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ABSTRACT

The form and seasonal development of in vivo mycorrhizas.

of P,sylvestris seedlings growing in forest nursery plots L58FY70

(Kennington) and 83FY70 (Wareham) have been characterised; this -

enabled various characters of P.sylvestris seedlings (for example
non mycorrhizal short roots, mycorrhizal roots, 'pioneer' and
'mother! and subordinate 'mother' roots) to be compared for different

so0il conditions.

Examination of the heterohyzic root systems of P,sylvestris

and P.nipgra showed that long roots, for example 'pioneer' roots, are

possibly more capable of adapting to a variety of soil conditions.

The effects of Simazine on measured aspects of the poot

systems of nursery grown P.\ sylvestris and P.nigra are unclear;

equivalent Pines growing :.n the same soils contained in plant pots
showed a demonstrable increase in both numbers of short roots and
in mycorrhizes on the application of Simazine equivalent to 4 1bs

Simazine per acre,

Growth measurements of knovn mycorrhizal and root pathogenic
fungal isolates,on agar plates with added herbicides} showed that
increase in growth of some isolates ocourred in the presence of higher
concentrations of Simazine or Atrazine, In contrast, equivalent
experiments using Dichlobenil, Dichlobenzoate, Chlorthiamid and 245T
indicated ’chat idenfical isolatgs s growing in the presence of these

herbicides, were inhibited, '



These observations of herbicidal activity on mycorrhizas
and their mycobionts were confirmed by measurement of respiration

rates for Boletus elesans and Amanita rubescens, both mycobionts

(the latter in very exceptional circumstances), and mycorrhizal roots

of P.sylvestris., The extent of pkxbsphate uptake by P, sylvestris

mycorrhizas, estimated from buffered phosphate solutions containing

herbicide, was also in agreement with the results,

Using a number of established techn::.ques , attempts to
produce reliable numbers of in vitro mycorrhizas were of limited

success,
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INTRODUCT ION

Mycorrhizgs were first defined and nemed by Frank in 1885,
Since this time such mycorrhizas have been studied in scms detail
(Hatch, 1937; Kelley, 1931, 1950; Harley, 1940, 1948, 1952, 1969,
1971; Robertsoni1954; Trappe, 1962; Wilde and Lafond, 1967; Peyronel
et 21, 1969) and are now known to be the result of an associstion
invalving the external tissues of the host root tips, Mycorrhizal
fungi influence the function and development of tree roots, forming
associations known as ectotrophic mycorrhizas, and differ from other
root infecting fungl in that 'they rarely enter into a parasitic
relationship with the host roots, Both Garrett (1950) end Harley
(1948) regard mycorrhizal fungi as specialised, and evolved from

saprophytic root-surface fungi,

Xycorrhizas are widely distributed in forest soils and
involve many species of fungi. The varying specificity of mycorrhizal
fungi for their hosts is n\ot' understood, although regular association
of trees with particular fungal fruiting bodies (mainly basidiomycetes)
has led to the publication of lists reporting probable ectotrophic -

mycorrhizal associations (Peyronel, 1921, 1922; Melin, 1936; Modess,

1941; Trappe, 1962). For example, Cenococcum graniforme, a widely
distributed mycorrhizal fungus, forms dark-sheathed mycorrhizas with
radiating hyphae on the root systems of many coniferous species

(Trappe, 1962); Boletus elepans however, is only known to associate

with Larix spp. (Melin, 1921; Trappe, 1962). Within these extremes
lie the rest of the mycorrhizal fungi. In addition most tree hosts
seem to be capable of forming mycorrhizal associations with several

fungi (Melin, 1963; Trappe, 1964).



0.

1. VORPHOLOGY, ANATOMY AND CLASSIFICATION OF MYCORRHIZAS.

Since the early studies by Frank in 1885, the gross
morphology and anatomy of mycorrhizas has been studied in some detail,
More recently, there have been partially successful attempts to
classify mycorrhizas using these criteria (see below), Many of these
studies of the morphology and anatomy of mycorrhizas concern
mycorrhizas found on beech roots (Harley, 1937, 1940; Clowes, 1949,
1950, 1951, 1954). In addition Slankis (1948, 1949, 1958), MacDougal
and Dufrenoy (1943, 1944), Scennerini(1968), Vozzo and Hacskylo (1964),
Hacskaylo and Vozzo (1965), Wilcox (1968) and other workers have
studied the root systems of members of the P:;Lnaceae. The mycorrhizal
roots of the Pinaceae are commonly racemosly branched, but pinnate
and monopodial root systems may also occur (McMinn, 1963; Bogar and
Smith, 1965), Bjorkman (1942) has suggested that the particular
morpheology of ectotrophic mycorrhizas is a consequencé of specific

fungal infections, but this view is not generally held,

The size of the mycorrhizal fungal sheath and the depth
of penetration of host root tissue by the mycorrhizal fungus is
dependent on environmental conditions, This sheath of hyphae, both
forming and surroundiﬁg the mycorrhizal roots, may be white, yellow,
pink, red or black in colour (Moore, 1922; McArdle, 1932; Laing,1932;
Kozlowski, 1949; Trappe, 1964; Wilcox, 1969). At high moisture levels
white-coloured mycorrhizas seem to develop and to predominate; when
soil moisture levels are lower they are replaced by black mycorrhizas,
These black mycorrhizas are often abundant near the soil surface and

to approximately six inches soil depth in dry sandy soil, This



distribution is believed to reflect drough resistance, Black
mycorrhizas are easily confused with pseudo-mycorrhizel roots which
are the result of infection of dead cortical cells by Mycelium

radicis atrovirens, and the consequent pseudo-mycorrhizael roots

appear as black, monopodial, mycorrhizal like roots (Melin, 1927;
- Laing, 1932; Robertson, 1954; Levischn, 1954).

Anatomically, ectotrophic mycorrhizas consist of a core .
of host tissue surrounded by a mantle‘ of fungal tissue, This
mantle or sheath consists of two layers; an inner layer of hyphaé
intercellularly penetrating the host (sametimes as far as the
endodermis) and an outer layer from which hyphae extend into the
soil,

Dominik (1955, 1959) has proposed a form of classification
of various external mycorzé'pizal associations, based on morphological
characteristics, He takes as the basis for his classification any
distinctive characters of hyphal and sheath structure., His classifi-
cation implies that a specific mycorrhizal morphological type
gencraily relates to only cne fungus, These morphological types
may belong, according to Daminik's schéme, to any one of several
different primary groups and sub-groups. Daminik further observed
that a mycorrhizal type could pass through several of these primary
groups and through sub-groups (including colour\sub-g;roups).
Presumably these changes between groups and sub-groups depend on
seasonal and other variations in both host root physiology and soil

characteristics,



Trappe (1970) has proposed a classification scheme based
on criteria similar to those of Dominik but with a different
weighting, He lists the most stable characteristics of mycorrhizas
as hyphal features rather than gross morphological features., Such
features are: the presenée and morphology of septal pores; the
hyphal diameter and cell length; hyphal wall thickness; deposits
of material on the hyphal walls; hyphal flucrescence and reaction
to specific reagents, Further characters listed by Treppe as useful
for éategoris.{ng fungal symbionts a.reA odour, taste, mantle structure,

and colour,

Catalfomo .and Trappe (1960) suggested a classification of
mycorrhizas based on their phytochemistry., Krupa and Fries (1971)
have since used gas spectrophotometry to discriminate between the

mycorrhizal roots of P, sylvestris infected with different Boletus

species, '\

Where the continuing reiqtionship between a host and a
mycorrhizal fungus is to be investigated, there is a need for the
precise identification of the fungus., Correct taxonamic identification
of fungi involved in mycorrhizal associations is not feasible using
Treppe's, Dominik's or any other scheme., It seems doubtful whether
any scheme could adequately separate the effects of different
mycorrhizal fungi (on the morphology of ectotrophic mycorrhizas) from

the effects of season, host and soil environment.



2, SOURCES OF MYCORRHIZAL INFECTION,

The existence of viable mycorrhizal propagules, perhaps
including basidiospores of mycorrhizal fungi in the soil, is vital |
to the establishment of ectotrophic mycorrhizas, Robertson (1954)
and Laiho and Mikola (1964) have established that basidiospores
swviving in soils can account for the ectotrophic mycorrhizal
infection of the long roots of seedling pines. In addition, there
are reports of successful mycorrhizal syntheses using basidiospores,
or mycelial suspensions, in association w:ith peat moss, leaf litter
or grain (Hatch, 1937; Rayier, 1938; YcComb, 1943; Gilmore, 1968;

Harley, 1969; Briscoe, 1959; Bowen, 1965, 1966; Park, 1969).

iiycorrhizal infection may aiso arise from rhizomorphs and
hyphal strands of mycorrhizal fungi existing in the soil., Such
étructures may remain viable in the soil for many years after the
decline of the host, Rayn\ér and Neilson Jones (1944) reported the

occurrence of Boletus bovinus rhizomorphs in almost treeless heathland,

It may also be possible for mycorrhizal fungi to occur as
root fungal sapi-ophytes. Romell  (1938) has demonstrated that

Boletus subtomentosus survived as such a saprophyte and formed

fruiting bodies when the roots of the host, Pinus montana, were

isolated by trenching, Dominik (1556, 1961) has reported the

formation of a mycorrhizal association between Pinus montana and

Fomes annosus, normally a virulent perasite. Boullard (1961, 1962)

has shown a similar relationship between Armillarea mellea and Sitka




spruce. Cenococcum graniforme (probably a sterile ascomycete) is

widespread both in soils previously bearing no known mycorrhizal
host and in soils previously bearing suitable hosts., The fungus
. can readily form ectotrcphic mycorrhizas with almost any host tree

' fram mycelial or sclerotial propagules.

Once mycorrhizas have been established, whatever their
source of infection, there is a simple progressive spread of
mycorrhizal infection to other uninfected roots, and to uninfected
trees (Mitchell, 1939; Roeloffs, 1930). Tn their first year of
growth in new nursery soils conifers usually form unbranched
mycorrhizas; Sinmple, non-dichotomous, mycorrhizal roots are more
cammonly found on trees growing in ground previously bearing conifers.
In their first year of growth in any soil, nursery pines have small
mycorrhizal roots which are either unbranched or simply forked, In
their second year these pine mycorrhizas  becomse branched; addition-
ally, they grow in three o\r four seasonal phasses throughout the year,
'Subsequent develcpment of: the mycorrhizal roots is related to this
seasonal pattern of growth, The predaminance of mycorrhizal fungi
in the root-growing season may be due to the preferential stimulation
of mycorrhizal fungi by root exudates. Seasonal decline and variation
of nvc'orrhizal roots‘ may be caused by the replacement of mycorrhizas
with other root infections (Robertson, 195k; Wilcax, 1968; Krupa

and Fries, 1971).

Il .



'3, ISOLATION OF MYCORRHIZAL FUNGI AND THE SYNTHESIS OF

MYCORRHIZAS IN VITRO,

About one hundred of these mycorrhizal associations have
been confirmed by the pure culture technique of Melin (1936) which
is the accepted means of establishing whether a fungus forms
mycorrhizas, In this technique a mycorrhiza is synthesised in vitro
between an aseptically grown seedling and a pure culture of the fungus.
The m;ycorrhizal anatomy is confirmed by microscopic examination of
sections cut from these mycorrhizal roots (Melin, 1936; Hacskaylo,

1953; Trappe, 1962).

Several early attempts were made to isolate the fungal
associates from mycorrhizas; Miller (1903) and Peklo (1913) only
isolated rhizosphere organisms; more recently workers have success-
fully isoclated mycorrhizal fungi from mycorrhizal roots (Harley and
Waid, 1955; Waid, 1957; Arnold, 1959; Zak and Bryan, 1963; Zak and

Marx ,: 1 9 64) -

Fungal cultures derived fram the sporocarps of basidio-
mycetes, fruiting in stends of trees whose rocts bear ectotrophic
nwcorrhizas, are readily identifiable and as such have been useful
for research work (Melin, 1936; Hacskaylo, 1953; Zak, 1969; Ferry,
1964). However the question of other basidiomycete mycelia

'pa.rasitising the sporocarp of these fung:. then arises (Watling, 1964,
1971; Griffith end Barnett, 1967). '

5.



Various results perhaps suggest that the mycorrhizal
relationship consists of more than the 'simple' symbiosis of two
organisms; Mikola (1965), Laiho (1967), and Vozzo (1969), have
shown that nursery seédlings of coniferous trees inoculated with
pure cultures of ectendotrophic mycorrhizal fungi do not respond
as well as those receiving a soilinoculum, Similarly Mosse (1962)
using an inoculum of an Endogone species failed to produce endo-
tfophic mycorrhizas in the vascular tissue of strawberry j;)lants »
but succeeded when she introduced a third organism, a fseudomonas

species, into the system,

Both Zak and Marx (1964) and Lamb and Richards (1970)

" have shown that it is rarely possible to identify fungal isolates
taken from tree mycorrhizal roots using, as a comparison,isolates
from the sporophores of basidiomycetes regularly fruiting near the
host tree, Both groups of workers have concluded that fungal species
active in forming ectotropi’xic mycorrhizas are more numerous than

has been reported; they also conclude that basidiomycetes commonly
tested as mycorrhizal associates often have a minor role in

mycorrhizel formation in the field. For example, Lamb and Richards

(1970) could isolate neither Rhizopogon roseolus nor Boletus

sranulatus from the mycorrhizal roots of Pinus radiata, despite

the fact that fruiting bodies of these fungi were present., Present
reports of myoorrhizal associates must be treated with reservation;

for example Trappe (1962) lists Rhizopogon roseolus and Boletus

anulatus, with sixteen other fungi &s mycorrhizal; his main



evidence is the occurrence of sgporophores of these fungl in association

with Pinus radiata,

Obviously techniques which can positively identify the

fungal associates isolated from xm/cox;rhizal roots need to be developed.
Dominik (1956, 1959) and Daminik end Boullard (1961) have developed .
- field keys to assist in the identification of the mycorrhizal fungus
from the morphology of the host mycorrhizal root., These keys are

of limited value since morphological variation of ectotrophic
mycorrhizas occurs within a small range of vsoil emiroﬁment (zak

and Marx, 1964). In consequence, Zak {1969) has developed a technique
to identify the mycorrhizal fungus from the attached sporophore
enploying ultra-violet fluorescence to trace the soil rhizomorphs

and hyphae leading fraom the mycorrhizas to the surface sporophores.

In view ‘of these observations, perhaps it is better in'
\

laboratory syntheses of ectotroi::hic nxycorrhiéas, to isolate fungi
from mycarrhizal roots rather than from sporcphores., There are
problems concerning the identification of the mycorrhizal fungus
-isolated from mycorrhizal roots, but the chances of successful
mycorrhizal syntheses ‘using mycorrhizal root isclates should be
higher; In addition, the artifical formation of ectotrophic
V mycorrhizas, using pure cultiures originating from sporophores, does

not necessarily reflect the reguler ability of these fungi to form

mycorrhizas under natural conditions,



4. SEASONAL DEVELOPMENT OF MYCORRHIZAL FUNGI ON PINE ROOTS,

The pine root system consists of long lateral roots,

same of which branch frequently to form long and short root tips,
Both latter types of root tip show recurrent seasonal cycles of
growth and dormancy and these root tips are colonised by mycorrhizal
and non-mycorrhizal fungi (Ladefoged, 1939; Aldrich Blake, 1930;
Robertson, 1954; MacDougael and Dufrenocy, 1944a, 19445; Kramer, 1949;
Orlov, 1957; Wilcox, 1964, 1968a, 1968‘0). Mycorrhizal fungi seem

© to predominate during the (root) growing season (¥ilcox, 1968b).,
Ndn—nvcorrhizal fungi may bécbme dominant during the dormant season
(Katznelson et g1 1962). Robertson (1954) has noted that there

is an inverse relationship beitween M, radicis atrovirens beheving

as a facultative parasite on the tips and bases of the long roots
of P, sylvestris and the mycorrhizal infection of the short root
tips. He attributes this 'r\relationship to the early death and |
collapse of the cortex of the long roots which do not develop into

mycorrhizas, and consequently form a substrate for the parasitic

fungus.

Following dormancy, reactivation of the meristematic
tisgue of the long lateral.roots and thellong and short root tips
occurs, Since there is a lag between the onset of root growth and
subsequent mycorrhizal infection, mycorrhizal fungi would seem to
be stimulated by ﬁmeristematiq reactivation of root tissue rather_

than vice versa (Wilcax, 1954, 1964, 1967, 1968a).



Robertson (1954) has shown that in Scot's Pine, long
lateral roots ai-e normally infected by a Hartig net, Short roots
are commonly n&corrhizal, the source of infection being the Hartig
net which extends along the long lateral root, Hyphal growth from

the Hertig net is stimulated by the reactivation of the long lateral

root, and even a delay in the growth of the fungus appears insufficient

to permit emerging short root laterals to escape infection from the
Hartig net. Only first order laterals and large'pioneer! roots
can grow sufficiently rapidly to escape infection by the Hartig
net, When this occurs new lateral roots become fungal-free, but

may later become infected from another source,

The nycorrhizal development of Scot's Pine seedlings
occurs three to fowr weeks after the formation of the first short
roots (Laiho and Mikola, 1964). These authors have ho;:ed that
mycorrhizal develcpment of: Scot's Pine seedlings continues steadi.ly.‘
throughout the growing season, with up to 60% of the short roots
becoming infected by the end of the first growing season, and up to

90% by the end of the second growing seasacn,

Ladefoged (1939) has also noted a relationship between
mycorrhizal activity and the growth of shorit robts in Norway spruce,
In this instance the relationship between short root growth and
mycorrhizal activity occurred from mid June to mid July; this period
- of growth was followed by a decline of mycorrhizal activity and
‘shoz"t root growth, Strong development of short rooté and mycorrhizal

activity recommenced in August. This activity lasted until mid

9.



August and was followed by a further decline,

Conditions of sail nutrient deficiency or unbalance seem
to favour the development of mycorrhizas (Melin, 1917; Kessell, 1927;
Roelloffs; 1930; Cheyney , 1932; Hatch, 1937; Kramer and Kozlowski,
1960; Rayner, 1938; Dimbleby, 1953). In these conditions of soil
nutrient deficiency, the carbchydrate status of the whole plant
is likely to be high, but this is perhaps incidental to mycorrhizal
formation (Harley, 1969). The ca.rbohydrate status of the tree root
may vary, depending on the dormancy or activity of the root meristems,
and this may explain thevappearance, the disappearance, and the
varying activity of both mycorrhizal and non-mycorrhizal fungi cn

the host root surfacs,

20.



21,

5. THS FUNGAL INFLUENCE,

In the early.stages of mycorrhizal root development
the extent to which the fungus influences the gross morphology
and the anatomy of the mycorrhizas is not clear, However, later
morphological development, i.e. regular dichotomous branching of
the mycorrhizas, is clearly influenced by the fungus (Warren Wilscnl‘x,
1951). - ' | |

In a review in 1958, Slankis reported that a root
morphology closely resembling that of mycorrhizal roots can be
obtained with externally applied auxin., Ke noted ho}féver, that
non-mycorrhizal roots of Scots Pine may became dichotomous in the
absence of externally applied auxin, He believes (1948, 1949, 1950,
1951, 1967) that the particular morphology of mycarrhizal roots is
due to a state of hyperawtiny caused by the production of auxin by
the mycorrhizal fungus, ‘I‘.‘he cbservations of lioser (1959) , Ulrich
(1960) and Hanak (1964)  support this view, A number of
mycorrhizal fungi are knowvm to be capable of synthesising indole-
acetic acid from tryptophan, and Levisohn (1960) has noted that
tryptophan (a knom precursor of indole-acetic-acid) caused root
forking in pines., Hc;r.vever, Ritter (1968) shoved that enzyme
preparations from pine and birch roots which normally caused
indole-acetic acid destruction (and therefore regulate levels of
inddle-acetic acid in root tissues) were inhibited by culture

solutions of Boletus bovinus, Inhibition of -these enzymes would

cause hyperauxiny in mycorrhizal roots and induce changes in the
root morphology; this would give rise to the root structures peculiar

to ectotrophic mycorrhizal roots,



22.

6. THE HOST EFFECT.

Most workers have assumed that anatomical and gross
morphological differences between the host tissues of mycorrhizal
and uninfected roots relate to fungal activity, However Warren-
Wilson (1951) has found evidence of ageing in the foot apices in
uninfected beech root tips, and suggests that these branch rootlets
- growing in natural soils may become modified before mycarrhizal
infection., In addition, in some circumstances, the effect of the
tree host is very obvious, For example, the gross morphology of
mycorrhizas developing on infected pine and beech roots are basically
different, Infected pine roots produce dichotomous mycorrhizas

whilst beech roots produce simply branched mycorrhizas,

Harley (1969) suggested that two morphogenetic changes
occur in established mycorrhizal roots, The host root itself under-
goes an ageing process (sée sbove) end concurrently there is a
maintenance of grovth and branching due to fungal activity. It may
be that certain chemical products implicated in mycorrhizal formation
in vitro, e.g. the M-factor (lielin, 1954, 1959) do not necessarily

affect the morphogenetic development of mycorrhizas.



