil apparently 

work well for plants suppliod with suffic ien t P. but underestim ate P uptake by P 

defic ien t plants grown in soils in which soluble P levels are sensitive to pH 

fluctuations (Hedloy c t a l. . 1983) . My G. monosporum  iso late has consistently 

been the most e ffic ien t of the three isolates in stim ulating wheat growth and P 

uptake (see chap ter 6) in groonhouse experim ents. It should also be noted that 

Glomus monosporum  was o rig ina lly  Isolated from a low P soil with a high clay 

content (see chapter 3) whereas the o ther two endophytes wore isolated from a 

soil with a h igher nutrient reg im e and with a lower clay com ponent.

It would appear, the re fo re , that rhizosphero phosphatase activity is 

unrelated to the VAM external network and is a response to increased root 

phosphatase (from  infected or non -in foc tod  root co lls ) activity d iffusing into the 

rh izosphoro. The role of phosphatases in the soil would obviously depend on the 

concentra tions and chom ica l stato of soil phosphorus as woll as the chem ica l 

structure  of the soil itse lf. It is o f noto. howovor. that Alexander and Hardy 

(1981) showed that Sitka spruce octom ycorrh izas increased activity of root 

surface phosphatases but trees grew poorly due to an apparent defic iency of 

inorgan ic P. They suggested that, in the ir investigations, high phosphatase 

activity could not com pensate for an adequate supply of labile inorgan ic  P.
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CHAPTER 9

GENERAL DISCUSSION

Extensiv© early  developm ent of VAM in fection in the roots of w inter cereals 

has not boon noted boforo and this novol observation may that they

potontia ily havo a more im portant ro le  in seedling establishm ent and early 

nutrient uptake than previously acknow ledged. Although this phenomenon 

occurod ch io fly In tho Sussex fie lds, which had high clay contents and low 

b ica rbona te -so lub le  phosphorus levels, these soil types are not unusual in being 

used for com m erc ia l cerea l growth. The ro le of tho indigenous VAM population 

in stim ulating P uptake, however, rem ains unc lear but from this study it appears 

that they are re lative ly ine ffic ien t when com pared with single species inoculants 

of coarse endophytes in troduced into partia lly  s terile  field soil e ight months after 

methyl brom ide fum igation (see  Chapter 7 ) . The app lica tion of a large quantity 

of chicken manure to tho G -2  fie ld resulted In reduced in fection levels and higher 

shoot P concentra tions in wheat in 1984/5 com pared with tho crops grown at the 

same site In 1982/3 . These facts ind icate that although high VAM in fection levels 

can occu r in w inter cerea ls at the Sussex site they are not essentia l and the crop 

can still respond to added phosphorus. Buwalda et al (1 9 8 5 a ,b ) reached a 

s im ila r conclusion  in the ir investigations. A m ajor com ponent of tho total 

in fection recorded at both Ham ill and Sussex fie ld sites consisted of the fine 

ondophyto. This was particu la rly  notlcoablo in tho w lntor and oarly spring poriod 

and la tor In tho grow ing season. Fine endophytes havo frequently boon noted to 

be re lative ly ine ffic ien t in stim ulating growth and P uptake in pot studies in the 

greenhouse. Rabatin (1979) studied gram inaceous root systems at three field 

sites and suggested that these fungi may have adapted to a rapid in fection 

strategy in periods when P availab ility  in tho soil is low and root a ttrition  high 

(o .g .  low m oisturo in tho s p r in g ). This strategy may bonofit both fine
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ondophytos and the perennia l gram inaceous roots of tho hosts ovor short periods 

of time hut this balanced association may bo disturbed In coroa l crops which aro 

grown on a yearly cyc le , and under h igher soil nutrient cond itions. The 

oco log ica l s ign ificance of in fections duo to fine endophytes in cerea l crops would 

provide a Interesting pro ject for future work. W ilson and T rin ick (1983) noted 

d iffe ren t in itia l in fection and in fection  spread charac te ris tics  of fine and coarse 

endophytes and this may suggest that each has adapted to form ing a VAM 

association at a particu la r stage of tho developm ent of tho host, governed by 

onvironm ental factors such as soil m oisture, tem perature and root growth (see 

chap ter 3. part 2 ) .  It should also be noted that added superphosphate reduced 

VAM in fection in Experiment 1 of chap ter 6 in my study, s ign ifican tly  reduced the 

weight of ear y ie lds, yet increased straw yie lds. It may be concluded that the 

balance between a neutra l sym biosis in wheat, as suggested in this and o ther 

studios (o .g .  Buwalda ot al. 1985a. b ) .  and a pathogenic re la tionsh ip  may be 

sm all.

