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SUMMARY

The thesis reports an investigation of the effects of volatile
metabolites produced by cultures of a range of species of Trichoderma
on the growth of some other fungi in agar culture and on some bacteria

in agar cullbure and in soil.

The effects of the culture gases on other species of fungi could
be accounted for by the amoqnts of carbon dioxide produced by the
Trichoderma cultures in the conditions used. The difrerences between
the effects of different species could be accounted for by differences
in the rate of production of 002 in the early stages of interactions.
The amounts of acetaldehyde and of ethanol produced could also contribute
to the effects in seme conditions. No other metabolites were found in
sufficient concentrations to affect the interactions; +this does not
discount the possibility of other unidentified metabolites contributing
to the interactions in the conditions examined. Those identified were
all primary metabolites; small changes in the environment might .also
result in differences in the production and concentrations of these
constituents of the culture gas cloud. This could result in differeuces

in their individual contribubtions to the total effects.

The effects of the Trichoderma culture gases on five species of plant
pathogenic bacteria were strongly affected by the medium and conditions

in which the tests were carried out.

The techniques did not reveal any effects of Trichoderma culture
gases on bacterial growth on Bouillon agar or clay soil. In tests with

authentic meterial, Erwinia tracheiphila was found to be inhibited by

lower ccncentrations of primary gaseous metabolites than those needed to

inhibit E.arcideae; but in thé/Rates the inhibitory concentrations were

greater than those found in Trichoderma culture gases, In other soil
cultures the Trichoderma culture gases inhibited the bacteria. The

inhibition was greatest on a loam soil and less on a sand, and greater

with E.tracheiphila than with E.aroideae. By tests with authentic material

in the concentrations found in Trichoderma culture gases, it was shown that
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effects and the differences between the effects of gases from cultures

of T.viride 1 and T.longibranchiatum WBC 4576 could be accounted for by

the amounts of carbon dioxide present in the different conditions.
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GENERAL INTRODUCTION -

Previous work in this department and elsevhere has shown that cultures
of Trichoderma species may produce voltaile metabolites which can affect the
growth of other living things. Various. species and strains differ in this

character.

This thesis reports on an investigation of these differences in
biological activity on a selection of soil fungi, and an extension of the

study into their effects on some phytopathogenic soil bacteria.

The first part comprises an examination of the effects on fungi, it

follows the sequence of:

(a) Demonstration of the effects of culture gases.

(b) Analysis of culture gases by G.L.C.

(c) Tests of effects of mixtures of authentic material of identified
metabolites in air in concentrationscomparable to those found in

culture gases.

These tests are carried out in detall for two representative species of

Trichoderma, then extended in varying deplh to a range of other species.

The second part comprises a similar examination of the effects on
bacteria, and it is extended into a study of the effects in soil as well

as on agar media.

The appendices give some experimental work involved in the design of
suitable test apparatus, and the detailed experimental measurewents which

were made throughout.

A report on the First part has been accepted for publication (cf.

Trans. Br. Mycol. Soc. vol.64(3), 1975, In Press).
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INTRODUCTORY REVIEW

Fries (1973) and Hutchinson (1973) have réviéwed the earliér work
on the effects of volatile fungal metabolites on the growth and other
development of other living things. These reviews are comprehensive
and recent, and it seems inappropriste to cover the same grovu.d again.
Tuls introduction will therefore be restricted to a critical summary
and comparison of these reviews and an extension into the work on

effects on bacteria.

Hutchinson deals only with metabolites liberated by fungi. He
presents the review under the themes of the effects of known foléﬁile
primary metabolites and those of known volatile secondary metabolites
or of unidentified voletile factors. "Primary metabolites" is used
to refer to those produced by and subsequently involved in the common
processes of cnergy exchange and synthesis of all substance. He points
out that, as these processes are believed to follow the same pathways in
all living things, many of these metabolites are likely to be present in
most living environments, to be produced by linked reactions, and to show
patterns of activity which may supportiwidely applicable generalisations.
"Secondary metabolites" refers to these produced by living cells which
have no known function in subsequent metabolism. They may be produced
by unusual changes in basic metabolism or by idiosync rabic processes;
hence they may be uniquely interesting compared with primary metabolites
but they are less likely to be present in most living environments and

less likely be a basis for widely applicable generalisations.

He also distinguishes between recordgof investigations in closely
controlled laboratory conditions, and those of analyses of less controlled
field conditions. He points out, howevef, that it could be misleading
to restrict the consideration to case in which concentrations of gaseous
metabolite in air spaces above fungal colonies have been known to contribute
to biological interactions. This would not permit proper emphasis to he
put on the interesting cases in which biological effects of culture gases
have been correlated with the analysis of potential activity of volatile

substance identified in dead mycelial extracts.




He emphasises that examination in controlled laboratory conditions
ig only an examination of "potentials". How far such potentials are
expressed in an ecosystem will depend on the balance which develops between
production and removal of the metabolite and the sensitivity of the organisms

concerned. Hence this discussion of each metabolite covers:—

(1) Records of its effects on fungi and on other organiwums in
controlled conditions in concentrations known to be produced

by fungi.

(2) Records of the existence or likely existence of conditions
which could support such activity in less controlled
environments in which fungi are likely to grow, and of
known effects of such compounds on the ecology of fungi.in

these conditions.

PRIMARY METABOLITES

He discusses 002 separately, because of its universal occurrence
in living environments. At higher concentrations it is generally
inhibitory; a large proportion of the fungi tested have been inhibited
but not killed under about 10% to 20% volume/volume of C02 in air.
The gas may affect the type of growth as well as the amount, and its
effects maybe greatly limited by the balances of other factors in the
environment. In field conditions it has frequently heen implicated
in the distribution of soil fungi, particularly in relation to differences
in distribution in depth. Interesting applications of the effects have

been developed in commercial methods of fruit storage.

The other main primary metabolites are acetaldehyde, ethanol, acetone,
ethyl acetate, n—-propancl, isobutanol and pentanols. There are many
examples of cases in which each of these substances may beproduced by
fungsal cultures in concentrations which may affect the growth of other
living things in the environment. He emphasises, however, the problem of

identifying the effects of any particular constituent of a mixture in which




all are produced by linked reactions. In many cases it seems likely
that the major effects of such mixtures may bedue to the 002 content,
but the precise proportions will vary greatly. Similarly environmental

factors may change the.proportions of mixtures after they have been
liberated from cells, e.g. by differential effects on solution or other
inactivation of particular constituents during the movement of the mixture

from the site of origin to the site of reaction.

He presents separate di§cussions of work on a variety of secondary
metabolites, the choice of substances and order of discussion being based
mostly on the amount known about each. This includes reports on HCN
as a common metabolite, on a variety of partly identified odorous compounds
which have been implicated in interactions with insects in particularand on
the complex and unexplained phenomena associated with some Phycomycetes
reproductibn. He comments on reports that ethylene is a commnon product
from fungal cells, but notes that the experimental procedure in some of the
surveys reported does not enable one to distinguish between products of healthy
cells and those from damaged cells or those in starvation conditions. He also
comments on the problems of determining how much of the ethylene produced
during disease development 1s produced by hest cells and how much by fungus

concerned.

The report by Fries differs from that by Hutchinson in two main ways:-—
(a) He discusses volatile products from fungi, volatile products from
“other living plants and volatile products from dead material of

higher plants, particularly wood, and he shows many examples of all
these substances affecting the growth and development of fungi,
particularly in soil.

(b) He puts more emphasis on the biochemical mechanisms involved in
their physiological effects. He comments on the stimulations
of growth and development being "more puzzling and thus more
interesting, then the inhibitions ......, the particularly intriguing
gquestion is how compounds as simple and trivial as these aliphatic
acids, aldehydes and alchohols can cause an increase in growth that

is open quite out of proportionto thelr small activé quantities.”




He states that "...one could characterise many, if not most of these
compounds as regulators of intermediary metabolism." He mentions as
examples

(1) activation (or blocking) of an enzymé reaction;

(2) removal or neutralization of an inhibitor;

(3) influencing nutrient uptake from the medium;

(4) action as a derepressor or otherwise affecting enzyme

synthesis at the nuclear or ribosomal level;
(5) changing membrane structure;

(6) substitution of a limiting factor in intermediary metabolism.

He illustrates further cases in which these substances have been shown
to be active in ecology in the field. Both.authors have raised the question
of the value of basing discussion or study on the property of volatility.
They note that "outside the cell the distinction between volatility and
non-volatility is only qualitative in the magnitude of the vapor pressures
in particular conditions. They agree, hovever, that it has been a useful
concept in practice, particularly in the following ways: (a) The ability
to approach an organism through the gas phase may Bg'particularly relevant
for that majority of fungi that develop part of their mycelium and their
entire reproductive structure in air above wet or liguid substrates; (b)
many lipophilic compounds produced directly into the air and almost insoiuble
in water may, even at some distance from a donorﬁbource, accumulate faster
in the plasma membrane of an acceptor cell if the transfer takes place via
the gas phase instead of via the liguid phase; (c¢) during moveﬁent in the
gas phase, metabolites will be exposed only to gaseous and physical in-
activating or stimulating factors. Those diffusing in complex liquid
solutions are likely to be exposed to more concentrated chemical inactivating
or stimulating factors, and their movements will be limited by discontinuities
in water films; (d) because the substances are active as gases, they are
likely to be relatively simple molecules; with modern methods their
identivication is probably less of a problem than their measurement and
control; this leads to a common experimental approach, particularly for
their chemistry; (e) the very low concentrations in which some of the
identified ones are active suggests a comparison with antibiotiecs, growth
factors and vitamins, all areas of knowledge in which a loosely defined
concept has promoted inquiry and discovery; (f) perhaps the most important
practical point; that their volatility leads to impermanence in particular
situations, and to risks of escape from observation." (Quoted from

Hutchinson, 1973, p.223.)




EFTFECTS ON BACTLIRIA

The effects of volatile metabolites in general on bacteria have been

studied even less intensively than their effects on fungi.

A big proportion of the studies which have been made relate to the
effects of CO2.< A classical report was made by Pasteur and Joubert (1877);
Frankel (1889) demonstrated that an alkaline gelatine medium became acid
when exposed to €O, and Valley and Rettger (1927), concluded that the
bacteriostatic or bactericidal effects of 002 on 109 different species
were due to these effects on the pH of the medium; they also showed that
small amounts of CO2 were needed for the normal growth of all the strains
which they examined. Others have found that 002 may have specific
effects which are distinct from its effects on pH, e.g. Stalons et al.
(1974) concluded that the growth of anaserobic bacterial pathogens can be
stimulated by addition of up to 5% o, to a mixture of H, and N, and
inhibited by the addition of 10% COE’ and that this effect is not

‘correlated directly with any pH change in the medium.

002 has a beneficial effect on the growth of many organisms in
concentrations up to 10%. Davies (1940) showed most growth of
Mycobacterium tuberculosis was optimum when exposed to concentration of
2.5% €O,

species Was tested. —..-He - velieved that the effect on growth is due

volume/volume, whereas 20% 002 inhibited the three strains of this

to a specific action of CO. itself and not due to the presence of a particular

2
concentration of ions in the medium. Schaefer et al. (1955) found that

concentrations of 0.03%, 1% and 10% CO, had no significant effect on growth

2
of these bacteria,. Most workers agreed, however, that common concentrations
up to 10% CO2 may stimulate the growth of bacteria but above this level 002'

may inhibit the growth (Rockwell & Highberger, 192T7; Whitcomb et al.,1962;

James—Holmguest et al., 1973; Marshall et al., 1973).