7. CAREBON NUTRITION,

Clearly,in order to function,the mycobiont requires a
supply of carbon and energy, Bjorkman (1942) and others have
claimed that thg development and maintenance of mycorrhizas depends
on a s\upply of c&rbohydrates"in the roots of the tres and the
general consensus of opinion seems to be that this is so, Foster
and Marks (1966) have shown that cells of the root cortex of

Pinug radiata, uninfected by the mycorrhizal fungus, contain starch

filled anmyloplasts; cortical cells in contact with the mycorrhizal
fungus of the Hartig net contain empty amyloplasts. Most known
mycorrhizal fungi 1lack. cellulase (Melin, 1946) and seemingly
need to obtain carbohydrates from the host roots, However,certain
mycorrhizal fungi are excepf.ional in that they are able to obtain
their orm carbchydrate supply from t‘a; breakdosmn of insoluble
orgenic matter (Younz, 1940). liacDougal and Dufrency {1944, 1946)
isolated mycorrhizal pine \\‘roots symbiotic with Elavhomyces species
and maintained these isolated roots in a medium containing organic
carbon for 28 months, They suggest that some of the root wood
synthesised may be from the carbcdhydrate produded by the mycorrhizas;
an alternative explanation might be that the root grew as an
excised structure and- supported the fungus. Soil carbon dicxide
may also contribute to the carbon supplies of mycorrhizas . in vivo
(Brierly, 1955). Harley (1964) has demonstrated that beech
mycorrhizas assimilate labelled bicarbonate ions; into labelled
intermediates,

Carbon, in the form of various carbchydrates obtained

from the host roots, is converted by the mycorrhizel fungel sheath

23.



into forms which cannot be utilised by the host. Lewis and Harley
(1965) found that 55-75% of stump applied 15 sucrose passing
into root tips was found in the fungal sheath as trehalose,

mannitol, and glycogen.

Tranquillini (1959, 1964) has calculated that 40% of the
photosynthate translocated to the roots of beech seedlings would
be used by mycorrhizal fungi., Harley and licCready (1965) and
Harley (1969) note that the fungal sheath contains 39% of the dry

weight of excdsed mycorrhizal roots of beech,
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8. FUNCTIONING OF MYCORRHIZAS AS ORGANS OF ABSORPTION,

There have been many reports (see reviews by Hatch, 1937;
Rayner, 1927; Rayner and Neilson Jones, 1944; Levischn, 1958;
Hackskeylo, 1969; Herley, 1971 and Fortin and Pineau, 1971) of
incrgased growth of trees whose roots are infected by mycorrhizal
fungi, compared with trees whose roots are not mycorrhizal., MNany
of these reports of increased growth concern trees‘inf'ected with
mycorrhizal fungi developing in infertile soils or in soils lacking
cne or more major elements, Parallelling these cbservations of
increased tree growth there are reports of increased nutrient uptake
in such infected trees. Conditions of optimum or exces-s soil
nutrition do not necessarily prevent mycorrhizal develolﬁmen‘c but
usually reduce the intensity of mycorrhizal infection (Rosendahl, )
1943; Stone, 1550; Stane and lkicAuliffe, 1954; Linnemen and leyer,
1958; Richards, 1961, 1963). This increased growth of trees
bearing mycorrhizal roots is associated with an increase in dry
weight and an increase in both root tips and branches campared with .
trees that do not possess mycorrhizas (Hatch, 1937; Morrisson, 1961;
Vakeley, 1965; Rayner, 1939; Rayner and Levischn, 1941; Rayner.and -

Neilson Jones, 194k; White, 1941; Finn, 1942; Rosendahl, 1943).

Hatch (1937) has pointed out that the surface area of the
tree root tips increases when the tips became mycorrhizal; he also
indicates that the hyphae radiating from the mantle into the soil
" will increase the absorbing area, Hatch inplies from this that the
benefit of mycorrhizas to the host arises directly from an increase

'in the host root absorbing area, However, there would seem to be



no advantage in replacing host root hairs s Which are abundantly

developed in fertile soils, with mycorrhizal fungal extensions.

Melin et al (1950, 1952, 19532, 1953b, 1955, 1958) have
established that hyphae actively absorb and translocate nutrients
fram synthetic media to the host, via mycorrhizal roots, Voight .
(1969) has suggested that mycorrhizas initiate most of the nutrient
cycles in infertile soils, These soils (defined by Voight) are
characterised by the lack of one or more of the soil nutrients
absorbed by either uninfected root tips or by mycorrhizal roots
(and their soil hyphal extensions), Voight also accords the
presence of mycorrhizas to the lack of corganic cr inorganic colloids
in these infertile .soils. Othe.r work has shown that the mycelia
radiating from the mantle of mycorrhizal roots can solubilise the
soil silicates contained 'in the soil particles, absorb the released
ions and transpori these ions to the tres root system (Rosendahl, 194}3
Wilde and Iyer, 1962; Henderson and Duff, 1963; Voight et al, 1964; |

Voight, 1969),

On a per plant basis mycorrhizal roois contain twice as
much nitrogen and potassium, and four times as much phosphorus,as
non-mycorrhizal roots; Vhen these same results are expressed on a
unit dry weight basis, the same mycorrhizal roots can contain twice
as much phosphorus as non-mycorrhizal plants, but there is anly a
small difference in the plant contents of nitrogen and potassium
(McComb, 1938, 1943; lMcComb and Griffith, 1946; Mitchell, 1939;
Kramer and Wilbur, 1949; H&rley and lcCready, 1950; Morrisson, 1961).

Herley and McCready (1950) have shown experimentally that excised

2b.



2).

roots of beech absorb labelled phosphate more efficiently than

uninfected roots,

In certain soil conditions relating to seasonal changes,
uptake of phosphate from the soil decreases and phosphate within the
fungus is mobilised and enters the host (Kramer and Wilbur, 1949; |
Harley et al, 1950, 1952a, 1952b, 1953, 1954, 1955, 1958; Clode,
1956; Lobanov, 1960; EBowen and Theodorou, 1967). In addition there
is same indirect evidence that mycorrhizal roots sonehow stimulate

the accunulation of nitrogen in plants,
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9. THE PROTECTIVE FUNCTION OF MYCORRHIZAS,

(a) ANTIBIOTICS.

In pure culture many ectotrophic mycorrhizas produce
antibiotics active against root pathogenic fungi and bacteria, but
these antibiotics have not so far been demonstrated to be functional
biological control mechanisms under natural conditions, On the
other hand, mycorrhizal fungi may be directly influenced by anti-
‘t;iotics produced by soil actincmycetes (Muller, 1960) and by soil

fungi (Rayner and Neilson Jones, 1944; Levischn, 1952).

Ectotrophic mycorrhizal roots may be less susceptible«to
infection by root pathogens than non-mycorrhizal roots, Zak (1964)
has postulated that mycorrhizal fungi may protect root tips from
infection by fungal pathogens in a number of ways; firstly, by
utilising root carbchydrates and other exudates e;nd reducing the
‘attractiveness' of the ro\ot to pathogens; secondly,by providing a
mechanical barrier to the pathogens in the form of a fungal mantle;
thirdly, by producing antibiotics which may inhibit or kill
the potential pathogens; and fourthly, by attracting a 'pbotective'

rhizosphere population around a mycorrhizal root system,

There is some evidence for Zak's postulates; for example,

Rypacek (1960) has shown that cultures of Boletus variegatus were

antagonistic towards some parasitic wood destroying hyphomycetes,

Phellinus hartieii, Paxillus atromentarius and Fomes marginatus, but

not towards some seprophytic wood-decomposing fungi, Osmoporus

gderatus, Schizo;ohvllurﬁ commme and Xyleria hyooxylon. In addition,
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Sasek (1967) and Sasek et al (1968) demonstrated antibiotic activity

in a variety of mycorrhizal basidiomycetes against Rhizoctonia solani;

similarly Hyppel (1968) noted that the in vitro growth of Fomes
annosus was inhibited by 40 of the 85 mycorrhizal fungus isoclates

tested. Hyppel cites isolates of Boletus bovinus and Boletus

variepatus as the most antagonistic to the growth of Fomes annosus.

Santoro and Casida (1962) established that acetone extracts of

Boletus luteus were active against gram positive bacteria..v Histological
evidence for Short Leaf and Lob lolly Pine mycorrhizas with intact
mantle and Hartig net showed that both Pines were resistant to

infection from zoospores of P, cinnamomi (Marx and Davey, 1969, a and b).

Santoro, Grand and Casida (1964) found that an antibiotic

- produced byGnococcum graniforme was active against bacteria, yeasts,

4

aﬁd actinomycetes, Production of antibiotics by m,ycorihizal fungi
msy effect their hosts directly by altering cell wall metabolism or
cell permeability or indilrectly by preven‘clin,g pathogenic infection
'(S&nt-oro and Casida, 1962; Zezlk, 1964; Hypell, 1968; Ma.rx; 1969, a and b).

Marx and Davey, 1967, 1969a, 1969b; Marx and Bryan, 1969).

Recently Krupa and Fries (1971) have shown that Boletus
variegatus produces ethanol, iscbutanol, isocamyl alcohol, acetoin,
and iso-butyric acid; both isobutanol and isobutyric acid are known

to be generally fungistatic. Infection of Pinus sylvestris roots

with Boletus variecatus results in the accumulation of wvolatile

terpenes and sesquiterpenes in concentrations two to eight times

greater then in uninfected Pinus sylvestris roots. lelin and Krupa

(1971) found that these terpenes and sesquiterpenes were fungistatic.
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Vapour from‘the terpenes and sesquiterpenes inhibited growth of

Boletus variepatus and Rhizopogon roseolus from 55% to 8&%. The

suggestion is that terpenes and sesquiterpenes restrict the growth
of the mycorrhizal fungi within the host roots, whilst producing a

resistance of mycorrhizal root systems to root pathogens.



9.. IHE PROTECTIVE FUNCTION OF MYCORRHIZAS,

(b) EXUDATES,

Despite extensive evidence for the exudation of organic
material from roots, and the probable role of such compounds in
setting up and maintaining a rhizosphere population and.nwcorrhizas,
there is little evidence of any specific effect of root exudates on
& normal microflora. The volums of soil around the root into which
exudates diffuse, and the extent to which exudates are adsorbed by -
soil colloids,is unknown, Schroth and Snyder (1960) have demonstrated
that the root tip is the most important zone of root exudation.
Katznelso}igzaétnd Peterson (1962) have fourd that the rhizosphere of
Yellovw Birch myccorrhizal roots contained a different population of
fungi, and a larger pcpulation.oz" bacteria, than the fhizosphére of
non-nycorrhizal roots, These different rhizosphere populations are

likely to reflect the presence or absence of potential mycorrhizal

Voo
AY
\

fungi,

Chramatographic analyses performed on root exudates
indicate that .t‘ney contain vitamins, organic acids, carbchydrates
and many other compounds (Melin and Das, 1954; Rovira, 1956; Krupa
and Fries, 1971). Frenzel (1960) used specific mutants of Neurospora
to show that threonine and asparagine exude fram the root tip of

Helianthus annus, whilst leucine, valine, and phenyl.alanine exude

in greater amounts from the root hair zane. In addition Rovira
(1965) reviews the work of many researchers and lists the amino
aéids exuded from different parts of various plant roots. With

regard to the effects of environmental patterns Rovira (1959) has

3l



shown that high light intensity increased amino acid exudation in
plant roots, Slankis (1958) demonstrated the appearance of

photosynthetic&lly fixed 11“0 in many of the compounds which form

the root exudates of Pinus strobus; malonic acid was the major

radiocactive exudate,

There is much evidence that root exudates contain substances
which are essential to the vigowr of mycorrhizal fungi, elin -
demonstrated the existence of substances stimulating the growth of
mycorrhizal fungi in the exudates of excised pine J.coots (1925), in
yeast extract (1939), and in fresh leaf litter (1946). Later (1954)

he showved that the grovth of both Boletus variepatus and Boletus

elerans was increased in the presence of tomato, wheat, hemp, or
pine roots. He termed the factors causing this stimulation the "'

factor or stimulating principle., Iielin also demcnstrated that some

mycorrhizal fungi, for example Russula spp, Lactarius spp and Cortinarius
\

rholiota, were completely dependent on the presence of the 'M' factor
for their growth in culture. He found that low concentrations of 'iff

factor stimulated Boletus variepgatus, whilst high concentrations

inhibited growth of the fungus. He suggested that inhibiting and
stimulating o@rinciples were obtained from different parts of the
root system; the older roots producing inhibitory subs‘cances", whilst

the younger primary rootlets produce stimulating principles.

32.
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10, IHE BREAK-DOWN CF SYMBIOSIS.

Ectotrophic mycorrhizas on the roots of forest trees are
generally accepted as necessary for the survival and growth of
trees in acid, nutrient-deficient soils (Melin, 1917; Rayner, 1938;
Dimbleby, 1953; VWright, 1957; Hacskaylo, 1972; Persidsky and Wilde,
1960; Park, 1971). Hatch (1937) found that the addition of balanced
nutrients to soil resulted in poor mycorrhizal formation and
concluded that ‘l-;he intensity of mycorrhizal formation was controlled

by internal nutrient levels in host roots,

Under certain conditions the mycorrhizal fungi may behave
parasitically, and this was shown by ilelin (1922, 1923, 1927), who
considered that vigorous mycorrhizal fungi may parasitise plant roots. _
Laing (1932) has repcrted the destruction of root tissues by
mycorraizal fungi, and thg canplete destruction of all tissues external

A

to the endodermis, &s ccumon on peaty soils,

Septate hyphae of ectotrophic mycorrhizas of Pinus radiata

were observed by MacDougal and Dufrenoy (1944b) to destroy the
epidermal and hypodermal cells of the root, to traverse the middle
lamella of the cortical cells, and to send hyphae into the vacuoles

of thess cells,

It can be seen from the above brief survey that the nature
of the relationship between mycobiont and host is a finely balanqed
' one. In fact Dominik (1961) and Boullard (1961, 1962) have noted the
converse, that is the development of mycorrhizal roots as a result of

infection by Fomes annosus and Armillarea mellea, both comman root

pathogenic fungi.



“11. THE EFFECT OF S0IL STERILANTS, FUNGICIDRS,

INSECTICIDES AND HERBICIDES (BICCIDES) ON }MYCORRHIZAS.

Under certain conditions of nursery practice, unequal
application of either soil sterilants, fungicides, insecticides or
herbicides (biocides) from different soil treatments may lead to
relatively high concentrations in the soil. These soil concentrations

of active biocides may bte higher than the annual applications, -

High biocide concentrations in tfxe soil may indirectly
affect the inoculum potential of any mycorrhizal fungal pfopagules
in the nursery soil; hence affecting the degree of 'mycorrhizal '
~ infection of nursery seedlings. High levels of biocides in the soil
may also affect the distribution of roct pa’ch;agenic fungi and thus'
indirectly affect the development and morphology of the nursery

seedling roots,

The canssquent ability of these nursery seedlingé to
survive under forest conditions is likely to be dependent on the
effect of the nursery practice on the development of the myc.orrhizél
roots, lycorrhizas are known to be protectants against soil pathogens,
and any lag in mycorrhizal'development is likely to impede the host
root's immunity against root pathogens (Afshapaurgd1967; Sobotka,

1968, 1970).

Soil sterilisation

In certain soil conditions (where the populations of root

34
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pathogens may present a considerable problem), complete soil
sterilisation effectively controls the spread of root disease, This
conplete soil sterilisation often causes a "biological vacuun" ; however,
resuiting in the long term absence of mycorrhizal fungi, and the

relatively rapid reintroduction of root patho-genic fungi.

Hence in established nursery practice, there is a tendency
towards the minimal use of spil sterilants, and tovards the use of
partial sterilants which do not ccrrrplétely sterilise the soil. For
example, ethylene dibromide, carbon disulphide s formaldehyde,
chloropicrin and methyl bromide can partially sterilise the soil,
temporarily reduce the numbers of soil micro organisms and selectively

destroy the most vulnerable root pathogenic .and saprophytic fungi.
Survivors of this pertial soil sterilisation (which usually include

Trichcderma virids) grow profusely and beccme antagonistic toward

root pathogens such as Rhizoctonia spp. This rapid growth of the

Al
survivors is atiributed to the increased energy being made available
to the nitrogen fixing bacteria present in the soils; these bacteria

consequently raise the levels of ammonia, nitrate, and amino acids

 present in the soils( Altman, 1963, 1964, 1970; Altman and Tsue, 1965).

Several workers have noted that root pathogenic fungi
either become resistant to soil sterilant or, dus to their inherent
resistance, occupy the 'void' caused by the death of susceptible fungi.

For example, & low application of chloropicrin may be followed by an

attack of Verticillium albo-atrum, while soil applied PCNB irhbits



RhizootoniaA solani but not Pythium spp. Surface soil treatmehts of
"Vapam' protect the crop roots throuéhout their early growth, but
thhium spp. &nd Phvtovhora spp. may later infect tap roots which grow
down to the lower leyer of untreated soil and hence infect the whole
root system (Baker, 1970). Consequently, soil sterilisation may
result in the absence of soil fungi for comparatively short periods
of time, The soil may be effectively sterilised to five cm, soil
depth, .but below this level root pathogenic fungi are active and can
he rapidly reintroduced into the uppér soil layers, ZFollowing such
soil sterilisation a normal soil microbial pcpulation is eventually

restored and root pathogens may again become prevalent (Brind, 1965).

Since mycorrhizal fungl are most common in the upper soil
layers (Kreutzer, 1965), soil sterilisation often results in the long
term absence of mycorrhizal fungi. Nowadays, because of the problem
of rapid re-establishment,of root pathogenic fungi, soil sterilants
have been latgely replaced by selective fungiqides. Pungicides used
for this purpose include PCHB, 'DD'and Dexon. : These
fungicides are both fur;gi-foxic and persistent in treated soils. and

~ they may not be as deleterious to the mycorrhizal fungus.

36.
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12, THZ ETFFECT OF SOIL AFPLIND STERILANTS AWD FUNGICIDES

ON TH¥ SURVIVAL OF NURSERY SEHDLINGS,

Levischn (1965) noted that after partial soil sterilisation
an improvement of tree seedling growth in nurseries bore no relationship
to either the 1evel of pathogenic root infection, or to the formation
of mycorrhizas. Benzian (1968) found that stunted tree seedlings,
growing on neutral soil, were improved by either acidifying the soil
or by partially sterilising the soil with steam, formalin, chloropicrin,
of chlorobromopropane, Beniian(1965), Ingestad and Xolin (1960), and
Will (1962) reported growth responses of conifer seedlings after
partial soi} sterilisation in nurseries where soil pathogens did not

_ normally appear to affect tree growth,

Ram Reddy, Salt, and Last (1584), and Griffin (1965), could
not find an adequate explfnation for the stimulation of the growth of
seedling conifers after pariel soil sterilisation. They argyed that
if the stimulation of tree growth was related'to the suppression of
soil pathogens, then tree growth responses would différ‘with seasonal
variations in the activity and growth of the soil pathogens, However,
this seasonal variation has not been demonstrated, A better explanation
has been put forward by Altman (1963, 196k, 1970), who suggested that
partial soil sterilisation increases the activity of'nitrogen fixing
bacteria, consequently increasing the level of soil nitrate, soil smmonia
and soil emino acids. These higher levels of soil nitrate, soil ammonia
and soil amino acids are easily assimilated by the nursery seedlings,
irrespective of any damage to their roots by soil pathogens, Consequently,

healthy nursery seedlings can sometimes be grown on partially sterilised
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soil containing no effective mycorrhizal fungi,

Hovever, there are some reports that the elimination of
mycorrhizal fungi by either soil sterilisation or soil applied
fungicides may severcly reduce the uptaeke of phbsphorus ahd other
essential elements from sﬁils which possess these nutrients both La
abundance and in readily absorbable forms (Henderson and Stane, 1967;

Iyer Lipas and Chesters, 1969),

There is a report by Henderson and Stone (1967) that phosphorus
deficient nursery seedlings though epparently healthy and shcwmmg‘
vigorous growin m2y have such reduced root systems that the subsequent
survival of these seedling trees when transplanted in to fcrest
conditions may be significantly decreased., Similarly, Iyer, Lipas,
~and Chesters (1569) found that the prolonged use of 'Ryione' and
'Vapam' in nurseries bearing Red Pine seedlings increased the
seedlings' nitrogen contest, at the same time decreasing both potassium
and phosphorus contents of the seedling foliage., ‘Iyer,Lipas and

Chesters found that the nursery seedling trees were characterised by

their succulent shoots and small root systems,
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13. _THE EFPSCT OF FUHIGICIDES AND HERBICIDES ON MICORRHIZAL FUNGI.