I have also shown that the use of spore wall m orpholog ica l cha rac te ris tics , 

determ inod by ligh t m icroscopy, can lead to confusion and possible 

m is identifica tion in taxonom ic studios when VAM fungal spores of sim ilar 

appearonce are exam ined, e .g .  G. monosporum  and G .m ossoao. I have 

confirm ed that tho use of PAGE and specific  onzyme stains (Sen and 

Elepper. 1986) can be extrem ely useful in ascerta in ing tho taxonom ic status of 

VAM endophytes et a species level w ithin Glomus. The future use of such a 

system in Identifying individual VAM in fections w ithin root systems and estim ation 

of re lative levels w ith in mixed in fections (H opper, p e rs .c o m m .) could prove to 

be a m ajor advance in m ycorrh izal studios.

The use o f pestic ides at equiva lent fie ld rates in this study has indicated that 

certa in  fungic ides can inh ib it tho spread of VAM Infection w ithin wheat roots and
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also spore germ ination in v itro , whilst o ther fungicides have no effect on the VAM 

symbiosis and tho P uptake by the wheat c rop . It is . howevor. noteworthy that 

specific  active m oitiés were consisten t in the ir e ffects on tho VAM association 

even though they wore present in d iffe ren t agrochem ica l products. The use of 

such chem ica ls may be useful in the future for investigating tho m etabolic 

processes involved in VAM fungai systems e ithe r via a d irec t e ffect on the fungus 

in the plant and so il, o r ind irectly  by a lte ring  host metabolism  (e .g .  

photosynthesis in h ib it in g -h o rb ic id e s ).

In this thesis d iffe rences were noted concern ing  tho re lative o ff/c ie n c ie s  of 

the three VAM fungi in stim ulating growth and P uptake of wheat grown in pots in 

sterile  durlte  under low P cond itions. Those d iffe rences were not reflected by 

d iffe rences in root and rh izosphero phosphatase activity. Acid phosphatase 

activity was not apparently re leased from  the extenal m ycelial network but from the 

root surface. The increased levels of enzyme activity noted for plants infected 

with G. mosseae and G. geosporum  com pared with those infected with 

G. monosporum  may re fle c t the o rig ina l soil environm ent from which the fungi 

were obtained. G. mossoao and G. geosporum  were Isolated from  tho field at 

Hamill (w ith  a re lative ly high soil P status) and G. monosporum  from  the site at 

Sussex (low er soil P le ve ls ). The d iffe rences in soil phosphatase levels may 

therefore be duo to decreased P availab ility  when all three fungi are investigated 

under low soil P cond itions, and may re flec t tho ab ility  of the G. monosporum  to 

obtain P and translocate  it more e ffic ien tly  that the o ther 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 Ncilsen, 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

reflect a much higher temperature regime, and the 
fact that large numbers of spores of Endpgonaceous 
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 U.K. (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-l), Gofflands 2 
(G-2), near Billingshurst, west Sussex, and Hamill, 
near Ramsgate, east Kent, through three consecutive 
winter cereal seasons 1982-1985. G -l, a clay loam 
soil, had been under wheat for 4yr 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.

149



150 J. C. Dodd and P. Jeffries

Table I. Seale 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-l and G-2 received 100 kg ha-1 of 
NPK fertilizer (0-22-22) prior to sowing and 
50 kg ha 1 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“ 1 at growth stage 6 and 150 Kg ha“ 1 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. Soil 
pH and available bicarbonate-soluble phosphorus 
(Olsen et al., 1954) were determined several times 
during the investigation and the results are given in 
Table 2. The dates of sowing and the respective crops 
and varieties sown at each field site during the three 
seasons are recorded in Table 3.

RESULTS

Figures 1 and 2 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 containing mycorrhizal infection 
(D. Stribley, personal communication). During 
1982-3 and 1984-5, the total infection levels in­
creased rapidly at G-l 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-l and Hamill) peak. Infection levels at Hamill 
were consistently lower than those recorded at either 
of the Gottlands 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

Site Season Crop-Variety Sowing date

G-l 1982-3 Wheat—Avalon 2 October 82
1983-4 Wheat—Rapier 2 October 83
1984-5 Barley 30 September 84

G-2 1982-3 Wheat—Avalon 5 November 82
1983-4 Wheat— Rapier 15 October 83
1984-5 Wheat—Rapier 21 October 84
1984-5 Rye 14 October 84

Hamill 1982-3 Wheat—Avalon 2 October 82
1983-4 Whejit—Rapier 30 September 83
1984-5 Oil seed rape —

Table 2. Soil characteristics at each sample site

Hainill Goffsland-1 GofTsland-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 4b 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 62c 7.9 March 1985 76“ 6.6
aBicarbonate soluble P (Olsen) in mg P 1 *. 
bPasture soil prior to fertilization.
2Under oil seed rape.
dChicken manure added at 10 t h a “1 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-l, 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 
(x  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 el 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

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 soiely 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 
P I-1 (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 el 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 el 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, loc.cii.) 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 et 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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