Similarly the effects of CO, on bacteria in soil through changing the

2
pH have been distinguished from specific effects of the gas itself (Russell,
1968). Generally soil bacteria have been found to be less sensitive than
fungli to 002; differences in concentration associated with water logging

and anaerobiosis, and with differences in the depth of the soil, have not had
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great effects on the bacterial population (Leach, 1940; Griffin, 1963(a),
1972).

There is very little information available on the effects of high
concentrations of o, on phytopathogenic bacteria. King (1966) found that

concentrations of 50% volume/volume CO, in air were stimulatory to the

2
growth of Pseudomonas aeruginosa (Sch.) Migula. Most recently, Wells (197k),

reported on the effects of high concentrations of CO, and lower concentrations

a4
of 02, and a combination of low O, and high CO, concentrations on growth of

2 2
species of Erwinia and Fseudomonas in culture. He found that the growth

of Brwinia atroseptica, E.carotovora and P.fluorescens was dinhibited when

exposed to atmospheres containing different concentrations of C02 above

10% and either 3% or 21% 02. The addition of 30% C02 to air above

cultures reduced the growthto 15% to 3L4%. of that in air.

OTHER COMPOUNDS

4
- » . a wy de et - .
For convenlcnce discussion of the cther compounds is grouped into the
following themes:—

hf
(i) Volatile authentic Chemicals in soil sierilization.

A big range of compounds have been studied; mény are known to be
produced by Microbial cells, tut the concentraﬁgons in which.they are
usually produced are not likely to affect the growth of othe;‘organisms,
(e.g. Dalton & Hurwibuw., 1948; Kreutzer, 1963; Russell, 1968). Kholodny
and his co-workers (1943-1945) showed that the application of ethanol,
methanol, iso-butonal, acetone, methane, naphthalene "paraffin" and "pine
gallipot" as vapours to soil affected the bacterial population. 5% to
10% ethanol stimulated the growth of species of Corynebacterium and of

Azatobacter. The species of these bacteria were inhibited by higher
concentrations.  Many common soil fumigants apparently have relatively
little inhibitory effect on the bacterial population in the concentrations
in which they are commonly used; e.g.vmethyl bromide, chloropicrin and
dichloropropene treatment increased the bacterial populations studied by
Klemmer (1957), but in classical studies Wagner (1895) found a decrease
in nitrification in soil treated with carbon disulphide vapour. From

empirical observations Wensley (1953) concluded




that methyl bromide at fungicidal levels is more toxic to nitrifying
and cellulose decomposing bacteria than to denitrifiérs and ammonium
producing species. It is shown that bacteria possess a broader range
of variability than the fungi in their tolerance to methyl bromide and

some other volatile metabolites. eg. Xanthomonas vesicatoria was

slightly inhibited by concentrations of 1.5 ml of methyl bromide per
cubilc foot of soil, and completely inhibited by concentrations of

10 ml/cubie foot. Rhizoctonia solani was completely inhibited by

concentrations of 8 ml per cubic foot (McKeen, 195h4).

There have been several reports on the relationship of physico
chemical characters of soil and its effects on gas mixtures (e.g. Fuhr
et_al., 1948; Kreutzer, 1960). It has for erample, been taken for
granted that increased organic matter iu soil increases the degree of

sorption (Siegel et al., 1951).

(ii) Control of bacterial plant disease by treatment with volatiles.

&v

Phytopathogenic bacteria in the soll appear to be less sensitive than

. . e s o
fungil to many toxic or inhibitory suhstances e.g. Munnecke & Ferguson (1953)
found that the gas concentration of methyl bromide, chloropicrin or Na—N-

methyl dithiocarbamate required to inhibit Agrobaéterium tumefaciens,

Cornyebacterium michiganense, and Xanthomonas pelargonii was higher than
that needed to inhibit tungal species. There are very few records of
the effects of ethylene on bacterial ecology, but Freebairn & Buddenhagen
(196h) and Abeles (1973) reported mn it =zffecting the disease syndromes

associated with some species.

Winfree et al. (1958) found that fumigation with unspecified
concentrations of chloropicrin did not control scft-rotting species of
Erwinia and Pseudomonas, in naturally infested soil. Nesmith and

Dowler (1975) found that fumigation of field soil with 6 gallon of

1, 2-dibromo-3-chloropropane per acre twice a year resulted in no

significant differences in defoliation caused by Xanthomonas pruni.

Owens et al. (1969) found that fumigation with a mixture of 0.8% volume/
volume acetaldehyde and 0.25% volume/volume of methanol in air stimulated
the growth of the bacterial population which they measured; a range

of other volatile aldehydes and alcohols in




concentrations which they ‘identified in gases from alfalfa roohts produced
similar effects. They suggested that since these are commonly available
at relatively low cost they might well be useful in stimulating thé growth
of saprophyte non—pathogenic soil bacteria. This could lead to the
control of the pathogenic species, which are not generally good competitors

with the free living saprophytes.

(iii) Studies of the ecological effects of concentrations of metabolites

identified in gas mixtures produced by Living cells.

There have been few studies on these lines. The work of Owens et al.
(1969) reported above was based on amounts of material emanating from
alfalfa and other plant residues in soils. Russian workers, particularly
Bilai (1956, 1963) reported on antibacterial properties of gases from
Trichoderma cultures, using in vitro tests with paired Petri dishes; found
that gases from cultures of strains of T.koningii were more inhibitory than
those from strains of T.viride; Marshall & Hubchinson (1970) and Hutchinson &
Cowan (1972) did not find any significant effects of gases from culbures
of species of Fomes and of Trichoderma on o few saprophyte bacteria. McGain

(1966) reported that some species of Streptomyces are able to produce a

volatile "antibiotic" or "antibiotics" which can inhibit the growth of
bacteria in soil, but he did not identify the active material. The concept

" has been referred to in other cases (e.g. Fries,

of volatile "antibiotics
1973). There have been many studies in the use of antibiotics in general
for the control of soil borne bacterial plant pathogens (e.g. Patrick, 195h;
Wood & Tveit, 1955; Pridham et al., 1956; Dekker, 1963; Brown, 19733

com
P

Schroth et al., 1974); +these génerally of very low volatility, however,

and outwith the scope of this review.

The total of these and the few other quantitative studies of interactions
with bacterial pathogens is slight, however, and further work seems to be

Justified.




GENERAL METHODS




10

GENERAL METHODS.

This part describes the methods used generally in many parts of the
work. These used gpecifically for particular invesbigations are

described separately in the relevant sections.

Throughout this work, the term 'test' organism or 'test' material
refers to the material whose gaseous produchs were being examined. The

term 'assay' organism, refers to the organism which was used Lo measure

the biological effect of gases produced by fungal cultures or by standard

authentic chemicals.

1. TEST METHODS

(a) Cultural media and conditions.

The following media were used:-—

(i) 2% melt agar (20 g Oxoid malt-extract, 20 g Oxoid agar in 1
litre delonized water).

(ii) Bouillon agar (10 g Lab.Lemco beef extract, 10 g Difco peptone,
5 3 Na Cl, 20 g Oxoid agar in 1 litre deionized water, adjusted
to pHy with Na om).

Media were autoclaved at 120°C for 20 minutes, unless otherwise stated.
Fungal cultures were incubated at 24°¢ and 70-80 % R.9. in intermittent
diffuse light in an air-conditioned room. Experimental assemblies with
bacteria were held in the same room in the dark. Stock cultures of

bacteria were kept on Bouillon agar, in a dark incubator at o) © ~25°¢,

(b) Apparatus.
The following types of assay assemblies were used:-—

(i) Paired Petri dish assemblies.

The fungus to be tested for volatile production was inoculated
centrally on 3 9 cm Petri dish of 2% malt agar and after the specific
period of incubation the culture was paired with another Petri dish

containing agar inoculated with the appropriate assay organism. The
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two dishes were separated by a sterile cellophane disc (Fig. 1 ).

After further incubation of the paired dishes, observations of the assay
colony were compared with those for similar assemblies in which the assay
organism was paired with a dish containing uninoculated agar; all tests
vere carried out in at least three-fold replicates, and held at laboratory

temperature (23° - 24°) under intermittent light.

(ii) Paired bottle assemblies.

These consist of two one litre Roux bottles, connected by a glass
'p! piece (bore diameter 1 em; 'T' bar length of 9 cm; singlé arm
length, 2 - 5 cm) fitted into the necks of the bottles with rubber bungs
at either end of the long arm. The short (vertical arm of the 'T'
piece) is fitted with a suba rubber cap (Fig. 2 ), to allow gas samples
to be withdrawn for analysis. In all tests, one bottle contained a
culture of the fungus beling tested, or uninoculated malt agar; the other

one contained a culture of the assay organism.

(1ii) Single bottle assemblies.

These were used for tests with mixtures of air with authentic
organic chemicals. They consist of a single bottle containing the
assay organism inoculated on the appropriate medium and sealed during the

experiment with a Suba rubber cap.

The known concentrations of authentic ligquid chemicals were placed
(using a Hamilton micro gas tight syringe) on a sterile — Whatman filter
paper suspended in the neck of Roux bottle. 3~-4 hours were allowed
for volatilization and diffusion in the vessels before gas samples were
teken for analysis unless—otherwise stated.

(iv) €O, /air mixture — apparatus.

The assay cultures were aerated with 002 and air mixtures. The
development znd use of a special apparatus for this is described in

appendix - I.
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2, ORGANISMS USED.

Organisms used in these tests are:-

(a) Species of Trichoderma.

Professor J. Webster and Dr. C. Dennis conrteously sent us the
following species and strains of Trichoderma. The reference numbers

were those which they supplied and which they used in their publications.

T, viride 1

T, viride 3

T. viride 1k

T. viride A

T, wyiride B/b45553 ii
T, viride C/16198

T. viride D/109551

T, koningii 6

T. koningii T

T. koningii A/73022

T. koningii B/62L429

T. koningii C/54693

T. koningii SHD/M/2629
T, pseudokoningii A/196-1

T. polysporum 2

T. polysporum 5

T. polysporum Th

T. polysporum C/306

T, piluliferum SHD/M/2636
T. hamatum 127
T. hamatum JMD/12

T. harzismum 1

. harzianum 129

T. longibranchiatum WBC 4576
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(b) Assay Fungi:

The assay fungl used in this course of study are:

Rhizoctonia sclani, Kihn.

*Bryonema. domesticum, (Sow. ex.Fr.) Sacc.

*Pythium wltimum, Trow.

%*Fomes annosus, (Fr.) Cooke.

*Mucor hiemalis, Wehm.

¥Fusarium oxysporum, Schlecht. &% Fr.

¥Dr. Dennis supplied these %o us and he said that they were ‘those
which he had used in his work. He was unable to supply his strain
of R.solani and the.one in the Glasgow University Collection No.l,

Mycology iaboratories; was used instead.

Uniform inoculae were made by cutting 5mm discs from the periphery
of a young Petri dish culture of the required assay fungi on 2% malt agar.
Fach disc was used to inoculate one Roux bottle or paired assembly as
required. By this procedure, colonies of regular shape were formed.
Daily observations of linear growth were assessed in all cases by taking

the mean value of two previously marked diameters at right angles.

(c) Assay Bacteria.

The assay bacteria were obtained from Department of Agriculture and
Fisheries of Scotland, Edinburgh. They are listed below with the Dept.

of Agriculbture catalogue numbers.