The effects of fungicides and herbicides are easily quantified
by examining the shoot:root ratios, the development of the root system,
the root surface area, the density and succulence of tissues (Iyer
and Wilde, 1965; Iyer, 1964). An accurate assay of their effect on
the soil mycorrhizal fungl can be made by assessing the degree of |
mycorrhizal infections of aseptic tree seediings transplanted into
soils treated with either fungicides or herbicides (Wilde,.1954;
Persidsky and Vilde, 1960; Voight and Persidsky, 1956; Palmer and

Hac si{aylo, 1957).

Using the latter techniques it can be shavn that soil
applied fungicides such as allyl alcchol, formaldehyde, and metﬁyl
bromide, can epparently have a deleterious effect on the ectotrophic,
rhizoplene, and rhizosphere fungi of forest tree roots (Wilde, Voight
and Persidsky, 1956; Palmer and Hacskaylo, 1957; Persidsky and“-‘iilde ’
19603 Iyer and Wilde, 1965; Laiho and Mikola, 1965), Other soil
applied fungicides seem to disrupt the nycorrhizal synthesis, either
affeéting the host tissues or mycorrhizal morghology (Sinﬁ:auer and Shenefelt,19%

Persidsky and Wilde, 1960; Nesheim and Linn, 1969).

Other soil applied fungicides, for example allyl alccho]

and ‘thiram'affect the coniferous root system rather than
the mycorrhizal fungi. Such fungicides may alter the number of short
roots 'and the root volume and this effect may rgsul’c in the apparent

decline in the nunber of mycorrhizal roots., This decline may be due



to physical. changes in the root system rather than changes in the
infectivity of the nycorrhizal fungi (Voight, 1955; Wilde, Voight

and Persidsky, 1956; Persidsky and Wilde, 1960).

Some herbicides,especially those belonging to the triazine
group,may indirectly affect the morphology of mycorrhizas, altering
the frequency of different ectotrophic mycorrhizal fungi. For example,
Uhlig (1966a, 1968b) observed that soil applied 'Simazine' stimulated

grovth of the nmycorrhizel fungl Tricholoma messundatum and Scleroderma

vulpare, This stimulation, he considered, improved myc orrhiz‘.al‘

formation on the host roots of Picea abies and Pinug svlvestris,




The present investigation was to investigate herbicide

effects on mycorrhizas, nycorrhizal fungi, and root pathogenic fungi.

Mycorrhizal fungi are known to be beneficial to host tree
roots; root pathogenic fungi are usually deleterious to the host,
Attempts were made to see if herbicides caused any break-down in the

'mycorrhizal relationship,

Simazine, Atrazine, 245T, Diclobenil, Chlorthiamid, and
2,6,Dichlorobenzoic acid were studied ‘to sée if they affected the
in vitro growth or the respiration rates of nycorrhizal and rooct
pathogenic funzi. The same herbicides were also studied to see if
they affected the respiraticn rates and the uptake of inorganic

rhosphate by myccrrhizal roots of P, svlvestris,

The egar plate and liquid culture experiments were
\
designed to determine the concentration of any herbicide effect on

the mycorrhizas cf P.svlvestris.

Both the mycorrhizal and the root pathogenic fungi chosen

for these investigations associated with either P.sylvestris or P.nigra,

The vegetative mycelium of these mycorrhizal and root pathogenic fungi
is probably most affected by herbicides. In order to ascertain the
selective stimulation or inhibition of any of these isolates by
herbicides, some of the work concerned the investipation of herbiéide

effects on pure cultures of mycorrhizal and root pathogenic fungi.

Reports in the literature suggest that Simazine and Atrazine

may stimulate both the development and population of rhizosphere organisms,



A report that Simazine stimulated both the in vitro and the

in vivo grovth of Tricholoma vessundatum and Scleroderma vulgare (both

mycorrhizal fungi), together with reports that Triazine herbicides
increased the growth and the overall vigour of commercially g,romi
crops, led to the assumption that these groups of herbicides might

affect the mycorrhizal statﬁs of nursery grown pines,



WATERTALS AND METHODS.

1., THE PCRM AND DEVEIOPIENT OF PTME ROOT SYSTELNS,

The root systems of two year cld nursery grown pines

* taken from F.orestry Cammission plots 458FY70 (Kennington, Oxfordshire)
‘and 83FY70 (Wareham, Dorset) were carefully examined and compared |
with existing classification schemes for pine roots (Aldrich Blalcé,

1930; Wilcox, 1984; Sutton, 1969).

The heterohyzic features of the pine root system, that
is woody, long lateral roots end non woody, short roots,described

by Aldrich Blake (1930) were identified.

Woody, long lateral roots »Were further classified into
'pioneer', 'mother' and 'subordinate mother' roots (Wilcox, 196%4).
'Picneer! roots were identified as roots with very short branches;
'mother' roots were sraller in dianmeter, shorter and plentifully

branched; 'subordinate mother' roots were still smaller in diameter

and more densely branched.

Short roots were commonly mycorrhizal; attention was paid

to the assessment of the form and develcpment of these mycorrhizal

roots,



a) Assessment of the form and development of Pinus root systens,

The Pine root systems of the nursery seedlings sampled

in 1970 were assessed as:

1. Total number of root tips -

2. Total number of root tips that are myccrrhizal
3. Fresh weight of the rc;ot systen:

4 ‘ Dry weight of the root system.

- The correlations between the four variates, together with standard
deviations for each variate, were calculated, A standard coamputer
programme developed by the University of Los Angeles Bio-ledical
Department (classified as ED 07, Stepwise discriminent analysis)

was used for the c,alcﬁlations.. Part of the' output from this programme

consists of:

1. Group means and standord deviations.
2, Yithin grows covariance matrix,
3. -Within grows correlation matrix,

To test the significance of the correlation coefficients

obtained for the 1970 assessments, a very large sample of 465 P. nigra

nursery seedlings was taken (in February 1972) from Wareham nursery,
plot 83FY70. In large samples (in the region of 500 or above) the
distribution of assessed values is symmetrical and usually
dis_tributed around a central average value; the correlation
coefficient tends to have a norrqal distribution with the mean and
the standerd deviation., Seedlings growing in forest plot 83FY70
(Wareham), in soils containing either 0, 1, 2, &, or 8 lbs
Simazine/acre, give a correlation coefficient of 0.96258 b 0.003L

between shoot fresh weight and shoot dry weight., It is safe to



assume that this correlation and some other very significant

correlations obtained have a value of 1.0.

Other correlations for smaller samples of trees have
similer values; for example the correlation coefficient of the

root fresh weight and root dry weight of 25, P, sylvestris seedlings

groving in forest plot 83FY70 (Werehem) is 0.9655 = 0.0054(Table 1).

Zven in these smaller samples the distribution of the
assessed variates must be normal, for all ihe correlations obtained
are approximately the same as those calculated for the larger sample,
Correlations between shoot fresh weignt and shoot dry weight,and
between root frech weigh‘c‘ and root dry weight,were high enough to
assurg that it was sufficient in subsequent experiments Jjust to

measure root and shoot fresh weights.
. |
There is scme correlation between the total number of
non-mycerrhizal short roots and the fresh weight of the root; for
. . + ; M
exarple P._svlvestris (Wareham) 0,70448 = 0,03 (254 sample size);

. [Tables | and 2)- "
P. nicra (Kennington) 0.78458 £ 0.0390 (232 sample size) J It seems

reascnable to suppose ‘that the numbers of non-mycorrhizal short

root tips must increase with an increase in either root fresh

weight or root dry weight. Hence the total number of short roots
per vwhole root systemmightbe estimated using a 'small sample of root
system. However, other characters of the root system bear no
relationship to any other characters,nor to themselves; for exémple
the numbers of ‘pioneer' and 'mother' roots ( Warehams -0.3377).
Since thers are very fewv, if any, root tips on 'pioneer' roots

(Aldrich Blake, 1937; Wilcox, 1964) and there is no relationship

-
.



between 'mother' and 'i)ioneer’ roots; the total number of rcot tips
per plant cannot be extreapolated fram the number of short roots

per gram fresh weight root system (Table 2).

For these reasons all the pot experiments and the
experiments sampled in February 1972 and November 1972 were assessed
for the number of 'pioneer' roots, number of *mother' roots (including
'subordinate mother' roois), as well as the fresh weight of the sﬁoot,
the fresh weight of the root, the numbei‘ of dick;otomous roots, the
nunber of mycorrhizas, the number of lateré.l roots a.nd the number of

short roots.
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Table 1, Some correlation coefficients obtained for seedlings of

P, sylvestris and P. nigra growing on forest plots

L58FY70 (Kenninoton), 83FY70 (Wareham), and in Thetford

Forest,

.

Wareham

Sample |Seedling Forest plot Cherscters assessed . Correlation
time Soefficient
Nov,70 |P.sylvestris VWareham Root fresh weight/number |  0.40179
of uninfected root tips

Nov,72 " " L - 0. 70446
Nov,70 " Kennington " 0.44295
Nov,70 |P.nigra Wareham " 0.54783
Feb, 72 " " " 0.53528
Nov, 70 n I(enn-ington " 0.78458
Nov,70 | P.nicra Wareham Root fresh weight/shoot 0.75403

’ fresh weignht
Nov,70 |P,svlvestris Wareham " 0.96213
Yov,70 {P.nirra Warehan Root fresh weight/root 0.86000

dry weight,

Feb,72 1 1 1 . 0.87718
Nov, 70 " Kennington " 10.61900
Nov,70 | P,sylvestris Kennington " 0.82010
Yov,71 n | Thetford n 0.95102
Nov, 70 " " 0.96550




Table 2, Soma correlation coefficients obtained for seedlings of

P, sylvestris and P.nisra growing in plant pots at

Bedford College.

‘E_:—g‘;:—e' Seedling Soil tyve Characters assessed gsgﬁgégziroi |
Nov,70 | P.nicra Wareham Root fresh weight/number - 0,49802
of uninfecteq root tips :
per gram
Nov,71 A Thetford " 0. 70490
Nov, 70 " Kennington " 0.60293
Nov,70 | P.svlvestris Wareham .n 0.56227
Nov,71 " Thetford " 0.67361
Nov, 70 " Kennington " 0.55453
Nov,71 | P.nirra Thetford Root fresh weight/shoot - 0.93426
fresh weight
Nov, 70 " Kernington " 0.76237
Yov,70 " Warcham " 0.87372
Nov,71 | P, sylvestris Thetford " 0.80438
Nov,70 " Kenningten " 0.9252%4
Nov,70 " Yarcham " 0.78246
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b) Assessment of the form and development of mycorrhizzl roots.

In order to understand the form, the development and the
assessment of the mycorrhizal roots of young nursery grown trees

of P, _syvlvestris and P, nigra, it was necessary to compare mycorrhizal

roots with theirmature counterparts,

Sanpling was carried out at monthly intervals on selected
Pines growing in Theiford Forest (té compere the seasocnal variations
in the form and development of mycorrhizal‘rpots). To‘ obtain a
reference for the various seasonal changes of nycorrhizal form,
ch&rac’.ceristic mycorrhizal material was photogrephed and mycorrhizas
confirmed by microscopic examination of cut sections., Ccmparison
of the morpholozy of ryccrrhizal roots cbtained from pines growing
in forest plots 458FY70 and 83FY70 with this reference collection
of photograrhs helped decide on suitable root sarpling times, the
method of root sarpling arnd any particular definition of m&corrhizal

morphology.

Careful attention was paid to the interpretation of
coralloid mycorrhizas; in particuler an attempt was made to see
whether this coralloid form originated from the development of

dichotomous mycorrhizas, or from another source,
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c) Fixation and sectioning of mycorrhizas,

It was sometimes difficult to distinguish between
mycorrhizal and non-mycorrhizel dichotomous roots and so a
proportion of mycorrhizal roots were fixed, sectioned and stained

for examination by light microscopy. Dichotomous roots of P,svlvestris

or P.nicra, either fresh or stored at AOC, were carefully cleaned in
running tap watoer and iransferred to either distilled water,
glutaraldenyde (2.5{%; pH 7.3) or FAA (formalin: glacial acetic acid:

alcchol (7070 ; 52 5: 90 (v/Av)).

Roots transferred to either FAA or glutaraldehyde wers
stored for the purposes of morphological examination and identification, -
Roots in distilled water were blotted dry and embedded in 3,5% Oxoid
Ion Azar No.2 at SOCC; the agar was then cooled quickly to 1%.
Inbedded mycorrhizal rcots were trimmed t0 5mm cubes a.nd frozen at
~70°C to an ice face fome\d ca the chuck of a Cambridge Rocking
licrotome, After 5 minutes freezing the block was trimmed to expose

the cutting face and placed in a Beck cryostat chamber at.—jOOC.

Sections 6-8 pxm thick were cut and mounted on clean glass slides,

Sections were stain;ed for ’15 minutes in an agqueous solution
of Methyl Green: Pyronin (0.75%: 0.15{%); rinsed in distilled water;
progressively dehydrated in alcchol and mox;lnted in Euparol, Some
sections were stained bui not dehydrated; these were mounted in

distilled water.

also
Sections were, examined by phase contrast microscopy.



2, THE EFFECT OF SIMAZINE ON T:HE MYCORRHIZAL RCOTS OF P, SYLVESTRIS

AND P.NIGRA,

To assess the effect of soil applied herbicides, mycorrhizal
roots of seadling trees groving in herbicide treated soils can be
compared with mycorrhizal roots of seedling trees growing in

herbicide free soils,

In order to assess both the residual and direct herbicide

effects an the mycorrhizal roots of P.svlivestris and P,nisra the

herbicide must be continuously applied, Since this is not practicable,
assessment of different application rates of herbicide usually consists
of’:

a) The acsesztent of the direct effect of the herbicide (this

usually takes place soon after the period of application), |

b) The assessment of the residual effect of the herbicide (this

usually takes place before the pericd of herbicide reapplication).

The determiration of soil site, seasonal and other emwviron-
mental effects on Pine root systems cannot be properly assessed; to
minimise this problem seedling pines were taken from statistically
designed nursery blocks, with at least four replicated tree plots for
each herbicide treaiment, Using such treated trss plots it should be
possible to separate the effect of the herbicide on the mycorrhizal

roots from other sits factors.

Since soil type is a direct reflection of environmentel

R ad

and physical conditions, different soil types may influence the

nature of the herbicide effect cn developing mycorrhizal roots,



a) Assessment of the effect of soil avplied Simazine on the

mycorrhizal roots of P,svlvestris and P.niora,

The assessment of the effect of Simazine on P, sylvestris

and P.nigra consisted of two cantinuocus experiments; one in Forestry

Commission nursery plots, the other in plant pots at Bedford College.

The trees used were from Forestry Commission growth
experiments carried out in nursery plots at Kennington and Warecham,
Sampling times were from October to February only; to assess the
periods of spring and summer growth the trees were sampled in October
or November. A single assessment for P.nisra, grw:.ng in the Wareham
FPorest nursery, chcved that wninfected root tips and mycorrhizal '

roots were fewer in February then November, Seesdlings of P,svivestris

and P.nicra,in 5" plant pots containing (a) chalky lcam (pH 6.5) from
 Thetford Forest, (©) heavy clay loam (pd 6.2) from Wilmington Forest,
(¢) sendy loam (g 5.8) from VWercham Ferest, were grown at Bedford
Colleze. These trees were used for experiments ’;o demonstrate the
effects of different soil types on the morphologzy and develcpment of
the Pine root systems; and to sse if this soil éff‘ect masked any

effect of different gpplications of Simazine.

52.



b) Desim of the experiment to assess the residual effects of

Simazine on P.sylvestris and P.nigra growing in nursery conditions -

at Wareham Forest and Kennington,

fhe forest nursery plots at Kennington and Wareham were
ones which had been uséd previously for "The Weed Control In
Nurseries Project" (No 320) cof t'ne. Forestry L?omnission. The object
of the above experiment by the Forestry Commission was to determine
the effect of repeated applications of Simazine on the shoot growth

of various coniferous species (see Figs, 1 and 2),

Por this experiment Forestry Commission staff had plahted
plots in early llarch 1970 and 1971 with two year old seedlings of

4

various coniferous species; including P.svlvegtris and P.nigra, The

conifers were planted in six foot rows (in plots each measuring four
sq. yards), the rovs being nine inches spart and the individual trees
at two inch spacinzs (see ‘Figs. 1 and 2). In late March 1970 and 1971,
Simazine, i.e, "Weedex 50", was sprayed between the newly planted
trees. Rates of application were 0, 1, 2, 4, and 8 lbs Simazine per

acre., Application rates for each plot corresponded to the preceeding

yearly applications for that plot.

Trees from this Forestry Camnission experiment were taken
for the present experiment to assess the residual effect of Simazine.

Twenty of the centre plants of each row of P,sylvestris and P,nigra

( together with samne soil surrounding their roots) were carefully

removed, placed in plastic bags,and teken back to Bedford Collegs foar

assessment,



Table 3.
The following is a brief synopsis of the treatments and other routines
used on the experimental plots L58FY70 and 83FY70 by the Forestry

Commission,

Prior to tree plantingas

1, | 10 1bs per sq. yard of well rotted hop wasée (75%) and
bracken (25%) was applied to the surface of each 4 sq. yard plot,

2, Superphosphate (NPX- 0:20:20) was applied to the surface
of the compost at the rate of 55 g per'sq.‘yard, and 'Ciserite' (¥g)
at the rate of 17 g per sq, yard, |

3. The coxpost and added fertiliser were forked into the top
6 = 8 inches of the soil,

On trez nlantines

L, In early llzrch seven trenches 8 - 9 inches soil depth were
dug across the experimental plot and the roots of conifers placed into

eacn trench two inches apart,
\

5e The tree roots ﬁere sprayed with EiC (Strobol,at a concentration

of 0.5 ml/1). )
6. The trenches were refilled with their soil and the tree roots
cormpacted,

After plantinges

7. In late larch the tree plots were sprayed with Simazine at
the rate of either 0,;1, 2, ki, or 8 lbs per acre,

8. Dressings of "Nitro Chalk" were applied monthly from June to
September at the rate of 22 g per sq. yard.

S In early September height assessments of thess trees, fogether
with assessments of effective weed control, wers undertaken by Foresiry

Commission staff. o ‘

10. In November P.nicra and P.svlvestris seedlings were taken

(Cont.)



“Table 3. (Contl

to Bedford College for further assessment, and the remaining seedlings

transplanted by the Forestry Cammission,
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On arrival at Bedford College the seedlings were carefully
washed in running water, repacked in plastic bags and relabelled.
The seedlings were stored at l;.OC until assessed, This assessment

took place over the following fortnight.

Assessment for the 1970 sample was as follows:
Fresh énd dry weights of the root.

Nuzber of mycorrhizal roots.

Nurber of non-mycorrhizal short roots,

Nurnber of dichotomous non-mycorrhizal roots,

Assessment for the 1972 sarple was as follows:
Fresh weights of the shoot arnd root.
. Number of myccrrhizel roots, )
Number of non-mycorrhizal short roots.
Nuxzber of ‘picneer rqots' (those with very few short root
branches), \‘
Nuzber of 'mother! and 'subordinate mother® roots ('subordinate
mother! roots ere even smaller in dlameter and more

densely branched than 'mother' roots).



Figure 1. Plan of the Forestry Commission's Wareham nursery expsriment

(Gesignated as 83FY70).
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Pigure 2. Plan of the Forestry Commission's Kennington nursery experiment

(designated L45EFY70)
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¢) Design of an experiment to assess the effects.of Simazine on

P, sylvestris and P.nigra grown in different soil types in a

controlled not experiment.

(1) Nursery soils.

Sarples of surface soil which had been routinely treated
for ten years with a’gﬁlication of L 1bs Simazine per acre by the
Forestry Commission, were seperately collected from Forestry
Comuission plots 83FY70 (Wareham), and 4587Y70 (Kennington) in
November 1970, together with untreated soils. Each soil was
"dispensed in 5" plastic pots (500 mls/pot).

Ten two-year-old plants of P.svlvestris and P.nigra were

potted in each of the Simazine treated soils, Twenty two-year-old

plants of P.sylvestris and P.niora were potted in soils that contained

no Simazine. The pots were randomly distributed on a gravel bed with
A

an eighteen inch spacing. In liarch 1971 and llarch 1972 the pots were

each treated with the relevant quantity (16mg)of Simazine (equivalent

to an applicationd4lbs Simezine per acre).

(ii) Forest soils,

Quantities of surface so0il from Brandon
(Thetford) Forest were collected in November 1970. Forty plants of

both P.svivestris and P.nigra were potted individually in the . soil

with in 5" plastic pots each containing 500 mls soil, Simazine was
epplied at the rate of 16 mg. per pot (equivalent to 4 lbs Simazine per
acre) to the surface of half the pots, and the remaining pots left

untreated, The pots were randomly distributed on a gravel bed with



an eighteen inch spacing.

In lMarch 1972 a further 16 mg. of Simazine was applied to
each pot. (No ocrganic or inorganic fertilisers or EIC wereused in

these experiments),

Plant pots (5") treated at the rate of 4 1lbs/acre Simazine
were weed-free but untreated plant pots were weeded occasionally,
The purpose of this weeding was to m:iniz.nise any differences bhetween
the levels of soil nutrients in the plént pots and to prevent the

weeds chcking the pines.

|

The assészment éf the nursery and forest soil pots was
undertaken in September 1972 and was as followss

Frech weight of root ard shoot.

The rurber of short roots/ gram ‘mother' root.

The number of mycorrnizal roots.

The number of 'pioneer! roots,

The number of ‘mother' and !subordinate mother' roots,

Totel shoot height.

Annual shéot growth.

The nuwber of branches growvn each year,

Length of shoot branches growvn each year,

Oversll growth of shoot branches.



3. TIE ISOLATION CF ECTOTRCPHIC MYCORRHIZAL FUNGI e

AND ROOT PATHOGENIC FUNGI,

Fungi known to form mycorrhizas or to parasitise the roots

- of either P.nigra or P,sylvestris were isolated in a variety of ways.,

Pure cultures of these isolated fungi were uszed to study
herbicide effects cn their in vitro growth, to synthesise mycorrhizés,

and to incculate plant pots containing either P, sylvestris or P.nigra,

a) The isolation of ectotrovhic mycorrhizal funsi

(1) from ectotrovhic mvcorrhizel roots.

ZXcised roots taken from purs stands of P,sylvestiris or

P.nirra were washed and placed in a 250 ml conicel flask containing

a trace of "Tween 20", and\ 50 ml distilled water, The rycorrnizal
roots were agitated for 30 minutes, then transferred to 30 mls 100 vols
hydrozen percoxide, After ten minutés irmersion the hydrogen peroxide
was removed and the roots washed with sterile water. Individual

mycorrhizal roots were transferred to agar plates (basic ion agar).

Alternatively, the surface sterilised fungal cortex was
dissected off the mycorrhizal roots and fragmented with sterile glass
beads, The mycorrhizal material was washed with sterile water and
the fragments incorporatgd into nearly solidified agar; alternatively
the fragments were transferred to Petri dishes containiné 40 mls agar,
Incubation was at 2500; specially prepared isolation I;lates

incorporating Neomycin and a systemic fungicide (Benamyl) for the

ol.



selective isolation of basidiomycete mycelia (Taylor, 1971) were

not usually necessary.

(ii) from perminating basidiosnores.

Germination of dried collections of basidiospores was low
or conq)letely' unsuccessful, Freshly collected spores germinated more

sucéessfully.

Portions of f'resh sporocarp tissﬁe kept cverﬁight at 4°C

- were attached with sterile glyceriﬁef to the rubber washer inside a
McCartney bottle top so that the spore or gill surface was exposed; the
whole assembly was screwed onto a lcCartney bottle containing sloped
basic ion agsr, After 48 hours at room temperature the bottle tops
and a‘ctachéd sporocarp tissue were 'replaced by normal sterile bottle

tops; the lcCartney bottles were incubated at 2500 until spore

\
germination occurred,

(iid) from sporocarns,

Younz sporophores were collected from the sites listed in
Table 4, and kept overnight at L%, “Inner stipe or pileus tissue
was aseptically removed and incubated in Petri dishes oan basic ion

agar,

In the case of Thelevhora terrestris, sporocarps were

surface sterilised with 100 vols hydrogen peroxide for ten minutes
and left at L..OC_. After a week at this temperature these sporocarps

produced fresh tissue. This was aseptically removed and incubated at

6b2.



25°C in Petri dishes on basic ion ager,

b) The isolation of root pathogenic funei.

Sporocarps of Fomes azrnosus and Armillarea mellea were

collected and kept overnight at 4%. Pileus tissue was aseptically

rcmoved and incubated in Petri dishes on basic ion agar, '

VWVood infected with FPomes annmosus was collected from Pinus

sylvestris groving in Thetford Forest; the wood was surface sterilised
with 100 vols hydrogen percxidse for 30 minutes and carefully broken
apart with a sterile scalpel. Fragments of the wood were incubated

-On s . qa . A
at 25°C in Petri dishes containing basic ion agar,

Rnizcmorpns of Armillarea mellea weres collected from under

the bark of P.sylvesiris; tnese rhizomorphs were surface sterilised

for 30 minutes with 100 vols hydrogen percxide and asepiically sliced
. . . On

into long thick strips, These strips were incubated at 25°C in

Petri dishes on basic ioa agar,

63.



Table 4.

The funpal cultures and the means of their isolation,

Ffunpus

Scurce of isolate

leans of isclatiocn

Amanita rubescens

Boletus bovinus

Roletus edilis

Boletus elerans

Boletus
Franulatus -
Boletus luteus

tr

cletug variecatus

hi

cletus
testaceosciber

Cerococcun

FTOETLIOrNS

Cerococcum
praniforme?

Russuvla emetica

Thelevhora
terrestris

Armillarea
mellea

Fomes annosus

Peniorhora
praminis

Myvceliur-radicis
. atrovirens

Swinley (Surrey), under
P, svlvestris

e

Windsor Park (Surrey),
wader P, sylvestris

Zpping Forest (Essex),
under P, svlvestris

Windsor Park, under
Izrix sp. but near
P, sylvestris

Swinley,under
P, sylvestris

Thetford (Norfolk),
under P, sylvestrig

Swinley, under
P, sylvestrig

Sainley, under
Betula sp.

Culture Collection
(Baarne)

iiareham (Dorset), under
P, svlvestris

Swinley, under
P, sylvestris

Swinley, under
P.svlvestris’

Thetford and Swinley,
under P, sylvestris

Thetford, under
P, sylvestris

Forestry Commission
culturs collection

Culture Collection
(Baarne) ‘

Sporocarp and
basgidiospores

Sporccarp

Sporccarp

Sporocarp and
basidiospores

Sporocarp and
basidiospores

Sporocarp and
‘basidiospores

Sporocarp

Sporocerp and
basidiospores

lycorrhizal roots .

Sporocarp, basidio-
spores and Bedford
College culture
collection

Sporocarp and
E.Hacskaylo (c/o
U.S.D.A. Beltsville,
U.S.A.)

Tree roots, rhizomorph,
sporocarp or rorestry
Commission culturs
collection (Alice
Hott Lodge, Hants.)

Tree roots, ar
Forestry Cammission
clilture collection




4. TIE IN VITRO STUDY OF THE GROVTH OF FUNGAL ISOLATES.
a) The media
Both basic ion agar end basic liguid media (lelin, 1954)

were used for in vitro studies and for the isolation of mycorrhizal

and pathogenic fungi. The basic liquid media consisted cof:

Glucose 20g ZnsS0 L 71—120 5.0mg
Ammonium tartrate 0.5g Fel30 X 7H20 5e0mg
KHZPOZ‘_ 1.0z mgsou. TrI20 O.5mg

Thiamin hydrochloride 0.05 g

- these salts, of ALnalar grade, were dissolved in distilled water

to one litre. 12,0g of Oxoid Ion Agar No.2 2dded to the salts (before
meking up to cne litre) gave basic ion agar, 3Basic ion egar and
tasic liqﬁid media were steamed to dissolve the cons‘citﬁe.nts and
autoclaved at 15 1bs psi steam pressure for 15 minutes,

\

b) The selection of cultures for experiment

Cultures isolated from sporcphores or obtained from culture
collections were positively identified and were preferred for this

reason, Cultures of Armillarea mellea obtained from rhizomorphs and

cultures of Fomes ennosus obtained from diseased timber were also

positively identified.

Examination of the fungi isclated from mycorrhizal roots
was difficult; mycelial features such as clanp connecticns for
basidiomycetes were not readily cbserved, Due to lack of an

adequate reference culture collection,identification using the
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hyphal fusion technique was impracticable,

Pungi isclated from the mycorrhizal roots of P.svlvestris

and P.nirra were used to inoculate aseptic P, svlvestris or P.nicora

seedlings growing in 21 Erlenmeyer flasks containing Vermiculite

and nutrient solution (see Section 7). though abundant mycelial

develqpment'occurred in the Vermiculite, mycorrhizas were not formed,

In one case the fungus isclated from the mycorrhizal roots of

P, sylvestris closely resembled known isolates of Cennococcum

rraniforms. However, this isolate rapidly parasitised aseptic

seedlings of P, svlvestris,

c) The in vitro growth rate of fungel isolates.

Colony growth of fungal isolates me;surably declined when
the fungal isolates wereigontinuously subcultured, However, the
same fungl produced censistent grovth rates if subcultured,when
required,from isclates maintained on slcpes gnder a layer of
sterile paraffin oil, Isolates were initially grown on basic ion

agar plates at 25°C (Table &4).

Once the mycelia successfully colonised the agar surface
the fungal isclates were subcultured. The subcultures were stored
on slopes at APC at room temperature or under a layer of sterile

paraffin ¢il, The mycelial morphology of all isolates was examined

on basic ion agar, Isolates of the same fungus often showed varying

characteristics and it was important to select isolates that on
subculture did not sector (that is chenge in either morphology or

growta rate), To ensure that subcultured mycelia was actively’
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growing, it was equally important to select mycelial tissue (for
' subculture) fram the periphery of the growing colony, and to

check that subcultures were not derived from sectors,

Those isolates which grew easily, giving reproducible
growth rates, were chosen for further experiment., HMany isolates,

especially those of Boletus badius, and one particular isolate

of Cenococcun graniforme, would not grov scross the surface of basic

ion agar; instead these isolates produced ccempact colonies around
their central inocculun and made assessment of colony growth on

agar impossible.

for these reasons, isclates of Russula emetica, Cenccceccum

sraniforme and 1, radicis etrovirens were chosen from cultures

available, and cther chosen isolates were derived from mycorrailzal

roots.

L]



5. THE SOLUTION OF HERBICIDES,

Herbicides (Table 5) were made wp at 25°C to the‘follo*.ving

concentrations.in aqueous solution.

Simazine : 5 ppm
Atrazine . 30 ppn
245T : 250 ppm
Chlvort‘hiamid (Prefix) 2700 ppm
Diclobenil , 25 ppm

2,6 Dichlorobenzoic acid 550 ppm
In practice, these solubilities were only epproached with difficulty

after long periods of agitation on a reciprocal shaker at 25°C.

Since there is a linear relationship between absorbance
in the ultira-violet and the cancentration of the chemical in solution
(The Lambert Beer law), the final herbicide concentrations can be
checked by recording the a\tbsorption maxinma in the U,V, and corparing

these maxima with previously prepared calibration curves (Fig 3).

The wavelengths for maximal absorbance within the U.V,
range are: 245T - 202 um; Simazine and Atrazine = 220 jm; Prefix

and Cichlchan!
and 2,6 Dichlorobenzoic acid/\- 208 yum,

Sterility of these herbicide solutions is important.
Diclobenil end 2,6 Dichlorcbenzoic acid can be formed by the
microbial degradation of Chlorothiamid, .

Herbicide solutions could not be stored at 4% due to the

lovering of their solubilities at this temperature (and their
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consequent precipitation); herice herbicides were filter sterilised
with an Oxoid Membrane Filter (o 2) and stored at 25°C in sterile

medical flats,

69,



EIG.3.

CALIBRATION CURVES FOR THE ABSORBANCE OF DIFFERENT HERBICIDES AT THE
WAVELENGTHS INDICATED, :

l

09+ : ° 2451;202nm.

| , /Dcobcnzoato,ulnm,

07+ [}

N
N

/Dichlob.nil,zoanm.

'
/Atrazine,ZZOnm_

Absonrbance.

Concentration of herbicide(ppm).

Chlorthiamid,208nm,
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Table 5. The names, formulae, solubilities and sources of herbicides used,
Name Formula Stated Source
Solubility
at 25°C
Simazine 2 chloro - 4,6 bis(ethylamino) 5 ppm | Geigy (UK Ltd).
1,3,5 triazine Simonsway
/K Yanchester
| T
Cz‘-LNHJ\ )NHQ_HS
N -
Weedex '50! 507 Simazine contains Fisons Ltd
wetting Harston
agent Cambridge
i 2 chaloro = 4 ethylamino . trr A
Atrazine 6 isopro-pylemino 1,3,5 triazine-- PP (S}i;‘iyls‘(vg\ td)
W\Ja J
ct ¥anchester
N
[ ] .
NH NHCH
K \N NCHy
2,%,5 Trichloro phenaxy - .
245T i ; 251 pem | Plant Protection
acetic acid H,CO0H £3
, Jeallots Hill
o Bracknell, Herts
cL
c
cL
Prefix 2,6, Dichlorothiobenzamide 2,700 Shell Research Ltd
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6. ASSESSMENT OF HERBICIDE EFFECT ON THE IN VITRO GROWTH

OF FUNGAL ISOLATES.

a) Assessment of herbicide effect using agar plates

Basgic ion agar was pipetted into Petri dishes containing
-2 rl aliquots of aseptic herbicide to give the required herbicide
concentration and a final agar volume of 20 ml, The Petri dishes
were gently agitated to ensuré thorough mixing of the herbicide and

agar,

Final concentrations of the herbicides in the Petri
dishes were:

Herhicide concentration

(ppm.)
Simazine | Atrazine 2L5T Diclobenil | Chlonth=~ Dichloro
iamid benzoic

; - 2cid
0.5 3.0 25.0 2,5 85.0 42,5
0.25 15 12.5 1.2 L2.5 21,25 -
0.12 0.75 6e 25 0.6 21.2 10. 62
0.06 0. 37 3012 0.3 10.6 5e31
0.03 0.18 1,66 0.15 563 ' 2,65
0;615 0.09 . 0.83 0,07 2,6 1632
00007 0004 0.41 00035 1'3 OO 66
0.003 0.02 0.20 0.017 0,65 0.33
0.0 0.0 0.0 0.0 0.0 0.0 Control

(Controls consisted of 2 ml aliquots of sterile water instead of biocide).

When set, the agar plates were inoculated with 5mm plugs of
mycelium taken from the periphery of an actively growing mycelium

incubated at ZSQD on basic ion agar. Hence the rate of growth for the



y

fungal isolate growing on different biocides could be compared,

Each treatment was replicated five times; the replicate
plates were carefully distributed through the incubator to allow
- for temperature variations, The pl of the agar was ?:hecked befoz;e
and after the experiments eand was found to be unchanged., The
experiments continued until the colony growth plotted with respect'
to time presented either little or no further growth, or until the

colony radius approached that of the Petri dish.

Occasionally differences in the grosth rate of an isoclate
occurred; this was due to differential growth (sectoring) of the
myceliun and was compensated for either by repeating the experiment,
or, when the Petri dishes affected were fev in number, by excluding

effected cultures from the resultis.

A

\

The diameter of each colony was measured along a centrally
dravn line on the underside of each Petri dish, Contaminated plates

were discarded; badly contaminated treatments were repeated,

Growth rates were expressed as the radial increase of
colony size (mm) / time (hours). The initialitoculation plug was
5mm diameter, conseguently colony grovwth was expressed as:

(Total diameter of colany (mm) - 5nim) .

2
Concurrent experiments using six herbicides together with eight
dilutions of each herbicide and full replication for each fungal
isolate usually produced replicable results, These results were used

to define the herbicide effects an the colony growth of each fungel isolate.



b) Assessment of herbicide effect using liquid cultures

The fungal isolates used for the liquid culture experiments
were the same ones used for the assessment of herbicide effects on
basic ion agar. In still liquid culture, colony growth was often
affected by the cultures sinking rather than the inhibitory effect
of the herbicide contained in the basic liquid media, In shake
liquid cultures the same cultures of the fungal isolates were often
difficult to assess due to irregular fragmentation of the mycelial

pellets.,

Basic liquid media (see section 4), 10/9 of the reguired
strength, was sterilised (15 lbs psi steam pressure for 15 minutes)
in 1C0 ml conical flasks, When cool, 2 ml aliguots of aseptic
herbicide were added to each flask to give the required‘ herbicide
concentrations and a finel volumne of 20 ml per flask. Final
concentrations cf the hergicides in the con::.cal flasks corresponded
to the agar plate experiments (section 6a), Eight aseptic herbicide
dilutions were used; these were replicated five times and the
controls ten times., Each flask was "inoculated with one quartered

5 mm plug of mycelium stripped of swrplus agar. The flasks were

placed in an incubator or a reciprocal sheker at 25% for three weeks.

No attempt was made to duplicate completely the agar
plate experiments. Instead, certain fungus/herbicide combinations
‘were examined on the basis of results obtained with the agar plate

technique. After three weeks incubation the mycelium was removed



from the basic liquid medium, washed, suction filtered on tared

filter paper, and oven dried at 90°C to constant dry weight.

Results were expressed as mean mycelial dry weight (after

three weeks incubation) for each herbicide concentration.

Te.



7. THE SYNTHESIS OF MYCORRHIZAS,

Techniques used by Melin (1921), Trappe (1967b)and Fortin
(1966) were followed or adapted for the experimental synthesis of

mycorrhizas,

a) Melin snd Hacskaylo's technique.

Seeds of Pinus sylvestris and Pinus niera obtained from

Forestry Commission Research, Alice Holt Lodge, Bentley, Hants, were
surface sterilised for thirty minutes in 100 vols hydrogen peroxide
containing a trace of 'Tween 20'., ' The seeds were placed on basic

jon ager end incubated at 25°C; about 907% germinated within 10 days.

Ten-day-old aseptic seedlings were each transferred to
2 litre flasks containing 30 g of medium grade Vermiculite and 250 nl

\
of a nutrient solution which contained:

Glucose 2,5¢ cacl, . 0.05g

| (I*HL*) 2}@04 0.25g NaCl . 0.025¢g
KH PO, 0.52 EDTA (Fe salt) 6.0mg
Mg, . 7,0 0.15g Thiamin HC1 0.015mg

(added with the fungus)

Distilled water to ane litre

In agreement with the findings of Hacskaylo (1953) and
Ferry (unpublished) , the g of the media was raised considerably after
autoclaving (to about pH 7.5) and consequently HC1l was added to each
flask to give a pH of 4.5. In some experiments sieved and non-sieved
mycelial suspensions (at 1,0 ml per flask) were used to inoculate the

flasks, in other experiments each flask was inoculated with mycelia



stripped from four 5 mm agar plugs.

The mycelial suspension was prepared by homogenising mycelia
with glass beads in sterile distilled water, To obtain a sieved
suspension the material was strained through fine-meshed muslin

gauze,

Flasks were inoculated with the fungus when the pine
seedlings were either 2 or 13 weeks old, VWhen the seedlings were
about 12 or 20 weeks old respectively they. were removed from the
flasks, washed to remove the Vermiculite and examined for n;ycorrhizél

roots,

Roots selected for further examination were carefully

washed in tap water and transferred to FAA fixative for further

\

examination (see section 1c).

b) Travne's technioue

Trappe's technique consists of an assembly for growing
tree seedlings, so that the roots ere in aseptic conditiqns, while

the aerial parts are in the open, Wide mouthed specimen jars, about

5 cms diameter and 7 cms height, were brim-filled with either acid washed

sand or Vermiculite; various nutrient sclutions (ses Table 6) were
added at the same rate as in (a) above., A glass tube 2 cms in
diameter and 2 cms deep was inserted into the Vermiculite or sand
so that the top of the tube was level with the jar top. MNaterial
in the tube was removed, the jar top covered with aluminium foil

and fastened with light-weight galvanised wire, The whole assembly

18.



was autoclaved for 30 minutes at 15kpsi steam pressure.

One of the purposes of the glass tube was to. concentrate
the fungal inoculum around the séedling roots, It also served to
reduce the compaction of the Vermiculite vhich resulis from

autoclaving.

After swabbing with alcchol the aluminium foil was
punctured with a sterile needle over the cavity excavated inside
the glass tube insert, Through this hcle a 2 - 3 cms long sterile

radicle of a P,sylvestris or P,nigra secedling was carefully inserted,

The hole was sealed using rubber solution (the benzene sclvent

maintained sterility until the rubber hardened).

The seedlings were alloved to grow in subdued light and

the glass Jars checked for visible contaminations, Once the seedlings

A

were established another puncture, near the developing shoot; -
was made with a sterile hypodermic needle, and an inoculum of 0,5 nils
sieved nmycelial suspension introduced. This puncture was sealed with
rubber solution and, 'Eo exclude light, the Jjar was wrapped with

aluninium foil,

Seedlings were allowed to grow for up to eight months, oi‘,
in certain cases, longer. At the end of this period any mycorrhizal

roots formed were transferred to FAA for later examination.

9.
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Table 6., Trappe's (1967) nutrient medium for the synthesis of

mycorrhizas and the nutrient medium as modified for some

of the present experiments.