Frwinia amylovora 595/V

Erwinia aroideae 929/II

Brwinia atroseptica 549/VI

_ Brwinia carotovora 312/VIII

Frwinia tracheiphila 2133/I

All cultures were inoculated on Bouillon agar as described above.
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3.  GAS-LIQUID CHROMATOGRAFPHIC ANALYSIS

(a) Conditions.

Micro cross—section detectors were used in the analysis of CO2 and 02.
The analyses were carried out using an Aerograph, Model 200 Gas-Tigquid
Chromatograph. Levels of COE were measured, using a stainless stesl
column (1 inch x 6 feet) packed with Porapak R, at 75-80°C, helium flow-
rate was 45-55 mls/min (38 p.s.i.). Oxygen levels were measured using a
stainless steel column (&% inch x 10 feet) packed with Molecular Sieve 5A,
30/60 mesh, at TBOC, helium flow-rate was 45-55 mls/minute.

Ammonia, acetaldehyde, acetone, and ethanol were measured and other
organic volatiles were looked for using a Pye Model 104 Gas-Liquid
Chromatograph with a Tlame ionization detector, a stainless steel column
(3 inch x 6 feet) packed with Carbowax 1500, or with a glass column (3 inch
x 6 feet) packed with Carbowax 20 M at T8°C, hydrogen flow-rate 40 mls/min.
(15 p.s.i.); nitrogen flow~rate 40 mls/minute. Ethylene was measured using
the same detector, a glass column (& inch x 6 feet) packed with Porapak R,
at 6500, hydrogen flow-rate 40 mls/min. (16 p.s.i.), nitrogen flow-rate
36 mls/minute. Air was used with measurements with the F.I.D. at flow-rate

40 mls/min. (10-15 p.s.i.).

(b) Identification of culture gases.

" The retention times of peaks produced by identified compounds were
compared with the retention times of authentic material.
Concentrations of CO, were estimated by comparison with peak heights

2

produced by the known mixtures of CO. in air made up in the apparatus,

illustrated and explained in detail ?n Appendix - T below.

Concentrations of other components of the identified volatile
metabolites were measured by comparison of peak heights given by culture
gases with those given by samples from sealed Roux bottles in which known
amounts of authentic analar metabolites had been allowed to volatilize
(cf. Section 1.b.iii above). A measured volume of ethylene gas had been
introduced by a micro gas syringe.

A1l gas samples were taken for analyses from replicate bottles by "5 ml"
polyethylene— disposable syringe. The syringe was flushed between each
sample and no residual traces of samples were found on test injections

after the analysis.
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Peak heights were measured at conveniént atténuations. For ease of
comparison in the appendix tables, these have beén convertéd to thé
equivalent heights at }/32 attenuation. on the Aérograph 200 (002 and 02)1
or 5 x 102 on the Pye 104 (other metabolites).

(c)Standardisations

Means of peak heights of known concentrations of identifled metabolites
were recorded under typical conditions. G.L.C. units were checked every
gix months regularly andlevery time when they were repaired and/or standard
operational conditions were changed.

Details of maximum, minimum, and typical peak heights of known
concentrations of different volatile materials measured under uniform
conditions are recorded in Table 1 , and illustrated in Figures ( 3

to T ).

It can be seen from the table that the consistency of peak heightso
was greatest with the lower concentrations measured. These concentrations
covered the critical ranges in these tests; the greater variation with high

concentrations was not therefore critical iu this work.




Table 1 G.L.C. peak heights obtained from samples of known
concentrations of identified volatile metabolites

16

measured at different periods during these studies.

. authentic compound

cocn.added
ml/litre ain

. (a)
Peak height {mm) at S x 10
sensitivity at any time

2

Range and
mean of
peak heights

1 2 3 L 5 6

0.001 6 3 10 12 8 5 T +5

-4

ethylene 0.01 19 1 16 28 26 18 20 j‘g
0.1 303 220 300 380 260 34k 301 479

-81
1.0 2200 2100 2300 2420 2280 2290 2265 +155
-165

0.0005 26 16 22 35 24 19 24 411

~ 8

0.001 70 52 68 90 67 T2 70 420

-18

acetaldehyde 0.005 190 150 188 200 182 163 179 tg;
0.01 27h 260 290 330 286 300 290 +h40

-30
0.05 960 900 1009 1080 1000 932 980 +100

-80

0.0005 20 11 26 30 14 18 20 +10

-9

0.001 ks 40 50 66 k2 59 S0 +16

gcetone -10
0.005 136 120 164 154 126 139 1o +2h

~20

0.01 258 220 230 290 282 280 260 +30

~40

0.01 30 25 Lo 50 28 36 35 +15

~10

0.03 63 60 62 88 84 65 70 +18

~-10

ethanol 0.05 121 100 2112 21ho 130 117 120 +20
-20

~ 0.1 260 200 220 290 280 252 250 +ho

.-SO

0.3 570 510 520 660 650 570 580 +80

~70

5% v/v 9 6 5 10 5 T 7 +3

-2

0% " 18 20 14 21 18 16 18 S

154 " 26 22 19 26 26 25 o+ 2

carbon dioxide -5
20% " 31 33 25 3h 28 28 30 + h

-5

254 M 41 k2 30 Ly 42 Lo ho + 4

-10

304 " Lo 52 35 55 52 55 -50 +lg

{a) A1l reedings are the mean of peak height§ of samples taken
from 3 replicate Roux bottles, given similar readings.
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Peak height (mm)
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Figure 3 Mean and range of G.L.C. peak heights obtained from
gas samples of known concentrations of ethylene at
different times during the study
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Figure 5 Mean and range of G.L.C. peak heights obtained from gas
samples of known concenbrations of acetone at different

times during the study
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I.1 INTRODUCTION AND REVIEW OF WORK -ON -TRICHODERMA SPP.

The production of biologically active volatile metabolites by cultures
of species of Trichoderma Pers. has been reported frequently. Russian
workers, notably Kholodny et al. (1945), Bilai (1956, 1963), Dymovich
(1960), Khasanov (1962) and Sarymsakova (1967), have reported that volatile

metabolites (antibiotics) of Trichoderma species are antagonistic to other
fungi and bacteria; but they did not study their nature and biologilcal
properties in detail. To avoid uncertainties in nomenclature the names

used in this review are those given by the individual authors in each paper.

Bilai (1956) used four different strains which were distinguishable
from other soil isolates by a specific odour. This odour named as a
coconut smell produced by active strains of the genus (Weindling, 1932,

1934, Rifai, 1969; Dennis & Webster, 1971).

Dymovich (1960) found that the volatile fractions from cultures of
T.lignorum (Tod.) Harz. and T.koningii Oud., were inhibitory to growth of
. . . R N .
many specles of phytopathogenic bacteria and fungli'of the bacteria tesved

by him, Pseudomonastumifaciens, P.tabacum, P.andropogonis, P.fluorescens

aud Xanthomonas phaseoli proved to be the most sensitive; Pseudomonas pis=i

was resistant. He also found that results varied accordirng to the age of
the culture, the nutrient medium, the characters jof the test nrganism,
ete. The most active volatile metabolites for instance,'Wers found from
10~day-o0ld cultures. Khasanov (1962), found the voiatile antibiotic
substances from three strains (Trichoderms sp.105, T.lignorum 118,
T.koningii 97) to be inactive against the whole spectrum of test bactervia.
But the same volatile metabolites were found to have a fungistatic effect
on all types of tested fungi, the fungicidal character was also common in

these tests.

The volatile substances of Trichoderma possess a broad spectrum of
antibiotic activity (Bilai, 1956). The same author found that 8-day-old
T,lignorum (T.viride) and T.koningii inhibited growth of B.mesentricus and

Staphylococcus aureus. The antibiotic properties of the volatile

substances vary from one strain to another (Bilai, 1963). Empirical
results of Dymovich (1960) showed that T.koningii cultures were more

- effective than T.lignorum cultures in their inhibitory level to the growth
of fungl and phytopathogenic bacteria.
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In previous work in this Department the inhibition produced by
gases from T.viride cultures was found to be greater than that produced
by some of the other fungi which have been tested. (Martin, 1963;
Dick & Hutchinson, 1966; Hutchinson, 1971). Hutchinson & Cowan (1972)
showed that the amounts of carbon dioxide and/or ethanol in gaseous
from cultures of a strain of T.harzianum Rifai could account for the

inhibition of growth of fungal cultures and of lettuce (lLactuca sativa

var. sativa) seedlingsin laboratory tests.

Dennis & Webster (1971) studied the biological properties of Trichoderma
species—groups. They found that the gases from cultures of several species
of Trichoderma commonly inhibited and in some cases stimulated the rate of
increase of colony diameter of several other species of fungli. The amount
of effects varied with strains, with species, with the age of different
Trichoderma cultures when they were tested, and with the assay fungl subject
to test. They concluded that the effects were due to the liberation of
biologically active volatile metabolites from the Trichoderma mycelia. They
showed that agueous solutions of condensates of the Trichoderma culture gases

inhibited the growth of Fomes annosus cultures placed in contact with them;

they identified acetaldehyde as the main carbonyl compound present in these
condensates. They found that growth of F.annosus on 2% malt-extract agar discs
was reduced if the discs were suspended in a solution of 100 p.p.m. acetalde-
hyde in water, and completely inhibited in 500 p.p.m. and above. They found
that the effect was fungistatic, not fungicidal as growth of the Fomes
cultures often occurred after 6~T7 days of incubation. They also concluded
that the active constituents of the culture gases were unlikely to Dbe CO2 or
ammonia, since '"mot all strains showed activity and the pattern of activity

of the producer strains was not the pattern which would be expected in these
‘primary metabolites were responsible". They state that "experiments were
carried out to confirm this" but they did not report the details or the results

of these. In particular they did not report any quantitative analysis of
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culture gases, and they did not report tests of identified metabolites
in the vapour concentrations in which they have been Ffound above the

Trichoderma cultures.

This is a report of the identification of metabolites from the
Trichoderma cultures, and of the demonstration that their production in

these conditions can account for the interactions seen.




PART T.2

A RE-INVESTIGATICN OF THE QUALITATIVE WORK
OF DENNIS AND WEBSTER, AND COMPARISON WITH
GLASGOW TECHNIQUES.
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I.2 A re-investigation of the gualitative work of Dennis & Webster,

and comparison with Glasgow techniques

As a first step in the investigation of the differences between the
biological activities of different strains and species of Trichoderma,
it was decided to repeat some of Dennis and Webster's experimental work
using their cultures and conditions as far as possible; this was mainly a
preliminary check to see whether the interactions which they described
could be demonstrated in the Glasgow laboratories. Some minor extensions
were done Lo see whether their methods could be made more convenient for

further investigation.

(a) A comparison with their work, using paired Petri dishes.

" Materials & Methods

Dr. Dennis sent us cultures of all the available strains of Trichoderma,
and of the other assay fungi which he and Professor Webster had tested.
The missing cultures are no longer in his collection, and he was unable to
identify them in the culture collections at the Commonwealth Mycological
Institute or at the Centraal Bureau von Schimmelcultureg,Baarn. The strains
which they found most active (T. viride 1) and least active (T.longibran-—

chiatum WBC 4576) were chosen for the main investigation.

Paired Petri dishes were set up as described in the General methods
section above ( 1.b.i. ). In each test three paired assemblies were set
up for each treatment. The only known differencesbetween this work and

that of Dennis and Webster are:—

(1) Possible differences which could have developed in the metabolism
of the fungi during maintenance in culture since Dennis and
Webster completed their work.

(2) The use of a strain of Rhizoctonia solani from Glasgow University,

Mycological Culture Collection (R.solani G.U.1l) in lieu of their

strain, which Dr. Dennis was unable to supply.