Troppe's medias

5.0g glucose 0.15g ligsoa.Zizo

0.25¢ KHZPOJ_‘_ | ‘ 1.2ml. 1% Ferrous emmonium citrate
0.125g (N, ) PO, 50 mg  Thiamin '
0.05g CaCl Distilled water to 1 li'hré

2

Vihere the modified technique was employed,- the nutrients were as follows:

\

Final
G%;gosa T?;Z?ln K?5904 (Nﬁh%ggroh Sandpa of ?:i;iculite
0.250 0.125 5.0 6.7
20.00 =53 0750 5.2 7.0
0.1 0.250 5,155 5.2 6.8
0.0> T2 0. 250 5.2 7.1
0. 250 0.125 5.0 6.6
20.00 176,125 0.250 5.3 7.1 -
1.0 0.250 0.125 5.2 6.7
0.05 176,125 0.250 5.2 7.0

Eight variations in nutrient concentration were made; these were as

above; other salts used by Trappe were not altered.

20 aseptic P.sylvestris seedlings were grown in each variant of the

media,



c) Fortin's technique

Aseptically germinated seedlings of P,sylvestris or P,nigra,

whose hypocotyls were not swollen and whose roots wers between 30 and
40 mm long,were selected for this technique of mycorrhizal synthesis |
(Fortin, 1966). The root meristem was dissected off and the shoot
removed to leave an attached hypocotyl of approximately 5 mm. The
hypocotyls were inserted into 12 x 35 mm glass shell vials containing
0.5 ml sucrose/agar media (see Table 7)., The whole assenbly (i.e.
‘g,lasvs shell vial and inserted root) was placed in a Petri dish
containing 10 mls Vermiculite and 2,0 mls mineral media (see Table 7).
Three drops of sieved mycelial macerate of the fungus were introducled
over the pine root surface, _After inoculation the Petri dishes were
sealed with 'Sellotape' and incubated at 20°%C for 60 - 70 dzys. The
Potri dishes were cpened and the degree of mycorrhizal infection
assessed, together with the following:

1. i of the Vermiculite,

2, Total length of the main root,
- 3. The nunber of lateral roots and their lengths,

&, " The number of secand order lateral roots,

Many of the root systems were photogrephed. In addition,
transverse sections were cut to confirm the ectotrophic mycorrhizal

asscciation betwean host and fungus.

8l.



Table 7. [The nutrients used for Fortin's technique for mycorrhizal

synthesis,

1. The sucrose arar media (for the glass shell vial into which

the hypocotyl is inserte@).
Sﬁcrose - 175.0 g ‘ Oxoid Ion Agar No.2 = 10,0 g
Thiamin - 1,0 mg Distilled water to 1 litre
Choline chloride = 2,5 mg
Tﬁe media was steamed and 0.5 ml carefully adcied to each glass shell
vial, The vials were autoclaved at 15 lbs psi steam pressure for

15 minutes,

2. The mineral media (this is added to the vermiculite base).
Ca(;\os) ook 0 = 72 mg KIPO, =~ 10.0 mg
MSSOA-‘ H,0 - 20,5 mg 1% Ferric citrate solution =~ 1,0 ml
Distilled water to 1 litre Trace element solution = 1.0 ml

\
3, The trace element solution (added to the mineral media).
KC1 3.728 g (N:i4) 62,107024.4}120, 0.018 g
H3B03’ 1,546 g Distilled water to 1 litre

zmso#.hﬂzo, 0.845 g
ZnS0, « 70, 0.575 ¢

o v

82.
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8. HERBICIDES AND THE RESPIRATION RATES CF MYCORRHIZAL RCOTS,

Intact roots of pine were taken from the litter layer

(pH 5.5) of a mature stand of Pinus sylvestris growing in Thetford

Chase, Norfolk, The roots were stored between alternate layers of .
decaying needle litter in polythene bégs at l;.OC. liycorrhizas were
dissected off the stored pine roots, washed in running water and
placed in 0,01 1 phthalate buffer at pH 5..5. The roots, in buffer,
wers aerated with an air bubbler until reqilired. Selected material
consisted of coralloid mycorrhizas developing from successive
second order lateral roots cn a 'mother root' (see Figure 4 ).
(Wilcox 1964, 1968 a & b; Sutton, 1969).

These xrycorrhizal roots were blotted, weighed into 0.1 g
sanples and tied in dental gauze to form small bags, apiaroximataly
10 x 15 mn, These bags were placed in aerated phthalate buffer,

(PH 505) .

A}

A Clarke Oxygen Electrode (Yellow Springs, Ohio, USA)
was used to record the respiration rate of the mycorrhizal roots,
and to record the rate after treatment with various concentraticns

of herbicide.

Electrode sampie charbers contained 10,0 ml 0,01 XM phthalate
buffer at pi 5.,5; the buffer in the - sample - |
chambers was‘equi.librated in air at 20°C so that the solutions were

fully oxygenated.



The degree of oxygen saturation, the temperature control,
end the aegree of drift of the pen recorder (due to either a faulty
probe or to somé malfunction e,g: air bubbles in the sample chamber)
were all checked. VWhen the recorde? shoved less than 1,0% drifi
per 10 minutes, the muslin bag containing mycorrhizal roots was
introduced into the sample chamber. This muslin bag protected the
mycerrhizal roots from maceration by the magnetic stirrer., In order to
minimise the number of air bubbles in the sample chamber the muslin
containing the mycorrhizal roots in the aerated phthalate buffer was
placed in a'vacuum.desiccator, evacuated and left far a few minutes,
If this myco;rhizal sample wes quickly introduced into the sample
chamber containing acrated buffer, and the probe inserted carefully,
bubbles in the sample chamber were not usually a problem.

{

Herbicide concentraticns (pom,) used for the measurement of the.

recniration rates of mvcorrhizal roots and mvcorrhizal fungi.

\

2L5T Dichlo-} Prefix Dichlo- } Simszine| Atrazine
beazoate benil
2.5 - 8.5 - 1.0 5.0
5.0 - 85.0 1.0 2,0 10,0
7.5 L2.5 112.0 5.0 3.0 20.0
1040 85.0 1700 10,0 4,0 30.0
15.0 142.0 285.0 15,0 5.0 40,0
27.5 212.0 425.0 30,0 6.0 50.0
- - - - - 60.0

\

After the controlrespiration rate. had béen recorded the samples of
mycorrhizal roots were placed in aerated herbicidg/buffer solutions
of increasing strength for 20 minutes, retﬁrned to herbicide-freé
buffer and allowed to recover for a further five minutes. The

respiration rates were then recorded in the sample chamber contain-



-ing equilibrated fresh buffer.

Results were expressed as ul O

~nmycorrhizal root sample per minute.

2

consumed per 100 mg



Fig. 4.

Mycorrhizal samples used for respiration measurements with the

Oxygen Electrode

%
Sample of mycorrhizal

root

/[-V

100 mg mycorrhizal
root sample: for
oxygen electrode or
phosphate uptake

techniques



9. HERBICIDES AND THE RESPIRATION RATES OF MYCCRRHIZAL FUNGI.

The respiration rates of isolates of Cenococccum graniforms,

Boletus varieratus, Thelophora terrestris, Boletus badius and Boletus

elerans used for herbicide assessments were measured with an Oxygen

Electrode,

Erlenmeyer flasks (250 nil) containing 50 ml basic liquid
media were inoculated with two quartered plugs of myceiia stripped
of surplus agar. The flasks were placed in a reciprocal shaker and

incubated at 25°C for ten days,

After incubation the flasks were removed from the shaker,
the pellets of mycelium taken out and placed for five minutes in
50 il beakers containing 20 ml fresh basic liquid media. The
respiration rates of individual pellets (blotted weight approximately
€0 mg) were recorded (sece l‘previous section) in 7,0 ml fully aserated
fresh basic liguid media at, 25°C. The pellets were then placed in

basic liguid media containing a known concentration of herbicide,

aerated for ten minutes, remocved, washed in fresh media for a furtaer

minute and the respiration rate re-measured. The pellets of mycorrhizal

fungal tissue were unaffected by the magnetic stirrers.

Results were expressed as ul O, consuned per 100 mg fresh
weight fungus. The range of herbicides examined was as in the

previous section.

a7



10, HERBICIDES AND THE UPTAKE OF PHOSPHATE BY MYCORRHIZAS.M

The uptake of POA_B- by mycorrhizal roots was estimated
by assaying the concentration of Poh_j- remaining in the medium,

The phosphate present in the buffer was determined by the method of -
Fiske and Subarrov (1925)., The material selected consisted of highly
developed coralloid mycorrhizas., The samplesAcon‘hamed verj little
cut surface, little damaged tissue, and a large surface area of

mycorrhizas (Fig.4).

Ten 100 mg samples of mycorrhizal material were each placed
into test twbes containing 10 mls 0.01 I phthalate buffer (uH 5.5),
0.5 g KHZPOL,. and herbicide at various concentrations., The test
tubes were placed in stabilised 50 ml Erlenmeyef flasks; bubblers (fed
from & monifold supplying air at & constani rate) aerated both the
bulfer and the mycorrhizas, A low speed air flow maintained the
temperature at 26% and xﬁ:inimised evaporation of the buffer (evaporation

would increase the concentrations of phosphate and herbicide),

Ce2 ml aliquot.s of the buffer were taken and placed in clean '
dry test tubes; 1.0 ml distilled water was added to each aliguot,

1,0 ml 2,5% ammonium molybdate in 5N E_SO, was added to each tube,

2%y,
the contents thoroughly mixed and 0,2 ml reducing agent, consisting of
0.25% 1, 2, 4 amino-naphthol-sulphonic acid in 0.5% sodium sulphite

and 10% sodium metabisulphite solution, added. The sample was thoroughly

mixed,

Normally the blue phospho-smmonium molybdate complex was fully

developed ten minutes after the finel mixing., The concentration of
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phosphate was determined colourimetrically using & Beckman D. B,
Grating Spectrophotometer at 420 nm, The readings were converted to
mg POZB-/ml using standard curves constructed from the extinction of

kno'm phosphate concentrations . (Fig.5).

After the addition of 52304 and ammonium molybdate, each
twbe containing any Simazine or Atrazine developed a normal blue
colour, but turbidity (caused by interaction of the added Simazine or

frazine) interfered with essays of phosphate in solution, Scme
compounds are knom to in’cerferé with thé colourimetric determination
of inorganic phosphate(ElDorryet al, 1971). Since Simazine and
Atrézine ere nov knowvn to interfere, they are now included in this
éategory. lierce any effects of Simazine or Atrazine on the uptaice

of Phosphate' by rycorrhizas could not be observed colourimetrically,



FIG. 5.

Go.

CALIBRATION CURVE FOR THE ABSORBANCE OF PHOSPHATE SOLUTIONS AT 420nm.
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RESULTS

1, TiHE FORM AND DREVELOPMENT OF PINE ROQT SfS’I'EEéS. .

The root systems of the Pines examined were clearly

heterorhyzic, in agreement with Wilcox's (1964) classification schems;

additionally it was possible to subdivide the woocdy, long lateral
pine roots examined into Wilcox's classes of 'pioneer', 'mother' and

'subordinate mother' roots (see Tables 8, 10, 11 and 12),

Non-woody short roots were found to be less frequent an

the root systems of P,nicra than P,sylvestris, Both species of pine

groving in forest plots 458FY70 (Xennington) and 837Y70 (Wareham)
developed few mycorrnizal short roots; in some cases the short roots
were dichotomous but not nyccrrhizal, However, short roots of

P.sylvestris and P.nigra, 'groving in less fertile Thetford soils,

\

or in more extreme environmental conditions (plent pots),were
abundantiy rycorrnizal compared with those of pines growing in

Kennington and Wareham forest plots,

The results of both pot and field experiments show that
P.nigra has fewer mycorrhizal tips and fewer non-mycorrhizal

dichotomous root tips than P.sylvestris (Table 8). In addition

P,nirra has more 'pioneer' roots, fewer 'mother' roots and fewer

'subordinate mother' roots than P,sylvestris, The total number of

root tips per tree is less for P,nicra than P.svlvestris, as is the

shoot and root fresh weight.

4.



Table 8.

The overall differences between assessed sammles of

two year old P,svlvestris end P.nipra seedlings,

(Results are expressed as weight (grams) or nunbers per plant),

P,svlvestris Field 5" plant pots
range |mean range |mean
Shoot fresh weight .- - 9 =251 21.9
Root fresn weight 3 ~ 6-1. 4.8 1 - 19 15.3
No. of lateral roots ¥ 5. = 6 6.2 9 - 15 | 10.5
No, of 'pioneer' roots 0 -2 1e3 1«2 2.3
No of root tips per - -
gram root 69 162 {102.8 72 =173 {401.6
Total no. of rcot tips | 340 - 830 | 629.5 - -
No, of myccrrhizas 8 - 173 | 32.9 55 = 2411169.3
No. of dichotomiesT 2-28 | 19.2 0 -4 2.3
P.niora Field 5" plant pots
range mean range mean
Shoot frecgh weight - - 10 = 16f 14425
Roct frecsh weight 2 - 4 3.7 7 - 101 - 10.2
No. of lateral roots % 3 - 5 3.8 4 =10 7ol
No, of 'pioneer' roots 3 - 6 5.7 1 =2 1.6
No, of root tips per _ - 0
erem 1oob 45 - 140| 80.2 23 = 7| 50.4
Total no, of rcot tips | 150 = 2941 247.3 - -
o, of mycorrhizas 5 =21 1347 10 - 26 21.7
No. of dichotcmies® 2 -36| 16.2 0 =1 0.06
‘mother' roots.

% lateral roots are ‘mother' and subordinate

+ non mycorrhizal,

qz.
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A study of the root systems of young self-sown pine
seedlings developing in King's forest (Thetford Forest) and Thetford
Chase showed that mycorrhizal infection took place within the first
few weeks of growth., However young nursery seedlings, germinated in
the same localities, were not usually mycorrhizal until the following
year, Developing mycorrhizal systems on self sown pine seedlings

were either unbranched, dichotomous, or coralloid in form.

In agreement with the findings of MacDougal and Dufrenocy -
(1944&)5?!:Llcox (1964) and many other workefs, the mycorrhizas were
found to develop from non-woody short roots (often referred to as
second order lateral roots) (Pigure 14). An Hartig net surrounding
the first order lat.er&I roots necessarily infected any emerging short
roots. liycorrnizas formed in this way were always dichotomousl.

The cycles of scasonal growth and development of mycorr};izas
observed were in ag,reement\ with Aldrich Blake (1930) and Ladefoged
'(1939). I-’ycofrhizas grow in two seasonal cycles; that is late spring
and late autumn. 7The folloring year these mycorrhizas may become
moriburd (Figure 17); new mycorrhizal development is confined to
newly developed short roots, Hence it was important to discriminate
bétween activeeand mofibund mycorrhizas,

Evidence was accumulated to suggest that many mycorrhizal
roots, especially coralloid ones, wers not derived from infection

of short roots by the Hartig net but from fungal propagules in the
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soil, For example, mycorrhizal infection of ‘'pioneer' roots is
infrequent (Figure 13) and results suggest that partly decayed root:
branches and pine cones either contain fungal propagules which are
responsible for the mycorrhizal infection of these 'pioneer! roots
or constitute a favourable environment for mycorrhizel formation

(Figures 6, 7 and 8).

Although at many sites (Thetford, Wareham, Wilmington and
Kenningtcn) the mycorrhizal morphologies wére identical, varying
degrees of mycorrhizal infection were noted. Generally in one year
four types of mycorrhiza were identified:

1) Non-dichotomous, racemose mycorrhizas found on rocots that
had penetrated pine cones; the pattern of the mycorrhizal roots
complying with the shape and size of the cone segments (Figures 6 and
16).

2) Complex coralloid rycorrhizas found on ‘pianeer' and "mother!
rvoo‘cs which had penetratea decaying root branches, pine cones or other
- organic material; these coralloid mycorrhizas often extended beyond
the organic material (Figures 7 and 8).

3) Dichotomous mycorrhizas develcped from the regular acropetal
system of short roots. Such mycorrhizas may develop into a series of
dichotomies and form .sm.all coralloid mycorrhizas (Figures 9, 10, 11,
14 and 15). |

L) Figure 12 shows a very infrequent form of “mycorrhiza" which
takes the form of a small white sphericel structure., Such a siructure
seemed to aeyelcia from dichotomous mycorrhizas; if was found infrequently

at a1l the sites examined.
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The morphology of nycorrhizal roots developing on P.sylvestris.

Figure 6,
(Non-dichotomous, racemose
P mycorrhizas found on roo-"s
which had penetrated pine
cones, XU.
Figure 7.

Ccnplex coralloid
mycorrhizas found on
‘pioneer* roots penetrating
decaying root branches .xt.

Figure 8.

Conplex coralloid nycorrhizas
found on ‘mother* roots
penetrating organic

material . XZ.



Figure 9
(v.z).

Figure 10

Figures 9 and. 10.

Dichotomous nycorrhizas
developed from the
regular acropetal
system of short roots.

%.



Figure 11.

Dichotomous nycorrhizal
roots (Figures ~ and 10)
may develop into small
coralloid nycorrhizas.X 2.

Figure 12.

Small white spherical
structures occasionally found
on dichotomous nycorrhizas. X85

%



Figure 13.

Dichotomous nycorrhizas
found on a 'pioneer*
root tip.xs.

Figure 14.

Dichotomous nycorrhizas

forming second dichotomies
on a 'mother' root.

Figure 15.

Sinply branched nycorrhizas
developing on a 'mother*
root. XS.



Figure 16.

Non dichotomous
racemose nycorrhizas
(developing in
partly deconposed
humus). X2 .

Figure 17.

Seasonal development
of nycorrhizas on a
'mother* root. XZ.



Figure 18. Transverse section of dichotomous mycorrhiza developed

on a short root of P,sylvestris . (xZ50).

Transverse sections of raycorrhizas found, on P>sylvestris roots
confirmed their ectotrophic nature. All sections showed a well

developed Hartig net surrounded by a fungal sheath.

100.



2, THE POSSIELE INFECT OF SIMAZINE CN THE MYCORRHIZAL ROOTS

ON P, SYLVESTRIS AND P,NICRA

Simazine, although slightly affecting the mycorrhizas and

uninfected short roots of P,sylvestris and P.nigra growing in forest

plots 83FY70 (Wareham) and 458FY70 (Kennington), did not measurably
influence any other aspects of the root systems of pine seedlings.
However, a factor which confused the effect of Simazine appears in
part of the Kennington site (Figure 2). This factor was revealed on
assessment of the dry weight / fresh weight ratios of the roots of
P.nirra seedlings. The ratio of the root dry weight to fresh weight
for block IV, treated with Simazine at 4 lbs per acre, is between
0.67 and 0,84, whilstthe ratio of the root dry weight to root fresh
wéight for the remainder of the plots is between 0.30 and 0.20.

This difference occurs irrespective of Simazine treatment.

1
3
\

The correlation coefficient between fresh weight and dry
weight for this plot (block IV treated with L 1bs Simazine per acre)
is eppreciebly higher (0.89) than the equivalent correlation

coefficient for the Kennington experimental plots as a whole (0.61).

Analysis of variance and calculation of the standard
deviations showed that the dry weights of seedlings taken from the
| Kennington plots which had received 1, 2, or 4 1bs Simazine per acre
varied significantly for any ane treatment. No significant difference
v-'as' found for the dry weights of seedlings grown on plots which had

received O or 8 1bs Simazine per acre-(Table 9).
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Further analysis of variance and calculations of standard
deviations for the other variates measured showed that the observed‘
differences between dry weight and fresh weight ratios for each
treatment were of limited significance and did not statistically

affect the other characters of the root system,

In the light of this result, it was decided to consider
problems of site effects in an experiment set up at Bedford College,

the results of wnich are given in Tables 13 and 14.



Table 9. Analysis of variance of root dry weichts of two vear old

P.nicra scedlings sampled in Kennington Forest plot L5EFL70.

103.

Ibs,Simazine | Block llean  Standard | Degrees F.value Significance
Der _acre Deviation|. of -
opplied Freedom
0 I 1.2509 0.4877 11
II 1.,1420 0.5699 10
III 1.1900 0.3043 12
IV 1.2618 0,4863 22
3/51 0.1922 Not significant
1 I 1,128, 0.4669 13
III 0.9393 0.3869 15
IV 1,5700 0.5682 25
2/50 8.3197  0.1%
2 I 1.3233 0.L479 12
II 1.1241  0.4222 12
IIT 1.2500 0.3423 18
IV 0.8376 0.3369 21
' 3/59 5.2748 1.0%
L I 1.1411  0.7996 9
ITI 1.1561 0.4638 13
IIT° 1.3475 0.4972 12
IV 0.6416 0.3085 19
| 349 5.8947 1.0
8 I 1.,2858 0.L035 12
IT 1.,3275 0,6638 12
III 1.3627  O.Lh74 11
IV 1,1875 0.6847 20
3/51 0.2638  Not significant

The anomalous dry weight/fresh weight ratios observed in block IV 4 lbs

Simazine per acre are reflected in the significant F. value obtained

on analysis of variance of root dry weights.



a) The effect of Simazine on the mycorrhizas end uninfected root

tips of P.sylvestris and P.nipra growing in forest plots

L537Y70 (Kenninoton) and 83FY70 (Wareham),

(i) P.sylvestris.

In scme cases soil supplied Simazine may have affected

the numbers of mycorrhizal roots of P, sylvestris (see Tables, 11 and

12 and Figures 19, 20 and 21),

liycorrhizas developing on seedlings sampled in November
1970 a2t the Kennington site increased after an application of &4 lbs /acre
(Table 11). Seedlings sampled at the Wareham site in November 1970
showed a marked increase in the numbers of mycorrhizal rocts after
the applicaticn of Simazine., lycorrhizas of seedlings sampled in
November1S72 at the saize VWareham site did not respond to any applications

Y

~of Simazine (Table 12).

Applications of Simazine on the same forest plots and:
seedlings affected the number of uninfected root tips per tree. at one
site. - S eedlings growing on the Kemnington plot to which applications
at 4 1bs Simazine per acre had been made (sanpled in November 1970)
showed a clear-increase in the numbers of uninfected root tips per
tree (Table 11). Yo s-u<‘:h effect of Simazine on the total number of
uninfected root tips per tree (c.f. uriini‘ectefi_root tips per g) was
observed in the Wareham site( when sampled in November..1970. and 1972

these seedlings growing on the Wareham site which had received Simazine
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showed no apparent increase in numbers of uninfected shoert roots per

tree (Table 12).
(ii) P.nirra

Soil applied Simazine may affect the numbers of mycorrhizal

roots of P.,nicra in similar ways to P,svivestris (see Tables 10 and

11 and Figures 19, 20 and 21),

In November 1970 the numbers of mycorrhizas per seedling
(Kcnnfnshm) - . . . . . (T'ablc ll).

tree were not effected by any applications of Simazine, Seedlings
sampled in Noverber 1970 at the Wareham site (Table 10) which had
received applications of Simazine, showed some increase in the numbers
of mycorrhizas, especially with the application of 8 lbs Simazine per
ocre, EKowever, in February 1972, oa the same site and with the same
applications of Simazine, the numbers of mycorrhizas developing on

\

short roots were not affected by any of the applications of Simazine,

Simezine had little effect on the numbers of uninfected
root tips of seedlings sampled in November 1970 in the Kennington and
Wareham sites, and similerly, in February 1972, in the Wercham site

(Tables 10 and 11).
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1970 and 1972 assessmoents of the means and standard errors

obtained for the experimental plot 83FY70 (Wareham). to show

Table 10,

the effect of Simazine on the root systems of Pinus nicra,
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la7.

1970 assessments of the means and standard errors, obtained

for the experimental plot L5870 (K

nnington) , to shov the effect of

C

‘Table 11.

Simazine on the root systems of Pinus sylvestris and Pinus nigra,
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los.

1970 and 1972 assessments of the means and standard errors,

Table 12,

obtained for the experimental plot 83FY70 (Visreham), to show the

the root systems of Pinus sylvestris,

.

Q

Simazine on

effect of
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with standard errors),
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b) The effects of Simazine on the mycorrhizas of P,sylvestris and P.nigra

secdlings prowing in plant pots containing soil taken from Thetford

' Chase (chalky soil), Kennington (silty loam) or Wareham ( sandy soil).

The Pine root systcms were assessed 18 months after po’cting';
the soils did nof contain EiC, fertiliser supplements, or sucplementary
organic material, Roots were more common around the plant pot side
and coralloid mycorrhizas confined to the roots growing at the edgs

~of the plant pot. However, dichotomous nmycorrhizal roots were
distributed througnout the root system,

Due to the high level of uninfected root tips,assessment
was djfficult; For this reason the numbers of uninfeéted root tips/g
fresh weipht ’mo’cherf root were counted instead of the numbers of
‘uninfected root tips per seedling.

"\

Certain general effects on the pine root systems were noted;

the efftcts varied with differences in soil type, and with the

applicaticn of Simezine, DP.svlvestris seedlings grown in Thetford

soils showed an increase in the number of lateral roots (Table 13).
This increase in the nuxbers of lateral roots consisted
of an increase in both 'mother' and subordinate 'mother' roots and

was not observed in any other instance.



3.

P.sylvestris and P.nigra seedlings growing in plant pots

containing the various soils from Warcham or Thetford treated with
4 1bs / acre Simazine generally showed more mycorrhizas than the

untreated controls(Tables 13 and 14).

The number of non-mycorrhizal, dichotomous root tips per
tree were always very lov and were not affected by the application

of & 1bs / acre Simazine. However, P.sylvestris and P.nigra growing

in sandy Wareham soil treated with 4 1lbs /acre Simazine shoved an
increase in the nuiber of uninfected short roots 'per gram fresh

weicht (Tables 13 and 14).



Tablse 13.

The mecans and gtandard errors obtained from the exveriment

to stiow the effects of Simazine on the root systems of

P.sylvestris growing in plant pots containing different soil types.

. P.sylvestris growing in soil from Thetford Chase.

0 1lbs/acre 4 1bs/acre
Simazine Simazine
Samnle size (V) Ly 33
liean Std. Yean Std.
__lerror error
Fresh weight of shoot (g) 22,43 | (1.705) 25,4 | (1.604)
Fresh weizht of root (g) 14,67 (1.090) 19,27 (1.241)
No, of uninfected root e
tins/g fresh weightT 110.86 | (9.072) | 127.78 | (5.456)
No, of mycorrhizas/tree 178,30 {(30.209) | 241.55 |(48.010
No.of dichotomous roots/tree* 2.3k 20.591 1.12. | (04369
o, of lateral roots/tree 9.50 0.750 15.79 (14640
No, of pioneer roots/tree 2,87 (0,688 3.39 (1.123)
P, svlvestris groving in soil fraom Wareham
Sanmle size (IV) 26 15
Fresh weight of shoot (g) 23.88 22. 6o8g 22,15 (1.207)
Fresh weignt of root (g) 17.32 1.509 18,13 (1.128)
No, of uninfected root ) , z
tips/g fresh weight?v 101.73 (7'_099) 17580 (8.866)
No,of mycorrhizas/tree 27411 [(34.400) | 501,40 {(39.408)
No.of dichotcmous roots/tree® 4,58 (1,360 11.87 (2.877)
Ko, 0f lateral roots/tres 12,35 | (1.021 1427 (1.0893
o, of pioneer rocts/tree 1,92 | (0.432 2.13 (0. 601
P.sylvestiris growing in soil from Kennington
Sanmle size 18 16
Fresh weight of shoot (g) 19.57 E1.470g 19,74 (2.947g
Fresh weight of root (g) 14,18 1,337 1,86 | (2.382
No, of uninfected root
i 2.1 6.78 2,94 9.860
tips/g fresh weight? 92.17 | (6.789) | 7 ( )
No, of mycorrhizas/tree 55,61  [(10.469) 89.38 [(21.020)
No.of dichotcmous roots/tree” 0.11 50.076 0.0 (o.ooo%
No, of lateral roots/tree 9,72 1,035 9,62 (1,408
No, of pioneer roots/tree 2,22 | (0.482) 1,06 | (0.348)

‘Dichotomous roots are non-mycorrhizal.

‘mother! root.




% Dichotomous roots a»e non mycorrhizal.

T .

Table 14. The means and standard errors obtained from the experiment

to shov the effects of Simazine on the root systems of P,nigra

grovino in plant pots containing different soil types.

P.nirra groving in soil from Thetford Chase.
0 lbs/acre

4 1bs/acre

Simazine Simazine
Sarmle size (IV) 12 11
lean Std., lean 3td.
error error

Fresh weight of choot (g) 16,18 (2.084) 13,02 (2.523)
Fresh weight of root (g) 9.88 | (1.227) 8.50 (1.614)
No, of uninfected root -

tips/g fresh weight?T 56.50 (3.059) 14.18 (8.229)
No,cf mycorrhizas/tree 10,92 | (L.560 32,36 (8.925)
No,of dichotcmous roots/tree 0.0 (0.000 0.0 éo.ooo
No.of lateral roots/tree 7.42 (0.721 5.63 1,029
No, of picneer roots/tree 1.56 (0.743) 1.36 (Q.717
P,rirra growing in soil fram Wareham,
Sarmle size (I) 16 20
Fresh weight of shoot (g) 10.56 (2.6402 19.15 (1.7473
Fresh weight of root (g) 7.30 (1.506 15.15 (1,308
Ko, of uninfected rcot | 5 - -

tips/ fresh weightt 23,56 | (4.297)| 76,55 | (4.615)
No. of rycorraizas/tree 26,94 (6. 27 51445 (4.562)
No.of dichotomous roots/tree 10419 (0.188 0.10 éO.lO@)
No.of lateral roots/tres L, 69 (1.106 7.70 0.837g
No, of pionecr roots/tree 1,00 (0.303 2,95 | (1.859
P.nisra groving in soil from Kennington
Sarmole size (X 17 19 _
Fresh weight of shoot (g) 16,01 (1.3814% 1714 (2.429)
Fresh weight of root (g) 10,11 | (0.676 10.10 | (1.508)
No, of uninfected root 6 €7. 22 6

tips/g fresh weight™ T (5.699) 7o ( '7?3)
No, of mycorrhizas/tree 28.43 (5.883 56.78 |(12.334) .
No. of dichotomous roots/tree 0.0 go.ooo 0.11 (0.076)
Ko.of lateral roots/tree 10.85 0.733 7.89 (0.963§
No. of pioneer roots/tree 1.29 (0.270 1,22 (0.223

t \
mother root.

ns.



3, THE HERBICIDE EFFECT ON Tils IN VITRO GROWTH OF FUNGAL. ISOLATES.

Radial growth rates were compared on basic ion agar and

are given ir. Table 15,

Table 15. The provth rates of funpal isolates on basic ion apgar plates

B, pranulatus

B.luteus

B.varieratus

R,badius
B,bovinus
B,edulis
B,elerang

F,annosus

These growth rates were obtained from measurement

ZSQO

- (mm/wk) at 25°

C.pgraniforme

R, emetica
A.rubescens

T.terrestris

A,mellea

V.R.atrovirens

P.rraninis

of isolates in their linear growth phase.

jéfo
20,0
18.5
17.5
15.5

19.0 *

10.5

Ul
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a) Herbicide effect assessed by scar plates,

A plot of colany grovth on basic ion agar containing
known concentrations of relevant herbicide, with respect to time,

-gave a cwrve with three consecutive phases:

1. Little but accelerating growth (lag and acceleration phase).
2. Rapid and approximately linear growth,
3 Little or no net growth (approaching stationary phase),

The inhibitory or stimuwlatory effect of the herbicide on the growth
rate cf the fungal isolate 1s expressed as the percentage difference
betveen the linear growih rate on plates containing knqwn concentrations
of herbicide, and the linear growih rate of the control, Hoﬁever; the
furdamental criticism of the technique, that is mea;urement of colony
diameter instead of colony dry weight, was not met and for this

reason scme ligquid culture assays were undertaken, Vith shake liguid
culture assays it was not possible to carry out sufficient vabiety of
treatments and adeguate replication, hence agar plates were the main
assay technique employed; Herbicide concentrations resulting in
inhibitions at 70, 50 and 30 per cent levels of the controls are dérived

fomFigures 22 to 27,

Several of the isolates inhibited by relatively low
concentrations of herbicide showed little increase of inhibition at
higher concentrations of herbicide; for example A.rubescens and

M,R., strovirens with Chlorthiamid (Figure 13).




8.

Simazine and Atrazine did not inhibit any of the fungal
isolates tested (Figures 26 and 27). Indeed some isolates appeared
to be stimulated by certain concentrations of Simazine; A.mellea

and B, granulatus were stimulated at concentrations of 0.4 and 0,5 ppm -

respectively; when the Simazine concentration was increased to 0.6 ppm

the growth rates of these two isclates equalled those of the controls.

The isolates most inhibited by Dichlorobenzoate were .

B.bovinus (8 ppm), B.granulatus (8 ppm), B, badius (8 ppm) and

" C.oroniforme (15 ppm); at these concentrations of herbicide, growth

of these isolates was inhibited by 50 per cent relative to the

control (Figure 22).

B.1luteus (0.5 ppm), B.borinus (0.8 ppm), B.elecans (1.5 pom)
and A.rubcscens (2,0 ppm) were the isolates most inhibited by
Dichlorobenzonitrile; at these concentrations of Dichlorobenzonitrile

the isolateswers inhibited by 50 per cent relative to the control

(Figure 24).

The isolates most inhibited by Chlorthiamid were

C.praniforme (12,0 ppm), B.granuletus (15,0 ppm), B.variegatus (30,0 ppm);
at these concentrations of Chlorothiamid the isolates are inhibited

by 50 ver cent relative to the control (Figure 23).

With 245T the isolates were inhibited by very much the same
concentration range, a similar 50 ver cent inhibition (relative to the

control) occurring between 15 and 17 ppm 2457, Isolates of B.gcrenulatus,

A.mellea and P, sreminis were exceptions; these showed 50 per cent

inhibition (relative to the control) at 25 - 28 ppom 2457 (Figure 25).
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THE EFFECT OF DICHLOROBENZOATE ON THLE RELATIVE

GROWTH RATE (RGR) OF MYCORRHIZAL FUNGI,
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FIG.22 (cont).
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THE EFFECT OF DICHLOROBENZOATE ON THE RELATI!VE
GROWTH RATE (RGR) OF PATHOGENIC ROOT FUNGI.

L l e
100 \ \‘\

" M.radicis atrovirens e Pgraminis
L ™~
50 \. : _ : -
\- .

l:g,l‘. , e ' °

0
1001 o . 4

T \ F.annosus T \,
rgr. . \Mmm_

0 15 30 45 0 15 30 45

ppm, ‘amide’

ppm. amide’



2.
Fig.23 .

The effect of Prefix on the relative growth rate (tgr) of mycorrhizal {ungi.
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11G. 23.(cont).

- The el"fect of Prefix on the relative growth rate (rgr) of pathogenic
root fungi.
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THE EFFECT OF DICHLOROBENZONITRILE ON THE RELATIVE
GROWTH RATE(RGR) OF MYCORRHIZAL FUNGI.
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FIG. 2j.(cont).

THL EFFECT OF DICHLOROBENZONITRILE ON THLE RELATIVE

GROWTH RATE(RGR) OF PATHOGENIC ROOT FUNGL
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FIG. 25,

The effect of 245T on the relative growth rate(tgr) of mycorrhizal fungi.
and pathogenic root fungi. ’
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FIG. 26.

THE EFFECT OF SIMAZINE ON THE RELATIVE CROWTH RATE
(RGR) OF MYCORRHIZAL FUNGI.
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1G. 26 (cont).

THE EFFECT OF SIMAZINE ON THE RELATIVE GROWTH RATE
(RG.R) OF PATHOGENIC ROOT FUNGI.
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F1G.27.

THE EFFECT OF ATRAZINE ON THE RELATIVE GROWTH RATE
(RGR) OF MYCORRHIZAL FUNGI.
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F1G.27.(cony).
THE EFFECT OF ATRAZINE ON THE RELATIVE GROWTH RATE
(R.G.R) OF PATHOGENIC ROOT FUNGI.
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© b) Herbicide effect assessed by sheke 1ligquid culiures.

Shake liquid cultures were used to confirm certain experimental
resultsvrelating to the effect of herbicides on the groath of isolates
on agar plates (Figures 28, 29’énd 30). The concentrations known to
inhibit the grovih of the isolate on agar plates also affected the
growth of the same isolates in shake liquid culture., The inoculum
for shake liquid cultures, consisting of stripped and quartered Smm
plugs, is inevitably variable even though all precautions are taken
to keep the inoculum as consistent as possible, Some inocula grown
‘in sheke liquid culture preduce either fragmented mycelia or small
conpact pellets which subsequently frigpenﬁ, these fragments in tum
producing riore ccrpact small pellets. A ':':OCLL'La groving in the _absence
of addgd herbvicide or in only lo¥ herbicide concentrations developed
(for any one set of conditions) into uniform mycelial pellets of
reproducible dry weight. . However, higher herbicide concentrations often .
produced erratic results.\ The use of 2L5T concentrations of 15 =« 25 ppm

inhibited all isolates (Figure 28), Chlorthiamid at concéntrations

of 8 - 15 ppm reduced the mycelial dry weight to 70% of the controls

(Figure 30) for all isolates except R,emetica. Atrazine had no

inhibitory effect'on.Bdletus variegatus or Fomes annosus.

Other herbicides, for example Dichlorobenzonitrile and
Dichlorobenzoate, known to inhibit growth of fungal isolates on agar
plates also inhibited growth of these fungl in liquid culture. Hence
the shake liquid culture results substantiated those obtained from the
agar plate method, However, as a technique for accurately assaying
herbicide effects on the fungal isolates the method is less satisfactory

than agar plate assays for reasons mentioned previously.
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FI1G.28.

THE EFFECT OF 245T ON THE RELATIVE GROWTH RATES
OF MYCORRHIZAL AND PATHOGENIC ROOT FUNGI GROWN
AS SHAKE LIQUID CULTURES.
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FIG. 29.

THE EFFECT. OF ATRAZINE ON THE RELATIVE GROWTH
RATES OF MYCORRHIZAL AND PATHOGENIC ROOT FUNGI
GROWN AS SHAKE LIQUID CULTURES.
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FIG. 30

THE EFFECT OF CHLORTHIAMID . ON THE RELATIVE
GROWTH RATE OF MYCORRHIZAL AND PATHOGENIC ROOT
FUNGI GROWN AS SHAKE LIQUID CULTURES,
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5. T2 SYINOIESIS OF MYCORRHIZAS,

lelin's (1921), Fortin's (1966) and Treppe's (15675)
techniques for the synthesis of mycorrhizas were used with various
degrees of success, With Trappe's technique, mycorrhizas were formed
but reproducible high rates of success were not obtained, Certain
changes in the composition of the media (see Tableb), for éxample
the reduction cf glucose from 5 to either 0.1 or 1.0 g/1, coupled

with a decrease of thiamin from 50 to 0.05 mg/l and a change in the pH
from 4,5 to 3.0 caused changes in tree see&ling growth but had no
effect on the final numbers of mycorrhizas formed. Vermiculite
containing Trappe's media or the media modified as above, incculated

'with mycorrhizas fungus macerates, showed abundant mycelial growtn

and vigorous root systems, However, the pi of the media rose to

[T

ebout ¥ 7,0 after 60 = 70 days incubation, Sand containing any media

was found 0 be unsuitable for root and mycelial growth, due to
waterlogzing and, paradoxically, drying out of the sand surfgce due
to poor capillarity. The fungal isolates tested were the ones used
in the Melin technique (see table 16).
lelin's techniq;e was also found to be unsatisfactory. The
nunber of mycorrhizas formed were low (Figures 31 énd 32) even though
the inoculum often gfew as a mycelial lawn on the surface of the
vermiculite and was often seen to colonise root surfaces, Some inocula,
encouraged by the very high humidity in the flasks, grew up the shoots

of the pine seedlings, and in one case an isolate resembling C.graniforme

grew over the whole shoot, the vermiculite surface, and the root

(Table 16). .
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Figure 31.

1"corrhizas synthesised
using the technique of
Melin (1921): A. rubescens

5Si: on the host, P* sylvestri
XZ.

Figure 32.
Transverse section of
a mycorrhiza from.

Figure 31.("/000).



Portin's technique was found to be more successful; about‘
32 - 38 per cent of the inoculated roots surviving the incubation
produced mycorrhizas. This compares with Fortifx's success rate of
approxhnatel}y L0 per cent, However, the percentage succ;.ess cf
mycorrhizal formation with Fortin's technique was not largs enough to
obtain sufficient mycorrhizas for experiment., Very large numbers of
'expla.nts‘ had to be set up and this was beyond the scope of the
facilities aridl time available, It is apparent that the Fortin -
technique is successful; the choice of fungal isolate ‘a.nd the choice
of media, thougn critical, are not necessarﬂy the only factors which
restrict the success rate for mycorrhizal syntheses, By careful
control of terperature, media, pH, inoculum and growth periods it was
possible to assess the effect of these variables on the root system,
This enabled isclates to bs charact-erisei as to their spscific effects,
including mycorrhizal formation, on the ;-oot 'systems ~(Table 17; Pigure 33).

v
AY

The assessment of the pine roots inoculated with T, terrestris,

A.rubsscens, and B,variecatus is presented in Table 17, In all cases

there was a rscorded pi change of the Vermiculite from 4,5 to 7.0

after 60 - 70 days incubation, Iycorrhizas were formed using inocula

of T.terrestris or A.rubescens on the excised roots of P,sylvestris,
Success rates for mycorrnizael synthnesis by the two inocula were 32 and
38 per cent respectively., The isolate of C.graniforme produced no

slightly
mycorrhizas, but increased the total root length andreduced the total

nunber of lateral roots,

The small compact dichotomous mycorrhizal root tips formed

in the above syntheses showed on examination a typical sheath with a

138.
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well defined Hartig net, Some transverse sections of the Hértig
net showed that intra- as well as inter-cellular hyphae were present;
these mycorrhizas were possibly of the ectendotrophic type (Wilcox,

1964) (Figure 31).