(3) Possible unmeasured differences in the environments of the
laboratories in which the work was carried out.

(4) The presence of a permeable cellophane disc between the assay and

the test fungal dishes in the Glasgow experiments.
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(5) In the Glasgow "Control" assemblies, the dishes containing
R.solani were paired with dishes containing sterile 2% malt
agar. In Dennis & Webster experiments were "The lids of
control plates, which had not been inoculated with a Trichoderma
strain, were also replaced in the same way.....etc." (Dennis
& Webster, 1971; p.L4l, line 31-32).

(6) 5 ml samples of culture gases were taken from the Glasgow
assemblies on the second day after pairing and analysed by
G.L. Chromatography.

Dennis and Webster's observations were extended by:- -

(a) continuing the investigation of changes in productivity of the
Trichoderma culture as they aged from 15 days to 20 days before
pairing.

(b) Recording the effects on R.soclani cultures at two day intervals

from 2 to 8 days after pairing, instead of only at 2 days.

Results

The results of two replicate experiments are given in Appendix-tables
1A-J and 2A-J and summarised in text—table No. 2. Text~figure 8 compares
the means of the measurements of both experiments on the second day after
pairing with those given by Dennis & Webster for the same incubation time.
Text—figure 9 compares the means of measurements of the effects of T.viridel
cultures of different ages on growbth of R.solani after different periods of

incubation after pairing with those of T.longibranchiatum WBC 4576 in the

same conditions.

Discussion

The results from the two laboratories which are summarised in Figure 8
are similar in that the maximum inhibition is shown by cultures of T.viridel
aged 6-8 days at the time of pairing, and that T.viride 1 is substantially

more active than T.longibranchiatum WBC L4576. The means of the diameters

of control colonies of the Glasgow strain of R.solani on 2nd day after
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Figure 8 Comparison of Glasgow results on the effects of T.viride 1 and

T.longibranchiatum WBC 4576 on growth of R.solani with those of

Dennis & Webster. Measurements taken on the 2nd dey after pairing.
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Inhibiticn or Stimulation of linear growth of Rhizoctonia solani when paired

with cultures of two species of Trichoderma of different ages in two replicate

experiments.
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inoculation was 20 mm in these experiments, compared with the 51 mm
reported by Dennis & Webster for their strain (Appendix tables 1A-J and
2A ~ J).

There is no evidence to suggest that this, or the other minor
differences in the technigues, introduced any noteworthy effect on the

related amounts of inhibition which were recorded.

From Text~Figure 9, it ig concluded that the effects of R.solani of
gases from most of the ages of Trichoderma cultures tested was generally
greatest at two days after pairing. The only noteworthy difference was
that the pattern of activity of T.viride cultures which were 18-and 20-day-
old st the time of paifinggincreased at a steady rate for the first 6 days of the
test period. The consistant drop in effects between the second day and
the 4th day in other cultures may be associated with the removal of 5 ml
samples for G.L.C. analysis oﬁ the second day. Samples of head space
gases were taken from all assemblies on the second day after pairing.

No peaks of more than a trivial helght appeared in any trace.

Conclusion

The observations show that the effects on R.solani by the two fungi
described by Dennis & Webster (1971) can be demonstrated in the Glasgow
Laboratory. Determination of the statistical significance of the
differences found in the Glasgow work does not justify the work involved,
particularly as Dennis & Webster did not give ehough details of replications
and variation in their experiments to permit any rigorous comparison. The
extension of the range of the investigation does not reveal any more

advantageous times to make measurements.

Previous investigations by these methods in this department (Dick &
Hutchinson, 1966; Glen et al., 1966; Glen and Hutchinson, 1969, 1973)
have shown that it is not a convenient one for analytical work. In
particular differences in ventilation inherent in the loose contact between
the paired Petri dishes, and the small volumes of the gases involved, lead
t0o big experimental variation. This limits the amount of useful deduction
which can be made from results. The work was therefore discontinued as

gsoon &s it had actived its purpose of:
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(a) demonstrating a convenient degree of comparability with Dennis
and Webster investigations.
(b) showing that minor changes in procedure were unlikely to yield

a more convenient septum for quantitative work.

(b) A Comparison with their work, using paired Roux bottles

Particular Methods

Cultures of six assay species were paired with cultures of Trichoderma
viride 1 which had been set up with Suba rubber caps and incubated for T
days, by the standard methods for paired assembly tests (General Methods,
Paragraph 1.b.ii). Each treatment was examined in five replicate
assemblies and compared with five replicate control assemblies set up in
normal laboratory air. Measurements of colony diameter were made every

day.
Results

The results are given in appendix tables 8A and 10A to 1OE. Test—
Figure (10) compared the means of this experiment on the second day with

these found by Dennis & Webster on the 2nd day too.

Discugsion

The results with paired Roux bottle assemblies were similar to those
of Dennis and Webster in all important respects. The only noteworthy

differences were with Pyronéma domesticum, which was the most resistant

species to volatile metabolites produced by Trichoderms viride 1 in

their laboratory, DUbthe most sensitive in Glasgow Laboratory. The
reason for this difference has not been investigated; . it may be related
to changes in the fungus since it was examined by Dennis and Webster;

it is also noted, however, that it is more sensitive to acetaldehyde than

the other fungi. This might also affect the
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relation in the sealed Roux bottles. It aid nolt seem sensible or profitable
to investigate these possibilities further at this stage, as the differences
in this particular relationship has relatively small significance in the total

work.
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1.3 QUANTITATIVE EXAMINATION -OF THE ACTIVITY OF TWO REPRESENTATIVES

OF TRICHODERMA -SFP.

INTRODUCTION

This report starts with a discussion of the analysis of gases
from pure cultures of Trichoderma and of the effects of comparable
concentrations of authentic material of identified constituents on
other assay species. This was found to be needed to permit
Jjudgement of the kind and amounts of metabolites likely to be found
in paired cultures of Trichoderma sp. and other Ffungi. It also
gave the information needed for judgement of the scale of replication
and precision of analysis likely to be required for the investigation

of these less easily controlled interactions between species.

The information from pure culture studies was also needed for
the interpretation of the mixed culture interactions in which gases have
been produced by the assay fungl as well as from the Trichoderms

cultures.
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T.3(a) G.L.C. ANALYSTS OF THE HEAD SPACE GASES FROM PURE CULTURES OF
T. VIRIDE 1 AND T. LONGIBRANCHIATUM W.B.C. 45T76.

METHOD

Cultures in single and in paired sealed Roux bobtles were sebt up,

incubated and measured, and gas samples were analysed by the standard

techniques which are described in the General Methods (3a, b, c¢).

RESULTS

Typical G.L.C. traces from analyses of samples from T—-day-old
cultures are shown in text-Figures (11-16). . Appendix—table ( 3 ),
records the measurements made in three typical experiments using three
replicate single Roux bottle cultures of each speciles. Text—table (3),
shows the concentrations of authentic metabolites required in air mixtures
to give closely similar peak heights to the means of those from these
experiments. It also shows the concentrations required to give peak
heights equal to the maximum recorded in any of the numerous other
examinations of gases from pure cultures of these strains made at other

times during the work on this project.

Ethylene is identified in this table, but it was determined in 3
separate precisely similar experiments for administrative convenience with

the apparatus available.

The response of the chromatograph to mixtures made up by injecting
less than 0.0l ml of ammonia liquid into 1 litre of air was too variable
to yield useful results. It appears likely that this relates to the
reactivity of this gas at these concentrations. Mixtures of 0.05 ml
liguid ammonia/litre air gave peak heights at least 10 times larger than
those recorded for Trichoderma pure cultures; since R. solani cultures
were apparently unaffected by such higher concentrations, the possibility

of improvement of the analytical technique was not explored further.



Figure 11

Typical chromatogram of gas samples from
1l-week-0ld cultures of T.viride 1

Compounds

1. ammonia

2. acetaldehyde
acetone
ethylacetate
ethanol
n-propanol
iso-butanol
pentanol

O~ N Fw

G.L.C. conditions

Column: Carbowax 20M; Temp: 8°¢
Detector: F.I.D.; Temp. 150°C

N, Flow Rate: L0 mls/minute
A%tenuation: 2 x 102

Carrier Gas: NP; Pressure: 38 p.s.i.
H, Press: 15 p.s.i.

Cgart speed: 15" /hour.

38

16 12 8

Retention time (min.)




Figure 12

Typical chromatogram of gas

samples from l-week-old
cultures of T.viride 1

Compounds
1. ammonia

2. acetaldehyde
3. acetone

L. ethylacetate
5. ethanol

6-10 pentanols

G.L.C. conditions

Column: Carbowax 1500 Temp.T5°C
Detector: F.I.D.: Temp. 150°C
N, Flow Rate: 40 mls/minute

A%tenuation: 2 x 102

Carrier Gas: N,; Pressure 38 p.s.i.

H, Press: 15 pis.i.
Cﬁart speed: 15" /hour

39

Retention time (min)




Figure 13 Typical chromatogram of gas samples from
1-week—-0ld cultures of T.viride 1

Compounds

1. ammonia

2. acetaldehyde
3. acetone

4. ethylacetate
5. ethanol

6-10 pentanols

G.L.C. conditions

Column: D.N.P.; Temp. 7800

Detector: F.T.D.: Temp. 150°C

N, Flow Rate: L0 mlg/minute
A%tenuation: 2 x 10

Carrier Gas: N2 ; Pressure: 38 p.s.i.
H, Pressure: 157 p.s.i.

Cgart speed: 15" /hour.

1 1 {

Lo

12 8 4

Retention time (min.)




Figure 14 Typical chromatogram of gas samples from

1-week-0ld cultures of T.viride 1

Compounds : *ethylene

G.L.C. conditions: °

Column: Porapak R: Temp. 63 C
Detector: F.I.D.: Temp. 150 C

N. Flow rate: LO mls/minute
A%tenuation: 50 x 1

Carrier gas: N2; Pressure: 36 p.s.i.
H, Press: 16 p.s.i.

Cﬁart speed: 15" /hour

L1

16 12 8

Retention time (min.)




Figure 15

L2

Typical chromatogram of gas samples
from l-week—-0ld cultures of T.viride 1

Compounds: *methanol

G.L.C. conditions:

Column: Porapaek Q: Temp. ZSOC
Detector: F.I.D.: Temp. 150°C

N, Flow rate: 4O mlséminute
A%tenuation: 1 x 10

Carrier gas: N2 ; Pressure: 38 p.s.i.
H, Press: 15 p.s.i.

Cﬁart speed: 15" /hour

Retention time (min)
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Figure 16 Typical chromatogram of gas samples
from 1l-week~old cultures of T.viride 1

G.L.C. conditions:

Column: Porapak R(a) and Molecular Sieve SA(Db)
o}

Temp: T5°C

Detector: x—Sectioné Temp. 200° C.

Injector Temp.: 135°C

N, Flow.Rate: 55 mls/minute

A%tenuation: 32

Carrier gas: Helium: Pressure: 38 p.s.i.

H,. Press: 14 p.s.i.

Cgart speed: 15" /hour

o
5
<
o
iy
5
g
09
o
5
(a) Col . Porapak R (b) Column: Molecular Sieve SA
aQ
S
n
.
. 1 —d.
- 4 0
L L___—____ Retention time (min)

y) 0

Retention time (min)
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Text—-tuble 3 Amounts of identified organic compounds found in pure
cultures of two species of Trichoderma.

Concn. required in air mixture to give peak heights similar to
those of means of pure culture gases.