Table 17, The effects of fungal isolates on P, sylvestris root

"exnlants", rrown using the method of Fortin (1966).

Thelephora Amanita Boletus Cenococcun
terrestris rubescens varieratus | graniforme
banp%g)sue £ - 71 95 < 81
lean|3td, Mean [Std., Xean|{Std. llean {Std, error
error error error error
l:f mat?gx 6,01 (0.48) 6.1] (0.42) 5.9} (0.90)i Not gvailable
Root - -
aegwth 28.1} (2.05 26,2 (1.04) | 27.9( (0.92)f 34,9 (0.90)
Eypocotyl 8 ( g 6 68) Mot dvai '
lenzth o4 (0.29) .3 (0.62) 7.7} (0.68)] Not gvailable
Nunber of
Taterel poota]| 108 (0:32) | 1.9 (0.23) | 1.9} (0.22)] 1.2 (0.14)
Total root j
lensta 6ot} (1.32) 6.0| (0.93) | 7.0} (1.05){ 6.3| (1.04)
Nurber of
mycorrhizas 147 (O.\‘H) C 1.9 (0.11) 0.0} (0.00){ 0.0} (0.00)

. Roots were assessed 60-70 days after inoculaticn.
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THE RELATIONSHIP BETWEEN ROOT LENGTH AND THE NUMBER OF LATERAL
BROOTS OF B SYLVESTRIS,GROWN USING THE TECHNIQUE QF FORTIN_.
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Figure 34
P Coralloid mycorrnizas

5L formed on "explants" of
© T 'b"".';-} -

e P, sylvestris inoculated

"with Thelevhora terrestris,
X2.




'6. THE EPFECT COF HERBICIDEI ON THE RESPIRATICH RATES CIF

EOTH MYCCRRHIZAL AND UNINFECTED ROOT TIPS CF

P, SYLVESTRIS AND P, NIGRA,

The respiration rates of excised coralloid mycorrhizas were
measured with an oxygen electrode, The morphology of these coralloid
mycarrhizas corresponds in part to those mycorrhizas assessed for the

effects of Simazine on the mycorrhizal roots of P,svlvestris and P,nigra

~ prowing in forest nursery plots and in plant pots (Fig.4).

The roots of P,niora possessed comparatively few well
developed coralloid mycorrhizas and although sufficient coralloid
mycorrhizas were collected to enable measurement of the effect of

Atrazine on the respiration rate, the remainder of the experiments

utilised the coralloid mycorrhizas of P,sylvestris,

i
\

The respiration rate of coralloid mycorrhizel roots of

P, svlvestris sampled in March 1972 was less than half the respiration

rate of similar roots sanpled in September 1972 (0.49 and 1.12

L0 / minute/100 mg coralloid mycorrhizas respectively).

P.syvlvestris and P,nirra, sampled in March 1972, had

similar respiration rates (0.95 and 0,105 }‘Loz/minu’ce/‘loo mg wninfected
root tips respectively). Coralloid mycorrhizal roots of P,nifra

sarpled in March 1972, gave respiration rates of 0.31 ul Oz/minute/'loo mg
coralloid myéorrhizal roots., lieasurement of the respiration rates of
coralloid mycorrhizas and uninfected roots of P.m".m*a was not undertaken
in September 1972, due to lack of suitable mycorrhizal material.

/

3.
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Coralloid mycorrhizal roots of P,sylvestris, sampled in

llazch 1972, pretreated with 30 ppm Atrazine or 4 ppm Simazine followed
by ten minute recovery in fresh phthalate buffer, showed some increase
in their respiration rates (sce Figure 35). In Secptember this
increase in respiration rate was not noted after the application

of either 30 ppm Atrazine or 4 ppm Simazine. The respiration rates

of non mycorrhizal roots of P, sylvestris, sampled in karch 1972,

pretreated for ten minutes with 30 ppm Atrazine or 1 ppm Simazine
showed stimulation; this was approximately 35 per cent over the

control (Figure 35).

Non mycorrhizal short roots of P.nigra (sampled in March
1972) increased their respiration rate after ten minutes pretreatment
with 0,5 ppm atrazine, Coralloid mycorrhizal roots of P.nigra shoved

100 pexr cent increase of respiration rate after ten minutes

pretreatment with 2,5 ppm Atrazine,

\

Ten minute pretreatments with 24,5T at concentrations of
50 and 150 pvm respectively, folloved by recovery in fresh phthalate
buffer (ten minutes), reduced the respiration rates of coralloid

nycorrhizas of P.svlvestris to 86 and 25 per cent of the control

(Pigure 36), Dichlobenil at low concentrations (5 ppm for ten
minutes) may cause some stimulation in the respiration rate of
coralloid mycorrhizas, Hovever, at higher cancentrations, pre-

treatment with Dichlobenil (10 and 20 ppm) caused the respiration



rates of coralloid mycorrhizas to be reduced %o 88 and ' 4 per cent of
the controls(Figure 36)., Ten minute pretreatments with Dichlobenzoate
(Dichlorobenzoic acid) at 400 and 800 ppm caused respiration rates of

coralloid mycorrhizas of P.sylvestris to be reduced to 80 and 5 per

cent respectively (Figure 36), Although pretreatment with Chlorthiemid
(Prefix) at low concentrations had no effect on the respiration rates

of coralloid mycorrhizas of P, sylvestrig, ten minute pretreatments

with Chlorthiamid at 200 and 400 ppm caused respective reductions of

the respiration rates to 75 and 50 per cent of the controls (Figure 36).

15,
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7. THE EFFECT OF HERBICIDES ON THE RESPIRATION RATES

OF MYCORRHIZAL FUNGI,

The respiration rates of B,elegans and A.rubescens, grown
in shake liquid cultures, sre much higher than the respiration rates
of the same weight of coralloid mycorrhizas, The measured respiration
rate of B.elerans is 9.25 ﬂloz/minu’ce/w mg fresh weight of fungel
pellet; & respiration rate of 4.5 )Loz/minute/‘m mg fresh weight of
fungal pellet was obtained for A.rubescens.A Even with temperature
differences éaken into account (incubation at 20%C for mycorrhizal
- roots and 25 for fungal isolates), the results suggest that
mycorraizal fungal isolates,. in terms of their respiratory activity,

are much more active in pure culture than as developed mycorrhizas,

{
\

The effects of herbicides on the respiration rates of

B.elerans and A.rubescens were estimated after ten minute pre-treatments
with aerated basic liquid media containing specific concentrations of
herbicide., Pretreatment with 150 ppm 245T at 25°C caused respective

reductions in the respiration rates of B.elecans and A.rubescens to

77 and 91 per centA of the control (Figures 37 dnd 38), After ten

minutes immersion at 25°C in 600 ppm Dichlobenzoate, 20 ppm Dichlcbenil
or 200 ppm Chlorthiamid, B.elesans showed 73 60 and 71 per cent
reductions of the respective respiration rates, relative to the

control (Figu're 37).

Reductions in the respiration rates of A.rubescens to 93,

81, and 89 per cent of the control are achieved by 200 ppm Pichlobenzoate,



149.

15 ppm Dichlobenil and 400 ppm Chlorthiamid (Figure 38)

However, Simazine and Atrazine at any of the concentrations
| specified (Figures 37 and 38) did not affect the respiration rates of

B,elerans and A,.rubescens,
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8. TIE UPTAKE OF FHOSPHATE BY LYCORRHIZAL RCOTS OF P.SYLVZSTRIS

Acration of KIPO, solutions (0,05 mg/ml) in sample chambers
at 20°C for 25 hours did not result in precipitation of the phosphate,
liycorrhizal roots killed with sodium azide altered the level of
IGIPO, in phthalate buffer, but absorption of mf‘ by these killed
mycorrhizal roots was less than O.OOV‘I mg POL,_B" / 100 mg killed
mycorrhizal roots / 25 hours (Figure 39 b)., Any loWering of the
concentration of buffered phosphate in the sample chamberscontaindng

living coralloeid mycorrhizal roots (below$0.039 mg / ml POL..B-) can

be attiributed to the uptake of phosphate by the sample,

Aerated coralloid mycorrnizas of P, svlvestris roots began
oy &

to take wo POL*_B- from a buffered soluticn containing 0.05 mg / ml

KHZPOA. after 1.5 - 2,5 hours, After 5 = 6 hours the coralloeid

3-
A

present in the buffered solution; subsequent phosphate estimations

-

mycorrinizas had teken up appraximately L0 per cent of the FO
: _ _—

during the remainder of the experimental period (18 = 19 hours)
shoved that phosphate sbsorption by such ccralloild mycorrhizas did
not increase eppreciably after this time. Phosphate uptake for
100 mz corslloid rr;yco:prhizal samples varied slightly, but in all
cases abscrption of PO 3= after 20 hours was between 0.1k and 0,17

L
ng POA_Z’- / 160 mg coralloid mycorrhizas (Figures 39 ¢ and 40).

Absorption by uninfected root tips of P,svlvestris was

(after 5.5 hours) in the region of 0,02 mg Pof' / 100 mg non

mycorrhizael short roots., However, after 20 hours the level of
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POL;_}- in the non-mycorrhizal short roots can decrease (Figure 39 a).

The uptake of POJ.;.S- by coralloid mycorrhizas was found to
be almost completely irhibited by the addition of 1 ppm 245T to the
sample chamber (Figure 39). The addition to the sample chanbers of
120 ppm Chlortniamid, 60 ppm Dichlobenzoate or 25 ppm Dichlobenzonitrile
caused approximately 8 - 10 per cent reductions (relative to the

control) in the wptake of phosphate (Figure LO).

‘hen reducing agent was added to buffered phosphate solutions .
containing Atrazine or Simazine the sample became turbid. Thvis‘
obscured the development of the phospho ammonium molybdate cdmplex;
Lence effects of Simazine and Atrazine on the uptake of phosphate by

coralloid mycorrhizas could not be measured using this technique.
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DISCUSSION

1. The form and development of Pine roots,

The two Pine species examined contrasted markedly in the
nature of their heterorhizic root systems., The root systems of
Ponicra seedlings consisted of abundant 'pioneer' roots; the few

short roots present were associated with small numbers of ‘mother!

root and subordinate ‘mother' roots. P.sylvestris seedlings, on the
other hard, possessed rel:'itively few 'pioﬁeer' roots while numerous
short roots formed on the relatively abundant ‘mother' and
subordinate 'mother' roots. These differences between proportions
of 'piocnesr' end 'mother', and subordinate 'mother' roots on

P.svlvestris and P.nicra seedlings esccounted for the large differences

noted in the total numbers of uninfected short root tips é.nd myceorrhizas.,

Field obsexvatidns clearly show that there can be discrep-
ancles between the est.ablishmen’c of mycorrhizas on Pines planted in
nursery plots and on Pines naturally established in forest plantations,
For example, a discrepancy was noted on comparison of nursery plénted
Pines with Pines planted in Thetford forest. Such discrepancies might |
be attributable to soil nuirient levels or to numbers of mycorrhizal |
propagules and their inoculum potential in forest S0ils conpared with
nursery soils, There is also the possibility that soil applied
herbicides may affect either the vigour‘ of mycarrhizal fungi or the
growth and development of tree root systems. A further factor which
nmight influence mycorrhizal development in Forestry Commission

nursery plots is the use of B,H.C. for root weevil control,

/56‘
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High levels of soil nutrients in forest nurseries may
discourage good development of root systems., For example, S8ding
(1952) , Aird (1962), Henderson end Stone (1967) and Sutton (1969)
have shovn that there is a relationship between poorly developed
root systems and fertile soils, In addition, a similar relation-
ship between soil fertility and the proportions of 'pioneer?,
subordinate 'mother', and 'mother' roots probably exists. Thus,
the overall development of the root system of a conifer seedling
will depend on the particular soil nuirient levels in which it is

growing (Aldrich Blake, 1930; Wilcox, 1964; Sutton, 1969).

In the p.reserit study nutrients were added at the seme
levels in all tae experimental nursery plé‘;s; therefore overall
assessents of trees within groups of herbicide treatments could be
rade, vwhen Simazine is applied to soils,or soils are hand weeded,
coerpetiticn for nutrients ‘jpe*.r.veen weeds (including grasses) and
pine roots will be reduced., This factor may be relevant to
P.nirra seedlings, for these seedlings possessed a higher 'pioneer!
root: subordinate 'mother' root and 'mother' root ratio than

P.sylvestris in all the nursery sites assessed. Because of this

the relaticnship between the different site conditicns and the
'pioneer' root: suwbordinate 'mother' root and 'mother' root ratios

of P,svlvestris and P,nicra seedlings was of particular interest.

These observations concerning the effect of soil nutrients

on root systems suggest that P.nicra and P,sylvestris may differ

significantly regarding their ability to grow in nursery and in

natural forest soils, Pines with a basic.'pionesr' root system.



with few short roots can take advantage of high soil nutrient levels;

hovever these roots may be capable of developing into secondary
'mother' root systems (Sutton, 1969). A 'pionesr' root system can
be mycorrhizal in any case (Aldrich Bleke, 1930; Hatch, 1937),

and may finally give rise to a well developed zryéorrhizal system,

Problems regarding numbers of zqycorrhizai propagules and
their inoculum potential in nursery and forest soils are not easily
cpen to Lrvestigation., It seems likely that certain propag{ﬂ.es,
for example spores', would not vary éppreciably in numbers and
possivly inoculum potential, but others, for example rhizomorphs,
might shov cqnsiderable variation,

The poor development of rycorrhizas noted in forest
nursery plois may be partly a conseguence of the application of
3.H.C. (Strchol) by the forestry Comﬁssion to contrcl root weevils
(Table 3). Although application was only 0.5 ml B,H,C,(Strobol) / |
'litre,this may have been sufficient to affect grovth and development
of new short roots, Under certain conditions B.,H.C. is known to
exert harmf'ul effects on plant grovih and development; for example
Wegorek (1957) found.that low applications of B.H.C, were harmful
to germinating wheat shoots growing in sandy soil; while the same
dosage of B.,E.C., did not affect wheat germinating in heavy soils.
However, the soil micro-flora in either B.H.C, treated soil was

not affected in any distinctive way.

In the present study B.H.C. was sprayed by the Forestry

/

Commission directly onto the roots of P,sylvestris and P.nigra,

3
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If B,H.C. influences the resumption of short root growth, sparse
mycorrhizal development at or near the ends of 'mother' rocots may
be a direct consequence of new short root development only taking

place outside the B,H.C. treated zone.

It is of interest that Pines not treated with B.H.C.,
groiing as pot experiments using the soils from these forest
‘research plots,developed abundant mycorrhizas, If such pot grovn
Pines had been treated with B,H.C. then it would have been possible
to establish whether B.,H.C, affected the s&nthesis of mycorrhizas

and/or the develcpment of short roots.

It must be erphasised that other factors may also affect
the development of the roct system, for ¢xem;ole root wWounding is
knom to stimulate root growth (Suttan, 1967) whilst the presence
of :f“resh or only partly humified plant residues causes some inhibition

)

of rcot growth (Kononova, 1961).

Classification of mycorrhizas was restricted to a simple
description of their essential characteristics, namely:
1. Non d.ichotomous racemose mycorrhizas (Figure 6).
2. Simply-branched mycorrhizas (Figure 15).
3, Dichotamous mycorrhizas (Figure 14).
4. Coralloid mycorrhizas (Figure 7) .‘
5. Small white sPhéiical structures found occasionally

on dichotomous mycorrhizas (Figure 12).



The classification schemes of Melin (1927), Dominik (1959) and
Boullard end Dominik (1960) were found difficult to use and interpret.
Atterpts to describe the colour of nycorrhizas were abandoned, for
their colours changed on exposure. It was scmetimes difficult to
define distinct mycorrhizal morphologies since the types of
nycorrhiza encountered in the assessments inter-graded. larks (1965)
succests that this inter-gradation of morphological mycorrhizal

MGS is probably due to several mycorrhizal fungl co-habiting

the root and giving rise to different mycorrhizal morphologies in -
different soil conditions. Similarly, Zak and Marx (1964) recognised
the existence of nmpltiple ‘fungus mycorrhizas which consisted of

éssociaticns of Cenococcum pgraniforme and a quiescent fungus, the

multiple fungus rgycorrhiza changing in fungal camposition with

diffcrent soil ccnditions.

Egqully, it is possi:ole that.pne fungus might give rise to
different mycorrhizal root morphologies under different soil or root
‘conditions. However larks (1965) suggests that different mycorrhizal
types are recascnably constant,;bu’c chance invasion of a Pine short
root into an area dominated by a particular soil mycorrhizal fungus'

population can modify a particular mycorrhizal associatian,

The different mycorrhizal types described in the present
investization may be a consequence of Interaciions between many

different factors.

However,  the basic problems of mycorrhizal assessment are not

classificatory ones but concern assessment of seasonal growth, The

I60.



development,of mycorrhizas on P.sylvestris end P.nipra short roots

was seasonal and took place in spring and late summer, Consequently
eny Pine roots sanpled in late sumrer possessed both recent and
older mycorrhizas, The older mycorrhizas were believed to represent

‘both the previous spring and the previous summer's growth,

The observation of seasonal mycorrhizal development was
confirmed with a sample of seedlings of P,nigra taken in February
1972 from forest plot 83FY70 (VWareham), This February assessment

shcoved that the nuaber of young nycorrhizas, compared with a November

assessment, was very few, and that older mycorrhizas were proportionally

riocre abundant (Table 10). Consequently it was considered that the
Hoverber sanpling time probably geve the betier estimate of youngA

(and presunably more active) mycorrhizas.

When nursery seedlings are transplanted root growth should
N

not be interrupted, providing fresh root tips are present, there is
sufficient soil moisture, and the soil temperature is suitable. |
However the possibility of a 'check' in growth on transplantation
obviously exists, To allow for possible delays in the resumption
of rooct grovth, Pine seedlings were assessed in November, eight
months after transplantation in March, Assuming that new sh.ort roots
had developed by early summer, then November estimates of mycorrhizal

intensity must include any nycorrhizas developed on these new short

roots in the late summer period of growth,

The assessment of mycorrhizas in the present study includes

mycorrnizas developed from an existing Hartig net and / or from soil

l61



fungal propagules. lycorrhizas developed from successive short

- roois are considered a consequence of infection by an existing Hartig
net, On the other hand, coralloid mycorrhizas are believed to
represent the infection of new short foots by soil fungal propagules,
aé probably are sparse, singly dichotomous mycorrhizal roots
encountored at or near the ends of subordinate 'motker' roots, 'mother!

roots or cccasicnally 'pioneer' roots.
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2. The cffect of Simazine on the prowth and mycorrhizal

development of P,sylvestris and P.nigra seedlings,

The technique of planting riori-rr;ycorrhizal seedlings into
soil pretreated with Simazine, further annual treatment of the soil
with Simazine,and assessment of consequent mycorrhizal inféc’cion of
the root system, can be considered an assessment of the inoculum
potential of the nycorrhizal propagules in the Simazine treat_ed soils
(Wilde, 195L). Nursery seedlings were more or less free of mycorrhizas
when transplanted into Simazine treated and control soils. However,
as stated previously, the plots made available for the present study
received high concentrations of fertilizer and well rotted organic
rateriel (Table 3); this probably resulted in soil conditions that

enabled both P.svlvestris and P.nisra to grov without the extensive

develcpnient of a root system and therefore without short roots

suitable for rycorrhizal develcopment. Hence the sbsence of abundant
\

rycorrhizas on asssssed root systems does not inply that the soils

treated with Simazine lacked mycorrhizel propagules.,

t is not clear whether Simazine affects the grovih and
development of short roots and mycorrhizas of Pine seedlings growing
on forest plots 456FY70 (Kennington) and 83FY70 (Warehem)., On the
whole the results suggest that there is in fact liftle Simazine effect

" on the uninfected root tips of P.sylvestris and P.nigra, Although

tnere was an increase in the' nuaber of mycorrhizas on P.nigra
seedl:.nc,s s:urgpled in November 1970 growving in Wareham (83FY70) soils
treated with 8 1lbs Simazine per acre, this was possibly significant

but didaet occur in the February 1972 sanple. Similerly P.sylvestris

uninfected root tips and mycorrhizas, sampled from the Kennington
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site (458FY70) in November 1970, responded by some increase in
nunbers to the application of 4 lbs Simazine per acre; this result
is possibly more valid, for additionally there was an increase in
therzgg'esh weichts of these treated Pines (Table 11). However this
assessment was ndt repeated duwe to other unresolved problems of this
site. Hosever it is conceivable that Simazine does affect the

Pines growing on the forest nursery plots, but that the effects are

small and perhaps easily masked by other site factors.