Constituents T.viride 1 T.longibranchiatum WBC 4576
Experimen? Record Highest Experiment Record Highest
in Appendix table record in Appendix teble record

No. 3 in any No. 3 in any
other other
investign. investign.

I IT ITT ml/l.air I II III { ml/l.air

Ethylene trace* 0.001 trace G.00). trace trace trace |< 0.001
Ammonia - - - 0.005 - - - 0.001
Acetaldehyde trace 'trace trace 0.001 trace +trace trace | < 0.001
Acetone trace trace trace 0.001 trace trace trace 0.001
Ethyl acetate trace trace trace trac- trace trace trace trace
fithanol 0.05 0.06 0.05 0.1 0.02 c.03 0.02 0.03
n-propanol trace trace trace trace trace trace trace trace
Iso—-butanol trace trace trace trace trace trace trace trace
Methanol trace trace trace trace trace trace trace trace
Carbon dioxide 2k 27%  25% 30% 17% 16% 18% 22%

Oxygen¥¥ % 67 6% 5% 9% 10% 9% T4

% Trace implies less than 0.001 ml/litre

*¥% lower concentration.




L5

I.3(b) EXAMINATION OF THE EFFECTS OF KNOWN CONCENTRATIONS OF AUTHENTIC
MATERIAL OF TIDENTIFIED METABOLITES IN ATR ON THE GROWTH OF COLONTES
OF RHIZOCTONIZA SOLANT.

(i) Tests with samples of indl idual authentic constituents

Methods

Tt was decided to investigate the effects of the substances identified
in more than trace concentrations in pure cultures individually. These
were ammonia, acetaldehyde, acetone, ethanol and carbon dioxide; ethylene
was also chosen because of its known reactivity in many biological inter—
actions. It was appreciated that the other identified substances, and
other unidentified substances might also affect the reactions but it seemed
sensible to delay consideration of these possibilities till later. Single

Roux bottle cultures of Rhizoctonia solani were assembled with Suba rubber

caps, and air mixtures with known concentrations of authentic materials
were set up in them by the procedures discussed above. A range of
concentrations was chosen in each case to cover the maxima found in

analyses of Trichoderma cultures.

Two experiments were set up. In the first, 3 replicate assemblies for
each treatment were compared with 3 replicate assemblies set up in normal
laboratory air. Colony diameters were measured and GLC analyses were mede
on the lst, Tth and 1hth day of incubation. In this experiment the cultures
were set up initially under known concentrations of 002 in air, and )

subsequent changes in this due to replication were recorded.

'Tn the second experiment, five replicates were set up in the same
pattern; colony diameters were measured daily for 7 days, and GLC analyses
were made on the 1lst and Tth day. In this experiment examining the
effects of CO2 the cultures were irrigated daily with a fresh standard

mixture of 002 and air, by the procedure described in appendix I.

Cultures were incubated, linear growth was measured and gas samples were
taken and analysed as described in the General Methods. In the earlier
experiments of this series, colonies were measured and gas samples were
analysed on setting up, and on the Tth and 1hth days of subsequent

incubation. It was apparent, and expected, that metabolism of the



L6

Rhizoctonia cultures would affect with the amounts and the activity of
test substances in the later stages of incubation. This is confirmed by
the earlier results. In the later tests (ethylene and ammonia) it

was found that no useful information of these relatively ilnactive
constituents was obtained by doing G.L.C. analysis on the first day

only, and measuring coclony diameters daily for the first seven days after

assembly.

Results

The results of this series of experiments (No.l), are recorded in
appendix-tables ( LA to 4F ), and summarised in text figures (17 to 22).
The text figures show the reduction of the means of the record of diameters
of R.solani colonies for each treatment as a percentage of the means for
these set up with normal laboratory air. They also show the means of the
concentrations of the test material, recorded‘during the experiments. The
results of later experiments (Series No.2), are recorded in appendix—tables

(54 to 5 I).

(ii) Tests with mixtures of authentic samples of identified constituents

Methods

Single Roux bottle cultures of R.solani were injected with authentic
“metabolites to produce mixtures containing the maximum concentrations of
each found in the head spaces of the two Trichoderms species. Three
replicate cultures were set up for each treatment together with 3 replicate
control cultures set up with normal laboratory air. Colony diameters were
measured and gas samples were taken and analysed by G.L.C. on the first,

seventh and fourteenth day after assembly.

Results

The results are given in appendix table ( 6 ) and summarised in text-—

Tfigure 23.

General Conclusion

No unusual secondary metabolites were found, and in these conditions both
Trichoderma species produced inhibitory concentrations of several primary

metabolites.  Text-table ( 4 ), summarises this information:-



Text—-table L

Summary of effects of authentic metabolites on

linear growth of R.solani at maximum concentratlons

b7

produced by T.viride 1 and T.longibranchiatum WBC L4576
respectively on lst and Tth day of incubation.

Organic compounds Ethylene | Ammonia Acgggide— Acetone [Ethanol 002
ax.concn. produced by| 0.001 <0.01 0.001 0.001 0.1 30%
.viride 1 ml/1 ml/1 ml/1 ml /1 ml/1 vol/vol
L
ax.conen. produced by
.longibranchiatum 0.001 <0.01 0.001 0.001 0.03 22%

BC 4576 ml/1 ml/1 ml/1 ml/1 ml /1 vol/vol
ount of inhibiti
e b;ne:—uiv;izm 0.001 0.01 0.001 0.00L | 0.1 30%
. : ml /1 mi/1 ml /1 ml /1 ml/1 vol/vol
oncn. of authentic +79 LY +119 +114 179 -17%
aterial lst day after Y ’ v ’ 1 i
ssembly 0.03 20%
ml /1 vol/vol
Nil -17%
mount of inhibition
roduced by equivalent | +6% +2% +1% -1% -11% -41%
oncn. of authentic
aterial Tth day after -29% -25%

ssembly

In particular ethanol
levels and small changes in the
big changes in their effects on R.solani.
accumulations in older cultﬁres
production of all these primary

changes in the environment;

and carbon dioxide rapidly attain inhibitory

may mask the effects of other substances.

concentrations of these substances may produce

it seems likely that these

The

metabolites is likely to be affected by small

the tests of the mixtures of ethylene, ammonia,

acetaldehyde, acetone, ethanol and carbon dioxide in air show that interactions

of these may lead to a higher cumulative effect than those of equivalent

concentrations applied separately.

There 1s no evidence that the other

metabolites have had any appreciable effect;

this doces not discount the

possibility of them, or other unidentified metaboliﬁés, contributing to

effects in other, perhaps only slightly different, conditions.
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There are not sufficiently big differences between the gas mixtures
produced by the two Trichoderma species to account fully for the differences

in their effects in paired petri dishes.
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Figure 17 Effects of authentic ethylene with initial concentrations
~ of 0.001, 0.01, 0.1 and 1.0 ml/litre air on linear growth
' of R. solani on 1lst, 4th and 7th day after assembly.
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Figure 18 Effects of authentic ammonis with initial concentrations

of 0.001, 0.01, 0.1 and 1.0 ml/litre air on linear growth
of R.solani on 1st, 4th and Tth day after assembly.




Mean of acetaldehyde concentrations (ml liquid/l.eir)
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Effects of authentic acetaldehyde with initial concentrations
of 0.001 ml/litre air 'A'; 0.005 ml/litre air 'B'; 0.01
ml/litre air 'C' on linear growth of R.solani on 1st, Tth
and 14th day after assembly.
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—®— Inhibition or stimulation(%)

—A—— Acetone concn.in treatments

~— —A--—- Acetone concn. in controls
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Effects of authentic acetone with initial concentratione of
0.001 ml/litre air 'A'; 0.005 ml/litre air 'B'; 0.0l
ml/litre air 'C' on linear growth of R.solani on lst, Tth
and lhth dey after assembly.
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— @ —— Inhibition or stimulation (%)

ws—HW-ewe Ethanol concn. in treatments

-~ — X~ — Ethanol concn. in controls

- A

—=—'Days’ after pairing ... .

Effects of authentic ethanol with initial concentrations of
0.03 ml/litre air 'A'; 0.1 ml/iitre air 'B'; 0.3 ml/litre
air 'C' on linear growth of R.solani on lst, Tth and llith day

after asgsembly.
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Figure 22 Effects of authentic carbon dioxide with initial concentrations of
10% v/v 'A'; 20% v/v 'B'; 30% v/v 'C' on linear growth of R.solani
on lst, Tth and 1Lth dey after assembly '



55

¢ Inhibition (%)
___..,_.. ethylene
o acetaldehyde
acetone
—— e
x ethanol
——— 002
0.1
A
. 4ol R o) o
0.01 F LYol \).‘ xj 20%
-“._‘—'l“
[
-30f /
e
0.001 —
- —QOLQ\’ 4 10% '5*
g B - <
g o ~lof” e D\ —
® 0.0 L 0 a s
5 o @
g
£ ~ 8
% 5= ]
o - &
- - & -t B §
[T ©
o o — e <}
2= 9 60 y 30% 5t
R 0.1 3 (o] ° ° o
q° 2 x 2
28 o o0 e 5
§.3 & ®
2 0.01 H ~ho -1 20% ”
LI - .
[T ( Q
§ & 5
.—_; ] —30 g
2 e
2 O
[ 2 3} 0. 001 - -20 ra . .- 10% °
=)
g A\n
= L ry
0.0 0Ll 1
1 7 1L

-—TDays’ after the assemblé—e

Figure 23 Comparison study of effects of mixtures of authentic metabolites with
initial concentrations of 0.001 ml/litre air, ethylene, ammonia,
acetaldehyde, acetone + 0.03 ml/litre air, ethanol + 20% v/v.CO, 'A'; and
with 0.001 ml/litre air, ethylene + 0.005 ml/litre air, smmonia + 0.001
ml/litre air, acetaldehyde, acetone + 0.1 ml/litre air, ethanol + 30% v/v.
002 'B' on linear growth of R.solani on 1st, Tth and 1hth day after assembly.
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I.3(c) ANALYSIS OF THE INTERACTIONS BETWEEN GASES FROM THE TWO
REPRESENTATTVE TRICHODERMA SPECTES AND RHIZOCTONTIA SOLANI IN
PATRED CULTURES

INTRODUCTION

This investigation is the appropriate complement to the pure culture
studles in sections 3a and‘Sb. Tn these sections it has been noted that
the amounts of carbon dioxide produced by Trichoderma cultures are big
enough to account by themselves for the total amounts of inhibition seen.
The differences between the amounts of this metabolite produced, or
between the amounts of any other seen during that phase of the work,
do not however give information to explain the difference between the
~activity of the two Trichoderma specles. There is also evidence that
the cumulative effects of metabolite mixtures may be bigger than that of

the same concentrations of metabolites acting separately.

Since no other active metabolite was identified it seemed possible
that the differences were due to differences in the rate at which inhibitory
levels were attained in the various assemblies. The obvious way to test
this would be to sample the assemblies at short intervals throughout the
early stages of incubation. It was appreciated, however, that this
frequent sampling would introduce unacceptably big changes in head space
gases in the assemblies used. This could be overcome by using enough
replicates to permit each to be discarded after sampling. It aid not,
however, seem sensible at this stage to design an experiment of the
complexity and size needed to permit this. As an alternative experiments
were set up to compare the effects of pairing Trichoderma cultures which
had been permitted to build up a high concentration of their metabolites
in the head space gases with those of pairing cultures which had less

opportunity for such build up.
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METHODS

Cultures of R.solani were paired with cultures of T.viride 1 and

T, loengibranchiabum WBC L4576, by the standard methods lor paired assembly

tests. In the first series of investigation (Series A}, one experiment
was done using cotton wool plugged Trichoderma cultures which were 6-day-—
old at the time of pairing, one with 7T-day-old cultures and one with 8-day-
old cultures. These ages were chosen because Dennis & Webster (1971)
found that six-day-old cultures produced the biggest effects in their
experiments with paired Petri dishes. Six replicate assemblies were

set up for each treatment, together with three assemblies in which cultures
of R.solani were paired with bottles containing the standard amount of
uninoculated malt extract agar. In this series of experiments colony
diameters were measured, and gas samples were taken and analysed, within
10 to 20 hours after assembly and on the Tth and 1hth day of subsequent

incubation.

In a second series of experiments (Series B) five replicate assemblies
using Trichoderma cultures which had been put with Suba rubber caps and
incubated for T days before pairing, were compared with five replicate
control assemblies of R.solani paired with uninoculated malt agar. In
this series colony diameters of R.solani were measured daily, and gas
samples were taken and analysed within 24-36 hours, on the Tth and 1hth day
of incubation after assembly. Incubation, measurement, and G.L.C. analysis

were by the standard procedures.

RESULTS

The results are recorded in Appendix-tables TA-TF and 8A & 8B,
inclusive, and summarised in text-figures 24 and 25 inclusive. The
text figures record the effects as reduction of means of growth of the
treated R.solani cultures as a percentage of the means of growth of the
control colonies. They also show the concentrations of authentic ethanol
and of 002 in air mixtures required to give peak heights closely similar
to those produced in G.L.C. chromatograms of samples of head space gases of

the experimental assemblies.
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not
The amounts of ethylene were/measured in this series of experiments, for

administrative reasons. No unusual. secondary mebabolites were seen;
no vther metabolites appeared on the G.L.C. traces in more than trace
concentrations, of the order of tenth or less than the minimum
concentration in which any of these had been shown to be active in

tests with authentic material in pure culture.

The contribution of the Rhizoctonia colonies to the complete
mixtures can be judged from the G.L.C. measurements of samples from the

control pure cultures.

CONCLUSTON

The experiments of Series "A" with the 6-day, T~day and 8-day-old
cultures of Trichoderms species were carried out independently from each
other. The results seem so closely similar, that they can fairly support
deductions without further formal replication. They are also closely
similar in all important ways to those from the experiments with paired
Petri dishes. In particular the gases from cultures of T.viride 1 have

produced more inhibition than that produced by cultures of T.longibranchiatum

WBC 45763 from 20% volume/volume to 30% volume/volume carbon dioxide in air
was "found in all assemblies on the Tth day after assembly. In pure culture
tests with authentic materials, concentrations of this order produced 25% to
45% inhibition. This is of the same order as the inhibition seen in these
experiments, but it is generally slightly less than that produced by gases
from .viride 1, slightly more than that produced by gases of T.longibran—

chiatum WBC L576. Similarly the small differences between the concentrations
found in the culture with the two Trichoderma species tend to correlate with
the difference between total effects; there are more consistant differences
between the amounts of ethanol produced in assemblies with 6-day and T~day-
old cultures of both Trichoderma species, only T.viride 1 producing
inhibitory levels. The highese level recorded is however only equivalent to

that of the 0.1 ml/litre mixture of authentic pure material which gave up to 11%
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inhibition of R.solani. These differences between strains were not

found using 8-day-old cultures of Trichoderma sp. It is noted, however,
that in Section (3b) above an authentic mixture of 30% CO,» 0.1 ml ethanol,
0.001 ml acetaldehyde, acetone and ethylene and 0.005 ml ammonia produced
up to 60% inhibition in tests in 7 days (Text-figure 23). T4 is
therefore conclﬁded that the total amount of inhibition seen in these
experiments could be accounted for the amounts of CO, and of ethanol

2
produced.

The evidence from series "A" suggests that a difference in the rate
of production of these primary metabolites by the two Trichoderma species
may contribute to difference between their effects, but it is not adequate
to substantiate this hypothesis fully. The results from series "B"
confirm, however, that the differences between the amounts of 002 produced
by the two Trichoderma species may result in big differences in the rates
at which inhibitory levels of 002 build up in test assemblies. In
assemblies with the sealed cultures of T.viride 1 it attains a level of
20% to 30% volume/volume of gas space within the first two days, while

it 1s still below 20% volume/volume of gas space with T.longibranchiatum

WBC 4576 at this stage. This factor, together with smaller differences
in final concentrations attained in the first T days, could by itself
account for all the differences between the recorded effects of the two
species on R.solani. The differences between the ranges of ethanol
concentration follow the same general pattern, although they are smaller.
It seems likely that variety in the rates of formation of this compound and
other primary metabolites might still contribute to the effects in some

conditions.

The other work recorded in this thesis all fits this general hypothesis.
In the circumstances it did not appear justifiable to spend the money or
the time which would be involved in the investigation of the almost
infinite variety of small environmental changes which might influence the
productions of these ubiquitéus substances, and so the effect which any of
them might have in a particular interaction. Similarly it did not seem
appropriate to carry out detailed mathematical analyses of the statistical

significance of the differences and of the correlations.
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I.3(d) EXAMINATION OF THE EFFECTS OF KNOWN CONCENTRATIONS OF AUTHENTIC
MATERIAL OF IDENTIFIED METABOLITES IN AIR ON THE GROWTH OF COLONIES
OF THE OTHER ASSAY FUNGI USED BY DENNIS & WEBSTER.

TNTRODUCTION

This was an appropriate first stage of the broadening of the

investigation on similar lines to that in 3(b) above.

METHODS

Measurements were made using sealed Roux bottle cultures. All the
details of assembly, measurement, sampling and G.L.C. analysis followed the
standard procedure as given above (Section 3.b.). Each treatment was
examined in Ffive replicate assemblies and compared with five replicate
control assemblies set up in normal laboratory air. Measurements of colony
diameters were made dally, and G.L.C. samples were taken and analysed within

the first 2L hours after assembly and on the seventh day.

RESULTS
The results are recorded in appendix tables (5A- 51 and 9A - 9Y).
Summarised in text-table ( 5 ) and in text Ffigures { 26 to 31).

DISCUSSION
There is an overall general gradation of sensitivity to these gases.

Pyronema domesticum being most sensitive to the tested range and Fusarium

oxysporum being least sensitive. This follows the general pattern of
sensitivity to Trichoderma gases reported below. The effect of acetone
and ethylene are negligible, even if the figures should be statistically
significant. Hence mathematical analysis did not appear to be justified.
Fthanol and carbon dioxide are generally more inhibitory, and thereare
big differences in the effects of acetaldehyde. The implications of these
results in relation to the effects of Trichoderma gases are discussed below.
The results permit comparison of the sensitivity of the assay cultures
to particular metabolite with the amounts of these metabolites found in
Trichoderma culture gases. This has not been developed further in this

thesis, but possibilities of ecological effects in the field are obvious.
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I.3¢ey ANALYSIS OF THE INTERACTIONS BETWEEN GASES FROM THE TWO
REPRESENTATTVE TRICHODERMA SPECIES AND OTHER ASSAY FUNGIL . IN
PATIRED CULTURES.

INTRODUCTTON

This is the appropriate second stage of the broadening of the study

of the representative Trichoderms spp. on similar lines to 3(e) above.

METHODS . i

Tests were carried out with paired Roux bottle assemblies. The
Trichoderma cultures used had been incubated with Suba rubber caps for
T days before assembly. Each treatment was examined in five replicate
assemblies and compared with 5 replicate controls in which the assay
fungus was paired with bottles containing uninoculated 2% malt agar.
Colony diameters were measured daily and samples of head space gases were
taken and analysed on the second and seventh day after pairing. AlL

other experimental details were as described in the General methods,

RESULTS.
The results are recorded in appendix tables (10 A to 10 E) and
summarised in text figures ( 32 and 33 ). Results with R.solanl are

recorded in appendix tables (8A - 8B).

CONCLUSION.

From figures (32) and (33) it is concluded that:-

Acetaldehyde:

Concentrations of authentic material egqual to the maximum found in the

Trichoderma culture gases inhibited the growbth of Pyronema domesticum to

about half the extent of that produced by the pure culture gases. This was
80 for both the strains of Trichoderms at both the stages of incubation which
were measured. Hence it seems likely that this could contribute apprediably
to the effects of the total culture gases on this species. These
concentrations produced slight stimulations of the growth of the other assay
fungi in pure culture. Their small effects are masked by those of the.

inhibitory products in tests with complete culture gases.



T

Acetone:
The concentrations found in these tests are unlikely to have any

significant effects on the growth of the assay fungi.

Ethanol:

Similarly the concentrations found in these tests could contribute
significantly to the effects of the complete culture gases on Pyronema
domesticum, but they are unlikely to have contributed in more than a

minor way to the other effects seen.

Carbon dioxide:

After 2 days incubation the assemblies with T.viride 1 had a.

gubstantially higher concentration of CO2 than that in assemblies with

T.longibranchiatum WBC k576, At 7 days the difference between the two

species were slight and less consisbent. The concentration of this

gas alone could account for all the inhibition produced by the Trichoderma
culture gases, the differences in rate of build up on inhibitory
concentrations could account for the differences betwéen the effects of the
two species.

As before, however, it is emphasised that these results are for
defined conditions; it seems likely that slight changes in these conditions
could affect the proportions of these ubiquitous primary metabolites in
culture gases, and to affect their contribution to the effects of these
gases on other organisms, It is also emphasised that other unidentified
motabolites may be present which may affect these interactions and which

might affect them in slightly different conditions.
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OF OTHER SPECIES OF TRICHODERMA
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I.L QUANTITATIVE EXAMINATION OF THE ACTIVITY OF OTHER SPECIES OF
TRICHODERMA

This is reported in two phases:—

(a) a detailed examination of the effects of two further species which they
(Dennis and Webster) found to inhibit R.solani, and two further species

which they found to have no measured effect,

(b) a G.L.C. analysis of head-space gases from all the other available
strains of Trichoderma in standard culture conditions and comparison

of their content with thelr recorded activity.

(2) ANALYSIS OF THE INTERACTIONS BETWEEN GASES FROM TWO FURTHER SPECIES
WHICH THEY FOUND TO INHIBIT R.SOLANI AND TWO FURTHER SPECIES WHICH
THEY FOUND TO HAVE NO MEASURED EFFECT IN PATRELD CULTURES.

METHODS

Trichoderma viride 14 and Trichoderma polysporum 2 were chosen as

representative active strains; Trichoderma pseudokoningii A/196-1 and

Trichoderma polysporum T4 were chosen as inactive ones. The growth of

R.solani cultures paired with T-day—old cultures of each strain were
compared with those of cultures paired with unincculated malt agar in the
paifed Roux bottles. Colony diameters were measured daily and samples
of head space gases were taken and analysed on the second and seventh day
after pairing. A1l other standard experimental procedure is as

described in General Methods.

RESULTS

The results are given in appendix table 11 and summarised in text-
figure ( 34 ).

CONCLUSION

The results fit and strongly support the hypothesis that the inhibition
of R.golani by these four strains in these conditions can be accounted for
by the production of gaseous primary metabolites, particularly of co, and
that differences in the amounts of their activity can be accounted for by

difference in the rate of production of these metabolites.
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(b) G.L.C. ANALYSIS OF HEAD SPACE GASES FROM ALL THE OTHER AVATLABLE
STRAINS OF TRICHODERMA TN STANDARD CULTURE CONDITIONS, AND COMPARTISON
OF THEIR CONTENT WITH THEIR RECORDED ACTIVITY.