One noticeable example of the eff‘ect of site on Pine
seedling grovth and development occurred at Kennington., Comparison
of the ratios of root dry weight : fresh weight for P.nim;a seedlings
subjected to the various Simazine treatments showed that noticeeble
differences between plots were not related to Simazine treatments,

It was obscrved that plots with a higher root dry weight : fresh
weight ratio were localised in one corner of the experimental area;
the whole site sloped to:'fa:.rds this corner. Statistical analysis,
coiparing certain variates of Pines growing on this corner with those
groving on the rest of the site, shoved that root dry weightsvaried
significantly, .but that other measured variates were not affected.
Reascons for this change in the root dry weight are unclear, but in

viev of this additional factor requiring consideration, it was

decided not to reassess the Kennington site.

In an' attempt to overcame the problem of variability of
root systems noted in forest nursery plots, Pines were grown in
plant pots containing -soils taken from the same nursery plots

(Kennington and Waieha.m) and from Thetford forest., These pot gromn
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Pines, when subsequently assessed, shoved a similar inherent
variebility of their root systems. Overall correlations between
assessed root characters were similar to those obtained from

seedlings groving in nursery plots (Tables 1 and 2),

Root assessments and root counts made eight months after
pot planting shoved that littie general extension growth of the
root systemns had occurred alfhough mycorrhizal development appeared
to be proceeding on a greater scale than in forest nursery plots.
This may have been due to the father diffefent growth conditions;

for exauple, no added fertilizer and no mulching,

It was considered that sampling these Piﬁes eighteen
montihs after pot planting gave a more realistic assessmént of their
overall grovin and root development. Pines growing in éots for
eignteen montas develcoped many more root tips per plant than Pines
groving in forest nursery \plots for eight months. It proved too
time consuning,for such pot grovn Pines,to count the short root tips
on a per plant basis; instead results were expressed as the numbers
of root tips per 1.0 g fresh weight 'mother' root. bThese results
were conmpared with similar data obtained from forest nursery plots,
_ ekcept that calculations for the assessment of the latter Pines were
- based on whole root systems and not just .'mother" roots. The values
for the forest nursefy plots are presumably undersestimated (see Tables
10 = 14); nevertheless the intensity of short roots seems much greater:
on pot growvn Pine§. Additionally, pot grovn Pines possessed greater
mﬁnbers of nycorrhizas ,' including proportionafely more coralloid

types.
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Differences in the nature of the root system of pot grown
‘ seedlings, compared with nursery grovn seedlings, may be due .to a
physical effect of the plant pot which somehow alters the 'pioneer':
'mother' root ratios., For instance, the plant pot may restrict
'pioneer' root development. Such restricted 'picneer! roots n;ay
develop into secondary 'mother' root systems. Increased development
of 'mother' root systems may accouﬁt for the greater numbers of short
root tips developed on these pot grown seedlings; this increas_ed
development of short root tips may explain the greater numbers of
rycorrhizas, including coralloid mycorrhizas, present,(Coralloid
mycorrhizas were very infrequent in forest nursery plots). Increasing
nutrient deficiency in pots over the duration of the experiment may
have stimulated short root and consequent mycorrhizal development.
In addition, denser occupation of short roots per unit volume of
soil xsaﬁs th.at the short roots should encounter most of the fungal |
propagules present, ‘,\
- Analysis of pot and field experiments indicates that Simazine
did exert certain effects on Pine seedlings grovn under certain
conditions, Sinazine at 4 1bs per acre increased the numbers of
nycorrhizas on Pines‘grdving in pots for all the soil types; this
effect was not properly demonstrated in the forest nursery experiments,
The results obtained suggest that Simazine affeocts the Pine root
systems in two ways; firstly by scmehow increasing the numbers of Pine
short root tips available for infection in particular soils and
secondly by causing an increase in the mycorrhizal infection of short
rdots. Anyhow, it is certainly true that Simazine at any of the
concentrations applied for the pot and forest nursery experiments had

no detrimental effect on the ability of Pine roots to form mycorrhizas,



3. The herbicide effect on the in vitro srowth of funpgal isoclates.

For measurement of growth of fungal isolates in culture it
is essential to use isolates‘whidh rerain constant with regard to
morphological vigour. Isolates not fulfilling these requirements
were rejected for the purposes of the present experiments, Such.
isolates might in fact have been good potential inocula for
rycorrhizal syntheses, poor growth perhaps relating to a more
obligate fungus / root relationship. However such isclates when
tested for their ability to form mycorrhizas with asep%ic Pine
secdlings gave similar success rates to the more rapidly growing

isclates.

The mycorrhizal fungi finally used for these experiments
were derived from either sporocarps or basidiospores, the exception

was Cenococcum graniforre.(culture collection).

TFungal isolates were grown on synthetic media; this may
partly account for the unsatisfactory grovth of some of these

isolates, since the growth of some basidionmycetes can be better

on natural products media (Zspenshade, 1962). Hovever, most isolates

examined grew satisfactorily on basic ion agar and for reasons of

censistency it was decided to use only this agar.

Agar plates represent the most realistic and practicable
means of assaying herbicide effects on mycorrhizal fungal isolates
and some root pathogenic fungi. Codhrane (1958) states that most

quantitative studies on the growth of fungi require a liquid medium,
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he furtner states that the most satisfactory estimate of growth is to

determine mycelial dry weight., However, Cochrane (1958) also

concludes that agar plates are adequate for studies of some environmental

factors, even when the results obtained do not correlate with dry

weight results from liquid culture experiments,

Vhether agar plates should be used for essentially chemical

problems, for example the effects of herbicides, is debatable, for

few experimental results exist., However, agar plates offer considerable

advantages over liquid culture studies, the primary advantage being

the ease of colony growth measurement,

Unlike many workers, for example.Rodriguez Kabana et al

"(1966), the herbicides used for experiment were dissolved in water;
feor this reason the herbicide concentration ranges were low, Water
was chosen as the herbicide solvent instead of ethanol or acetone
sincg, firstly, the possil\ale effects of these organic solvents on
the growth of fungal isolates would otherwise arise, and secondly,
vater as a solvent gives herbicide concentrations that are presumably
closer to those encountered in the soil. Thlrdly, over a long period
of incubation at 2500, it is quite possible that scme of the solveni;
could evaporate. Heﬁce the solubility of the herbicide in solution

could be affscted, and this would change the precise concentration of

herbicide in strict solution in the agar,

The results obtained were to same extent prediciable, and

Justify claims that this assay technique is sensitive., Xany of the

isolates growing on ager plates containing Atrazine or Simazine shoved
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en initial lag of eight to ten days compared with the control; this
was follawed by a period of growth, in some cases a stimulation was
shown relative to the control growth rate. For example Armillarea

mellea and Boletus granulatus were stimulated by concentrations of

0.5 ppm Sinnzine. The lag induced by triazine herbicides has also
been cbserved by Rodriguez Kabana et 2l (1966), and may indicate
that an adaptive period is required by the fungus to the herbicide

befora it can effect appreciable growth,

The results shov that Dichlobenil (2,6,Dichlorobenzonitrile)
is more toxic to fungal isolate growth (1 - 3 ppm causing 50 per cent
growth inhibition of fungal isolates), than the two other related
herbicides, Dichlobenzoate (2,6,Dichlorobenzoic acid) and Prefix
(2,6,Dicnlcrotniobenzamide), Dichlobenzoate (2,6,Dichlorobenzoi acid)
is a breakdown product of Dichlobenil (2,6 Dichlorobenzonitrils ; |
the closely related herbicide Prefix (2,6 Dichlorothiobenzamide)
is converted in both plants and soils to Dichlobenil (Swanson 1969).
The rgsults show that Dichlobenil is more toxic to fungal isolate
grovth (1 - 3 ppm causing 50 per cent growth inhibition of fungal
isolates), than the two other related herbicides. Dichlobenzoate
(the soil degradation product of Dichlobenil and Prefix) (Swanson
1969) appears to be more toxic to fungal isolates than Prefix
(10 = 45 ppm and 10 - 90 ppm causing 50 p_gg cent growth inhibition

of fungal isclates respectively).

The results are of particular significance, since
Dichlobenil, characterised by its low solubility and high toxicity to

fungal growth, could cause considerable damage to a population of soil



nycorrhizal fungi, Possibly some care should be exércised in the
application of these 'threo closely related herbicides, especially
Dichlobenil., However, Dichlobenil is quickly broken down in the soil

to Dichlobenzoate,

However all these herbicides, like 245T, should be applied
sparingly on forest nursery plantations (245'1‘ was found to cause 50

per cent growth inhibition of fungal isclates between 15 and 28 ppm).

With shake liquid cultures several problems Were enoountered,'
one of which was the selection of fungal isclates for experiment, The
cultures employed were those used for agar plate assays; several of

these isolates gave inconsistent grodth in shake liquid culture,

Santoro and Casida (1959) have stated that fragmented
mycelia are the best inccila for the liquid culture of mycorrhizal
fungi, the glass beads fr;agmenting and exposing more hyphae to the
liguid media and thereby providing a greater potential for grovth,
Hovever differences in the dry wéights of replicates were found even
when carefully sieved mycelial macerates were used as inocula,
Consequently the inoculum for the present liquid culture experiments .
consisted of fungal mycelia stripped from quartered 5 mm plugs of

mycelium grown on basic ion agar,

The purpose of the shake liguid culture assays, as stated,
was to conpare overall herbicide inhibitions with those obtained from
the agar plate assays; consistent results were generally obtained. It

is quite clear that thers was no inhibitory effect of Simazine or
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Atrazine (at the concentrations used) on the growth of fungel isolates
in liquid culture, upholding the results obtained with agar plates,
245T caused inhibition of all isolates in liquid culture; Prefix,
Dichlobenil and Dichlobenzoate inhibited fungal isolates to a lesser
éxtent. However, there was one noticeable exception concerning the
consistency of results between liquid culture and agar plates;

Russula emetica showed no inhibition of growth when cultured in liquid

media containing concentrations of up to 20 ppm Dichlobenzamide (Prefix).

It should be noted that the relative growth rates obtained
fcr the different herbicide treatments will include any effect of

herbicide on the lag phase of growth.
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4. The synthesis of mvcorrhizas

Washing in 100 vols hydrogen peraxide followed by incubation
in the dark at 2500 was a very successful means of sterilizing

P.sylvestris seed and resulted in at least 90 per cent germination

(Trappe, 1961). However the same sterilization procedure on P,nigra
seeds proved to be less satisfactory, for various reasons, and no
suitable alternative method of sterilization was found., Therefore,

"most of the synthesis work was restricted to P, svlvestris,

The best form of inoculum for the in vitro synthesis of
ectotrophic mycorrhizas was macerated fungus mycelium, consisting of

large numbers of hyphal tips,

Another source of fungal inoculum was mycelium stiripped
from 5 mm plugs of basic ion agar. Such inocula were used extensively
for lelin's technique, since it was an easy matter to bury the nmycelium

near the growing Pine seedlings.

Considerable evidence in the literature suggests that
failure of mycorrhizal isolates to form in vitro mycorrhizas may be
attributed to the age of the fungal isoclate., It may be that isolates
lose the capacity to form mycorrhizas through frequent sub-culturing
and mutation. Cultures maintained on slopes under mineral oil should -

solve this problem,

lany of the fungal isolates isolated from sporoéarp tissue

may be more suited to survivel as saprophytes lfoming pseudo-mycorrhizas



rather than ectotrophic mycorrhizas. Suggs and Grand (1972) state
that an in vitro relationship between sporocarp and tree host doeé
not necessarily preclude the in vivo formation of.mycorrhizas by
other fungal isolates, In addition it has not been necessarily shon
that in vivo relationships between sporocarps associated with trees
and the formation of nycorrhizas al\'r.rays exist., Certainly, it does
not follow that sporoca;z'ps associated with ‘i:rees necessarily form
eétotrophic mycorrhizal associations with these trees. They may
instead form pseudo-rycorrhizas,or other root surface associatiqns’
or even be part of a multiple fungus mycorrhiza., Zak and Marx

(1964) recosnised the existence of such a multiple fungus mycorrhiza,

consisting of Cenococcum graniforme and a quiescent fungus (neither
of which form sporophores);_ the ratio of these two fungi chanéed with
different soil conditions, the stimulation of one fungus suppressing
the other. These observations, together with the suggestion of
Watling (1971) that sporocarp tissue may consist of more than one

fungus species, and the findings of Mosse (1962) that the synthesis

of endotrophic mycorrhizas required a bacterial infection as well

a3 the mycobiont (Endorone sp.), may point to a possible reason for

the lack of success with the in vitro mycorrhizal syntheses.

In the isolation of the mycorrhizal fungi for the present
'study, the existencd of multiple fungus or fungus and bacterial
assoc:iations as a pre requisite for successful mycorrhizal syntheses
was not considered, Since the camponents of the in vitro mycorrhizal
synthesis were aseptic Pine seedlings and pure cultures of fungal

isolates, it is possible that conditions were too far removed from

3.
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the normal in vivo situation for mycorrhizal synthesis. Many of

the fungal isolates tested for their ability to form in vitro
mycorrhizas were capable of forming a 'mantle', but not a Hartig net
on host Pine roots. It was considered ‘c.ha’c such fungal isolates
formed pseudo-mycorrhizas under the experimental conditions employed.
Thus a problem of the correct definition of a mycorrhizal infection

arose,

Trappe's technique of mycorrhizal synthesis, analagous to
that of Lindeberg (1960) in that the aerial perts of the Pine are
exposed to the open air, was found more satisfactory than the latter
technique, The experimental conditions of Trappe's technique enable
the development of true ectotrophic mycorrhizas (instead of pseudo— -
mycorrhizas) beiween fungal inoculum and Pine root. lelin's
technique ,'.'.'hich‘necessitates enclosing shoots in a humid sterile
atmosphere,would seem lesé‘ satisfactary in terms of normal shoét,'
and 'therefore seedling, development. KHovever, néither Trappe's nor
llelin's technique produced consistently high and therefore experimenta.lly

useful numbers of well developed in vitro mycorrhizas on P, sylvestris

seedlings. The nuabers of nmycorrhizas found developed on P.sylvestris

'explants! inoculated with Thelephora terrestris or Amanita rubescens

using the Fortin technique were similar to those obtained by Fortin

(1966) i.e. 32 and 38 per cent respectively.

Zak and Bryan (1963), Marx and Ross (1970) and Marx and
Bryant (1969) have published results shoving that successful in vitro

mycorrhizal syntheses are possible between certain Pines and



Thelerhora terrestriss | this has been confirmed by Hacskaylo (1965,

and personal communication, 1970). Hence, for the present study it

was concluded that Thelepvhora terrestris was possibly one of the

better mycorrhizal fungi to use for the synthesis of consistently
successful in vitro mycorrhizas, However the results obtained do

not confirm this; Thelevhora terrestris proved no better than

Armanita rubescens for successful in vitro mycorrhizal synthesis,

17s.
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5. The respiration rates of mycorrhizas end mycorrhizal fungi.

Results obtained using an Oxygen electrode have helped
confirm the field results concerning the effect of Simazine on
mycorrhizas and have additionally provided information concerning the

_ effects of other herbicides.

The respiration rates of P.sylvestris mycorrhizal roots

sampled in Septewber were approximately three times those of equivalent

P, sylvestris mycorrhizal roots sampled in larch, This confirms field

observations that mycorrhizal roots in September are in an active
rhase of grovih and development, whilst nycorrhizas sampled in March
are more or less quie:;cent. In contras{: the respiration rate_s of
wninfected short roots sampled in llarch and September remained almost
.unchanged.

'
i

The high respir::xtion rates recorded for these uninfected
short roots fnay in part reflect a greater degree of woundin‘g. Never-
theless uninfected short roots,sampled in March and September, shoved
an increase in their respiration rate after tréatment with Simazine

or Atrazine,

Tne overall effects of various herbicides on the respiration

of P.svlvestris mycorrhizas are in agreement With the findings of

herbicide effects on the growth of fungal isolates on basic ion agar.
It is considered that the ten minute pretreatments with high levels

of herbicide for these respiratory studies are to some extent equivalent
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to the effects of lower herbicide concentrations in the agar plate

as3ays.

Simazine and Atrazine did not measurably affect the
respiration rates of mycorrhizal roots sampled in September, but
caused considerable increases in the respiration rates of the

apparently guiescent mycorrhizas sampled in March,

Of the series Chlorthiamid (Prefix), Dichlobenil, and
Dichlobenzoate; Chlorthiamid is most frequently applied to control
forest ;;;:flis This herbicide is usually applied in granular form;
the granules slo:rlyi dissolve and the active herbicide washes into
the soil, Hence three phases in the soil degradation of Chlortﬂiamid

occur, each phase possibly affects the nycorrhizal roots in different

ways as follows:

) ’ weed s
1. Phase of little effect other than the control of w=ewls
(wp %o 200 ppm as Chlorthiamid),
2, Possible effect on mycorrhizas (as Dichlobenil up to 5 ppm),

then caonsiderable reduction in the respiration rate of
rycorrhizal roots, and inhibition of mycorrhizal fungi
(over 5 ppm Dichlobenil).

3. | Very littlre effect on mycorrhizas, the herbicides having
percolated through the soil and/or having been degraded to

Dichlorobenzoate,

Respirationyrates of 'pellets' of mycorrhizal fungi ( grd.vn

in shake liquid culture) werce higher, perhaps not unexpectedly,

/
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than the respiration rates of uninfected short roots or mycorrhizas

of P.sylvestris, The respiration rates of 'pellets' of Amanita rubescens

and Boletus elerans showed equivalent responses to herbicides compared

- with similarly treated P.sylvestris mycorrhizas, Similarities between

the herbicide response curves for mycorrhizas and isolated mycorrhizal
fungi sugrest that mycorrhizal root responses may be those of the
fungal rather than the host component. Howeve?, in the absence of

data concerning respiration rates of non mycorrhizal P,sylvestris

roots for the complete range of herbicides, this must remain a point

for speculation,
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é. The uptake of phosphate by mycorrhizal roots of P,sylvestris

-The uptake of phosphate by mycorrhizal roots was demonsti‘ated;
hovever the results cbtained cannot easily be compared with those of
Harley and lcCready (1950) and Morrisson (1961) since all the sets of

results are expressed on different bases,

The results indicate that herbicides induce parallel
responses in phosphate uptake to respiratory z;esponses of mycorrhizas
and nycorrhizal fungi, and to growth responses of; mycorrhizal fungal
isolates, However, as noted, data for phosphate uptake in the
presence of Simazine or At:c;azine are not available, since these
herbicides caused the develcpment of turbidity on the addi*l;ion to the
sample solution of HZSOZ‘_ ard ammoniua molybdate. This made the ‘
estimation of phosphate in solution unreliable. intere‘sting,ly,

El Dorry, ledina and Bac:iia (1972) have encountered a similar
turbidity problem using this method of Fiske and Subarrow (1925) %o

measure the effects of Phenothiazine'compounds on ATPase activity.

It is difficult to draw comparisons between the various
experimental results, but it seems likely that 245T exerts 'a considerable
influence on the wptake of‘ phosphate, the respiration rates and the
growth of mycorrhizal and other fungal isolates compared with the
other herbicides tested; namely Simazine, Atrazine, Dichlobenil,

Dichlobenzoate and Chlorthiamid.
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ERRATA.
1. Incorrect order:
Rovira,‘A.D. - see under Ra--.
2. Ommitted:

Romell,L.G. (1938). A trenching experiment in Spruce forest, and
its bearing on problems of mycotrophy. Svensk bot. Tidskr.,
32 :89.
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Full chemical names of biocides mentioned in text;

1.

3

Soil fungicides, fumigants and sterilants,

Allyl alcchol

Benoyl

Carbon disulphide

Chlorobromo propane

Chloro picrin; trichloronitromethans

'D-D*, 1,3 -dichloropropane (50 per ceﬁt) + 1,2, -dichloroPropane .

(25 per cent).
Dexon;  ~dimetnyl amino-benzene-diazo sodium sulphonate,
Lthylene di-~bromide
Formaldehyde
Formalin :
lylone; 3,5 = dimsthyl tetra hydro - 1,3,5 = thiadazine-2-thione.,
P,C.N.B.; pentachloranitro-benzene
Thiram; tetramethylthiuramdisulphide
Vapam; sodium N-mgthylthdithio-carbonate

secticides and Nematocides

E.H.C. (Strobol) benzens hexachloride

Herbicides

Atrazine; 2-chlor-l-ethylamino-6-isopropyl amino-1,3,5 = triazine
Chlorthiamid (Prefix); 2,6 dichlorothiobenzamide

- Dichlobenil; 2,6 dichlprobenzonitrile

Dichlobenzoate; 2,6 dichloro benzoic acid

Prefix: (see Chlorthiamid)

Simazine; 2-chloro-k,6-bis (ethylamind-1,3,5 triazine
2457 2,4,5 trichloro phenoxyacctic acid

-VWeedex '50'; active ingredient 50 per cent Simazine (see Simazine),

198.