METHODS

Three replicate cultures of each of the tested strains were set up
on malt agar in Roux bottles with Suba rubber caps; samples were taken
and analysed by standard G.L.C. technigues within the first 24 hours of
- assembly, and after 7 and 1L days of incubation. A secoﬂd experiment
was set up in precisely the same way except that the Roux bottles were

fitted with cotton wool plugs.

RESULTS

The results in sealed bottles are recorded in appendix_table ( 124)
and summarised in the text-figure ( 35 ). The results of those incubated
in cotton wool plugged bottles are given in appgndix table ( 12B ), and

summarised in text-figure ( 36 ).

CONCLUSION

This survey has not revealed the presence of any metabolite other
than the expected primary ones in the expected range of concentrations.

There are substantial differences in the amounts produced by the
different strains; the difference between the record from sealed culture
and from these Fitted with cotton wool plugs are likely to relate to the
rate of formation in the first few days of incubation. ‘

Dennis & Webster do not-give enough information of experimental
variation in their work to permit detailed comparison of the results but
there is a substantial amount of agréement between the relative activity
which they report in their Table 1, and the difference in amounts of CO2
produced by these strains.

This general fit, and the fact that no evidence of any other reactions

has been revealed, suggest that further examination would not be likely to

be profitable.
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LITERATURE REVILW

Approximately 200 species of plant pathogenic bacteria have been
recognized. Generally they occur in only five families, in three orders,
and they are represented by six genera:

Pseudomonas (90 species), Xanthomonas (60}, Firwinia and (Pectobacterium)(17),

Corynebacterium (11), Agrobacterium (7), and Streptomyces (2) (Buddenhagen,
1965; Crosse, 1968; Starr & Chatterjee, 1972).

Erwinia Winslow et al., is a particularly interesting genus of
bacterial phyto-pathogens which are widely distributed throughout the
globe, causing robts, blights and wilts in a variety of crop plants. On
the basis of its disease-producing ability in plants Bergey et al. (1939),
gives the group tribal ranking, Ervineae, in the family Enterobacteriaceae.
Other major characters of the group are:-
" short rods peritrichously fiagellated, Gram—negative, do not form spores,
their individual cells may contain indigoidine, facultative anaerobes,
ferment many carbohydrates and glycerol with the formation of acid only,
seldom acid and gas. Their shared sensitivity to a group of bacterio-
phages and to bacteriocin (anti-Erwinia sera) suggests a common relationship.
There are however big differences between some of the bacteria which can be
included in the group. In particular Waldee (1945) has proposed that the
strongly pectolytic strain which cause soft rot diseases should be separated

into a new genus Pectobacterium. These bacterial soft-rots occur most

commonly on vegetables and some annual ornamentals that have fleshy storage
tissues. (Elrod, 1942; Abo-El-Dahab & El-Coorani, 196L; Chatterjee &
Gibbins, 1971; White & Starr, 1971; Starr & Chatterjee, 1972; Trskine,
1973; Shinde & Lukezic, 197h).

They cause serious diseases of crops in the field, in transit and
especially in storage, resulting in greater total loss of production than any
other bacterial disease (Agrios 1969). When the soft-rot bacteria enter
wounds or are otherwise brought in contact with parenchymatous cells (Adams,
1975), they feed and multiply at first on the liquid released by the broken

cells on the wound surface or on liquid in the intercellular spaces.
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Inoculation is followed by rapid multiplication of the bacteria which
produce increasing amounts of pectolytic (a2 pectin-methyl-esterase, pectin-
trans—eliminase, and a poly methylgalacturcnase) and, in lesser quantity,
cellulolytic enzymes (Wood, 1951, 1955 and 1960; Friedman & Ceponis, 1959;
Walton & Cap?llini, 1962). The pectolytic enzymes breakdown the pectic
substances of the middle lamella and of the cell wall and cause maceration
of the tissues. The cellulolybic enzymes cause partial breakdown and
softening of the cellulose of the cell walls. As a result of the action
of these and other enzymes waber from the protoplasts diffuses into the
intercellular spaces; the cells plasmolyze, collapse and die (Kraght &

Starr, 1953; Starr & Moran, 1962). Acid production by E.carotovora in

host plant is another factor in virulence (Friedman and Ceponis, 196k4).

The most important bacterium on many fleshy plants and vegetables is

Bacillus (Pectobacterium) carotovora (Jones L.R.)} which was first

described by Jones in 1900. Erwinia (Pectobacterium) atroseptica (van

Hall), has been described as the organism commonly associated with the
black—leg disease of potato (Pérombelon, 1972, 1975) and Erwinis

(Pectobacterium) aroideae (Townsend), with the slimy decay of various

tropical and sub—-tropical crops, or crops grown in green houses, such as
tomatoes. Craham & Dowson (1960) reported that these organisms have been

differentiated from E.carotovora on the basis of their capacity to utilize

various sugars. Because of thelr morphological similarity therefore,
same authors pointed out that their is some question as to whether these
three bacteria should be designated as different species or varianbts of a

single species which is the Pectobacterium carobovorum. This species is

divided into four sub-types: P.carotovorum itself (or, more strictly ,

P.carotovorum wvar. carotovorum), P.carotovorum var. abtrosepticunm,

P.carotovorum var. aroideae and P.carotovorum var. chrysanthemi. In India,

Hingorani & Addy (1953) reached essentially the same conclusions, they

recognized two species, Erwinia carotovora and E.atroseptica and considered

E.aroideae as a non—-gas forming strain of B.carotevora. It has been found

also that, E.carotovora and E.aroideae produce acid on ethanol agar,

whereas E.atroseptica does not (Massey, 1924; Burkholder & Smith, 1949;

Dowson, 1957; Malcolmson, 1959). Echandi et al, (1957), Tound
that E.aroideae produced H

2S abundantly whereas those of
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E.carotovora produced little or none. They regarded E.aroideae as a

valid member of that species because of its production of hydrogen
sulphide, its strong growth at MOOC, and its complete lack of gas Torming
ability on carbohydrate substrates. Studies on the biochemical reactions
used for separation of soft-rot coliforms are carried out by many

investigators and reviewed by Graham (1964, 1972).

The characters of the soft-rot bacteria (Pectobacterium, Waldee)

and their difference from Erwinia amylovora (Burrill) Winslow et al., and

Brwinia tracheiphila, as described by several investigators are summarised

in the following table:-

Pectcbacterium spp. E.amylovora E.tracheiphila

1.Facultative saprophytes| 1.Strict to living plants| 1. Same as amylovora .

2.Produce pectolytic 2.Dessicate infected 2. Cause wilting of
enzymes which-degraddq tissue (blights) cucurbits and
middle lamella of of orchard trees. clogging vascular
hostSs tract.
3.The min. ,optimum and 3. Optimum temperature 3. Same as amylovora .,
max. temp. for their for their growth in
growth in culture are culture is 25-26°¢C.
29¢, 25°¢, 377%C, res-
pectively.
4.Grew well in the depth | b4.Grew most profusely k. Grew mostly at the
of shake culture as at the surface of surface only.
well as at the surface. the shake culture.
5.Cells are rod-shaped 5.Cells are rod-shaped 5. Cells are rod-shaped
2.25 y long x 0.75 1.5 pulong x 1 pwide, 1.75 plong x 0.6 pdia.
diam. longer form of up to In young (L4-5-day-old)
35 phave been cbserved cultures, many of the
in cultures. bacteria appesar
coccold, with diam. of
1.5 p.
6.0ccurs singly or in 6.0ccurs singly but 6. Occurs singly, longer
chaing and at temp. pairs or chaing of chains may be present.
of 27 C. or higher 3 to U bacteria also
form much longer exist.
rods and also
filaments.
T.Each rod has 2 to 6 7.The bacterium possesses|7. Each cell has U-8
peritrichous flagella. flagella aver its » peritrichous flagella.

entire surface.
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These characters and some others hqgve.been .reported by many
investigators (qud, 1951, 19603 Grégg, 1952; Graham, 1958 (a), 1964,
1972; Crosse, 1959; Burkholder, 1960; Billing et al., 1961; Billing &
Baker, 1963; Voros & Goodman, 1965; Nelson & Dickey, 1970; Shinde &
Lukezic, 19Th; Schroth et al., 197Th; Stanghellini & Meneley, 1975).

Most studies on these phytopathogenic bacteria in the soil have been
prompted by the desire to control disease rather than to elucidate the

ecology of the causal organisms (Crosse, 1968).

The work which has been done on these shows that there is a big
difference between the survival of the "soft-rot" species and that of the
others. Many workers have isolated phytopathogenic bacteria from soil
using a range of selective media containing pectin, sodium polypectate
or crystal violet pectates (Echandi et al., 1957; Miller & Schroth, 1972;
Guppels & Kelman, 19TLk; Webb, 1974 ).

Kerr (1953) and Graham (1958a) isolated them from a variety of scottish
soils using a direct plating technique. It has been suggested however,
that these isolations are probably from fragments of plant or animal debris
in the soil (Leach, 1930; Tamimi & Banfield, 1969). Voronkevich (1960,
1973) concluded more positively that the soft-rot gpecies persist in
decaying plant residues, but that they are unable to survive once these

residues have been fully decomposed.

The other species of Erwinia have been found to decline more rapidly in
soil. This is to be expected from their greater dependence on burry host

tissue.

E.amylovors has been found to decline rapidly to undetectable levels
in five weeks in unsterilized soil and in 8 weeks i:: = -'lized soil in
the laboratory. The results showed that loam and ¢l were more favourable
t0 the persistence of the organism than sand, because the last type contained
very little organic matter (Ark, 1932). By using the above methods of
direct plating, and inoculation onto sensitive fruits, Thomas & Parker (1933)
found that some species failed to overwinter in natural soils. These and

other similar studies are reviewed by Schroth et al. (19Th).
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"E.tracheiphila, the cucurbit wilting pathogen does not survive for

long in the soil, but overwinters within the body of cucumber beetles
vhich transmit to succeeding crops (Rand & Cash, 1920; Burkholder, 1960).
These bacteria however, vanish very rapidly in dry soil but they persist

for longer in water logged soils (Leach, 1940).

It has been suggested that survival of these "short living" bacteria
may be affected by interactions with the other soil flora. Lee (1920)
found that they may remain viable almost indefinitely in sterile soils,
and some lncreased in number. This could also explailn théir better
survival in soils with low moisture contents, or in soils held at low
temperature, than in moistened warm soils (Graham, 1953; Nelson & Semenuik,
1963). For these reasons, their decline in soils has been attributed to
the activities of antagonistic micro-organisms. Patrick (1954) isolated
8 great number of antaéonists from virgin scils and claimed that there was
some correlation between the sensitivity of the pygtopathogenic bacteria

to these organisms and their ability to survive in the soil. The author

found that E.tracheiphiia was the most susceptible ?o the antagonistic

action of the scil microflora. He noted that Brwinia atroseptica and

E.carotovora have very different antibiotic spectra from Ecwinia amylovora

and the E.tracheiphila. Two years later, Pridham et al. (1956) found

that E.carotovora and E.aroideae were the most tolerant to St?eptomyces

metabolites.

There have been few studies of the effects of authentic volatile
metabolites on Erwinia species; though there are many recorded the study
of the effects of 002 in particular and soil bacteria in general e.g.

Gray & Wallace, 1957; Stotzky & Goos, 1965, 1966; Wells, 19Th; MNielson,
196k, however, concluded that exposure to up to 20% of COo had
no effect on the rate of decay of potato tubers infected with

E, aroideae , E. atroseptica or E., carotovora.
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II.2. EXAMINATION OF THE EFFECTS ON MEASURABLE VISIBLE GROWTH IN AGAR
CULTURE .

A brief preliminary investigation was made by measuring gross
macroscopic effects on "streak inoculae" in agar surfaces. It was
appreciated that this crude technique could reveal only gross inhibitory
effects; 1if, however, the responses were sufficiently sensitive it woulad
be a simple and quick method and it would permit direct compaiison with,
the work on fungi. Tt seqmed‘sensible to investigate this pdssibility

before developing more elaborate work.

MATERTALS & METHODS

Two ml of an agueous suspension of cells from a Lh-to 5-day old culture
of the bacterial species being cxamined was spread evenly over the surface
of a Petri dish plate of Bouillon Agar and left on ‘the laboratory bench for
a few minutes yntilthe free liquid had been absorbed. The agar was then
sliced to give blocks meaning of {35 mm long x 15 mm wide x 3 mm deep),

and three reference lines were drawn with a sterile inoculabing loop on the

inoculated surface. The same suspension was used Lo inoculate all the
hlocks used in any test. The blocks were then placed on a giass strip
and inserted into Roux bottles (Figure 37). The Roux bottles contalned

0.5-1 ml of deionized water, supplement to keep the atmosphere at 100% R.H.
and to prevent drying out the gas. They were then attached to T-day-old
Trichoderma cultures on 2% malt agar in the normal way Tor paired assemblies
(Section T.3.c. ), or Tittedrith serum caps through which known amounts of
test materials were introduced by the standard technique for tests of
authentic metabolites. Three inoculated agar blocks were set up in each
of these Roux bottles for each treatment; subsequent growth on the reference
lines was compared with that on the same number and arrangement of replicate
blocks in control assemblies containing air or paired with Roux bottles
containing uninoculated 2% malt agar (Figure 2 ). After examination
scrapings from the incculated surface on which no grewbh was visible were
transferred to slopes of Boulllon agar; and any growth on these slopes
during 7 days further incubation in normal air was recorded. ALl cultures

were incubated at 24°C in the dark.
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RESULTS

The results are recorded in appendix tables 1LA to 1L 0. In
these growth is recorded by eye on a scale from 0 = no visible growth
to 3 = growth equal to the maximum produced in control cultures at
the end of the experiment. A1l cultures were incubated and examined
daily for T days. No changes were seen in any culture after the 1lhth
day. The growth in the subcultures made from the scrapings taken from

unincculsted surfaces on the Tth day is shown in the final column.

DISCUSSION AND CONCLUSICN
The tests with the Trichoderma cultures (Appendix 13) did not

reveal any effects on bacterial growth. They do not, however, show
that no such effects were present:; in particular they do not measure
any qualitative effects which may have developed. It was appreciated
that some obvious refinements could make the technigue more informative;
e.g. more rigorously controlled and less dense inoculae might result in
visible differences in the density of colonies after incubations in
different treatments. An economic way to explore this possibility
seemed to determine the degree to which concentrations of metabolites
known to be commonly present above Trichoderma cultures approached the
inhibitory level required to prevent visible colony development in these

colonies.

The results of these tests summarised in text table 6 suggest that
the concentrations required for bacteriostasis are substantially higher
than these found in Trichoderma cultures, In appendix tables
LiA to 14 O the last column indicates the viability of bacteria after
subculturing to fresh media in air. The results indicate that the
bactericidal concentrations are likely to be very much higher than those

recorded in text table 6.

It was concluded that further development of this technique is

unlikely to be a profitable use of effort.
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IT.3 EXAMINATTION OF THE ETFFECTS ON GROWIH AND SURVIVAL TN S0IL.

INTRODUCTION

Trom the author's previous work with these bacteria and from
consideration of the reports in the literature review, it seemed
appropriate to investigate the effects of Trichoderma volatiles on

representatives of the two ecological types in the genus. E.tracheiphila

and E.aroideae were chosen as convenient representative of each.

It was also apparent that the interactions would be likely to be
affected substantially by the medium on which the bacteria were grown.
A comprehensive investigation of all the interaction would not be possible
with the time and labour available. Furthermore, it seccmed sensible to
start with a limited investigation to see whether new information of

significant general interest was likely to be involved.

From previous work it seemed more likely that any effects which we
could identify would be due to the liberation of common primary metabolites.
This determination would be a useful step in the development of knowledge,
but its nature would not be a good justification for major spending of

public mbney.

Hence a simple investigation was carried out on the same genersgl lines

as were used for the above work with assay fungi.

METHODS
The following media were used:-~

(a) a mixed garden loam. This was collected as a single sample from
aerated plot in the University ground at Garscube Estate, Glasgow,
N.V. The wider sample used in the investigation was collected at
one time, air dried, mixed thoroughly and passed through a No.8
sieve, and stored in an unsealed plastic bag in the laboratory until
required. '

(b) a fine grain clay, supplied by the Glasgow School of Arts.

(c) an acid washed sand, supplied by Messrs. Hopkins & Williams.
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(d) Bouillon agar. As discussed in the General Methods, l.a.

The soil cultures were prepared by placing 50g of air dried soil in a
Roux. bottle, and adding the maximum amount of deionized water to satarate
the soil without leaving free water on the surface. This was
of the order of 20 ml. Agar cultures were prepared by adding TO ml of
Bouillon agar to a Roux bottle. The bottles were pluggedand autoclaved

at 12000 for one hour.

Five ml of an agueous suspension of cells from a l-to S5-day-old culture
of Brwinia species under test was added to each cooled Tlask and the contents
of the bottle with soil were shaken to distribute the inoculae as evenly as
possible through the medium. The same suspension was used for each flask

in any one test.

The effects of culture gases were examined by Jjoining these soil or
agar cultures with 7-day-old cultures of Trichoderma species on malt agar

in standard paired assemblies.

The effects of authentic metabolites were examined by allowing known
amounts to voletilize in the bottle by the standard single Roux bottle
tests (cf. General Methods, 1.b. ).

Test cultures and controls were set up in triplicate in each case
and they were incubated in the dark in an air conditioned room at EMOC,
70-80% R.H. 5 ml samplés of head space gases were taken by gas syringe on
the day of assembly and on the Tth day, and analysed by the standard G.I.C.

technique.

After incubation the number of viable bacterial cells in each culture
was estimated by shaking 1 gram of the culture medium in 9 ml of deionized
water, making serial dilution of the suspension in water and plating out
samples of appropriate dilution on Bouillon agar vlates. The number of
colonies on the plates were counted after they had: been incubated at ol,°c

for 48 hours in the dark.
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RESULTS

The results of the replicate investigations of the effects of complete
culture gases on bacteria are given in appendix tables (15A to 15R). The
results of the replicate investigations of the effects of air/gas mixtures
of authentic metabolites, in the range of concentrations at which they

are found in culture gases, are given in appendix tables (16A to 16H).

The results are summarised in text table {( T ). The critical
comparisons of these effects are made in text figures ( 38 and 39 ) and
text tables ( 8 and 9 ). Appendix tables 1TA and 17B give the results
of an investigation of the changes in concentration of known mixtures of

authentic acetaldehyde and CO_. during storage above sterile soils and agar.

2
These are sumuarised in text figures 40O and L1.

DISCUSSTON AND CONCLUSION

The results in all replicates are so closely similar in all important
respects that the correlations are obviously significant without further
mathematical analysis. The inconsistency in some results with Expts. III

do not seem to be sufficiently large to affect this decision.

From text table ( 7 ), tests I and II the recorded inhibition of both
bacterial species is greater in assemblies with T.viride 1 than in those

with T.longibranchiabum WBC L4576. This is consistently so for all tests

and media used. The differences in amounts of CO2 produced by these species
could account for this difference (text figures 38 and 39). Differences in
the amounts of ethanol produced may also contribute appreciably to the

effects against E.aroideae but not to those against E.tracheiphila; mnone

of the other metabolites examined seem likely to have contributed appreciably
to any inhibition of either species. It is likely, however, that quite
small differences in envirommental conditions might result in some of them
playing a higher part in some interactions.

Similarly the differences in sensitivity of the two bacterial species
to carbon dioxide could account for differences in response to Trichoderma
culture gases on all the media tested (text table 8).

From text table (9) it appears that many more viable cells were
recovered Trom cultures on loam than on clay or sand and many more were

obtained from agar cultures than from loam. In many cases the smaller
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viable population correlates with the lower amount of inhibition with the
presence of the Trichoderma culture gases and of the authentic C02/air
mixtures. This was not sufficiently consistent, so to be unequivocal
evidence of the population in the less favourable growth media being less
sensitive to the inhibitory factor or facltors. In particular the

comparison of record of inhibition of E.tracheiphila by 30% CO2 and the

very high numbers of surviving cells in the controls doeg not fit this
hypothesis. It may be, however, that this is an optimum nutritive
condition for inhibition and that the loam soil provides an environment

nearer to this than that provided by the other soils and by the agar.

From text figures 40 and L1 it appears that there is a difference in
the amount of sorption of the metabolites by the different scils and agar.
The greatest sorption was shown by clay and agar, in which least inhibition
was measured. This relationship is not consistently similar to the other
medias, however. There is apparently more sorption by loam than by sand,
but more inhibition by loam than sand. It may be, however, that there is
an interaction here between reduction of gas concentration and increase in

inhibitive level of the loamn.
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THE DEVELOPMENT OF A SIMPLE APPARATUS USED TO AERATE CULTURES WITH
KNOWN CONCENTRATTONS OF CO,./AIR MIXTURES.
. N o~

INTRODUCTION::

From previous work in this department and earlier experiments in
this investigation it seemed likely that carbon dioxide would be found
to play a big part in the interactions. It also seemed likely that
the investigations would involve some determination of the rate at which
the concentration in an assembly build up to an inhibitory level. The
identification of this inhibitory level involves exposure to a series of
consisbent concentrations; this would not be possible in the simple sealed
assemblies, as the build up to COp through respiration of the assay cells
will produce a continuously increasing concentration during the test.
Hence it éeemed necéssary to develop a reflooding system. The same
problem would, of coufée, have been involved if any of the other primary
metabolites were shown to be produced in any significant inhibitory

concentration.

The apparatus which was developed is shown in appendix figure ( 1 ).
The development of this apparatus involved the following investigations,

using 20% CO2 volume/volume of air space mixture throughout.

(a) Uniformity of movement of gases through manifold outlets From the

apparatus.

In the early version of the apparatus the outlet of Container 'A'
was fitted with a manifold from which it was hoped to aerate several
Roux bottles simultaneously.

To test the uniformity of movement of gas mixture through the
outlets from this manifold a 20% CO,/air mixture was made in vhe container,
a single Roux boltle was then attached to each of five outlets of the
manifold, the appropriste taps were opened and five litres of the mixture was
displaced through the Roux bottle. The bottles were then sealed and the
amount of CO2 in each was measured by 3 replicate G.L.C. analysis. This

experiment was repeated four times. The results are given in table ( 1 ).
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Empirical observation of the results shown that there are unacceptably big
differences between the amounts of 002 introduced intc the bottles. There
is no indication of any consistent relationship between the position of a
bottle on the manifold used and the relative amount of 002 delivered into
it in replicate experiments. The differences between readings for bottles
are obviously very much bigger than the small differences found in G.L.C.

measurements of replicate samples from bottles.

In succeeding experiments gas mixtures were made up similarly and
one litre batches were passed successively into single bottles attached
to the manifold. The bottles were sealed and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>