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SUMMARY

Investigations concerning the microbiology of the
composting of town waste were carried out and these indicated
that refuse, even on entry into the disposal system, is a
rich source of micro-organisms. The myco-flora consisting of
ten species of thermophilic and thirty-three species of meso-

philic fungi.

The microbiological changes which occurred during the
composting of refuse were studied. The population of

thermophilic actinomycetes became dominant with Thermomon-

' ospora curvata being particularly prevalent. Chaetomium

thermophile was the most frequently isolated thermophilic

cellulolytic fungus.

The completion of these investigations coincided with
the publication of a governmental report on refuse disposal
which criticised and discredited the composting of refuse.
Thus, the results of the ecological research completed at
this stage were applied to the biodegradation of the main

component of domestic refuse which is cellulose.

A screening programme revealed that thermophilic
fungi, generally have a much faster growth rate than meso-
philic fungi. In shake-flask cultures with suspensions of

ball-milled newsprint Chaetomium thermophile var dissitum

and a variety of Sporotrichum thermophile combined the

greatest degrees of substrate degradation with fungal protein

synthesis,



Two processes of fermentation of newsprint by
thermophilic fungi were developed at the laboratory scale
for the production of an animal feedstuff. Using a system
of submerged fermentation it was found that two species
were capable of utilising nearly all the available substrate
indicating that they could be lignolytic as well as cellul-

olytic.

A novel technique of solid substrate fermentation
was developed using the ecological principle of competitive
substrate colonisation as a means of obtaining the growth of
the desired organism; instead of substrate sterilisation.
Feeding trials demonstrated that the product of such a process

is not acutely toxic and is of nutritional benefit.
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Chapter 1

INTRODUCTION

The original project was concerned with the biodeg-~
radation of town waste (refuse) and was conceived by
Dr. Eggins of the University of Aston in Birmingham and
Dr. Stribling of Lucas Furnace Developments Limited. The
project was included in the Inter-disciplinary Higher
Degree Scheme operated by the University. The suggested
project had three main aims which were: -

(i) Economic evaluation of the suggested process,
including constraints of legislation, potential markets for
town waste treatment equipment and predictions of the
marketability of products.

(ii) Careful determination of the parameters affecting
the thermophilic degradation of town waste components and in
particular ecological studies of the organisms most likely
to be involved in such activities and their relation to
individual components of town waste.

(iii) Design of equipment to facilitate such processing.

' Biodegradation can be defined as the useful break-
down or conversion of materials, usually waste products
such as refuse, to an economically more useful state. This
may be because the product is more versatile, has a higher
nutritive value or is more simply aesthetically pleasing or
less offensive. 1In this connection it may be termed a
pragmatically positive action of micro-organisms. The
process may remove pollutants odours or simply reduce the

final bulk of the material (Seal and Eggins, 1972). The
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process of biodegradation most frequently associated with
refuse is known as composting, which is usually defined as a
controlled process of decay of organic wastes effected by
micro-organisms (a fuller definition of composting is given

in Chapter 3).

Refuse disposal processes

Refuse is usually defined as the solid waste emerg-
ing from all household and commercial premises (Anon, 1968)
and is generally produced as a result of man's urban
activities. In 1966/67 in the United Kingdom approximately
16 million tons of house and trade refuse were disposed of
by local authorities (H.M.S.0., 1971). 1In the U.S.A. in
1968 the Bureau of Solid Waste Management estimated that
the total of household, commercial and industrial solid
wastes generated amounted to over 360 million tons per year
(Breidenbach and Eldredge, 1969). These large quantities

of solid wastes are continually increasing, the annual

Table 1.1 Treatment methods for British and U.S. municipal

waste; the figures show percentage by weight

Method of Treatment U.K. U.S.
Uncollected - 24
Incineration ' 849 6
Controlled Tipping 64 10
Open Dumps 26 58
Tipping at Sea 0 2
Pulverisation . 1
Composting 0.5 -
100 100
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increase being between 1-27% per year in the U.S.A;, (Gilbertson
1969) and are overloading the present methods of refuse
disposal. The municipal refuse disposal processes in use
today in the U.K., are controlled tipping, incineration and
composting (H.M.S.0., 1971; Porteous, 197la). Of the house
and trade refuse handled by local authorities in 1966/67

90 per cent was tipped directly onto the land, a further 1
per cent being tipped after pulverisation, under 9 per cent
was incinerated and an insignificant quantity 0.3 per cent
was composted. Since 1966/67 a greater quantity of the
refuse is being incinerated or treated by pulverisation and
before long it is estimated that 25 per cent of the refuse
will be treated by these methods (H.M.S.0., 1971). More
recent estimates for the methods used to dispose of refuse
in the U.K. and the U.S.A. are given in Table 1.1 taken

from Tinker (1972).

In the United Kingdom controlled tipping may be
defined as the disposal of refuse by tipping on suitable
sites in accordance with the recommendations-made by the
Ministry of Health in the early 1930's (Bevan, 1967). The
disposal of refuse by this method is not new, it has been
practised since the very earliest days when man realised
that his discards were untidy and unpleasant, the new aspect
of controlled tipping is the list of regulations produced
in the U.K. 40-50 years ago to ensure that the tipping of
refuse was done without giving offence and without risk to
the public health. The refuse is tipped in layers of not
more than a 6ft. depth and covered within 24 hours with at
least 9 inches of soil or other inert material. The types

of sites used have included low lying land, marshland
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settings and foreshores, river valleys, marginal iand,
moorland, poor agricultural land, disused railway cuttings
and canals, ponds, ravines and mineral excavations such as
stone quarries and clay pits. Generally sites have been
selected where land could be improved By filling or raising
of levels. After tipping the refuse slowly decomposes and
over a number of years becomes compaet in the tip. After
this process has been completed the land may be used for
building, providing playing fields, etc. The main
advantage of controlled tipping is that it is the only
method capable of disposing of all the types of solid waste
irrespective of size, moisture content and other character=-
istics. No secondary disposal is required and no special

. preparation of the refuse is involved (Gilbertson, 1969).
The low costs, and the advantages just described have made
this the method of choice for most communities both in the
U.K. and the U.S.A. The drawbacks often associated with
controlled tipping have arisen from a failure to fully
observe the recommended tipping precautions, _especially
tipping in excessive depths leading to voids in the tip and
providing inadequate covering by inert materials which has
led to difficulties from smells, fires, vermin, breeding of
flies and disposal of the light refuse over adjoining areas.
Changes in the volume and nature of the refuse to be tipped
have combined to make controlled tipping increasingly
difficult to control in the manner which was intended when
it was introduced in the 1930's. Two trends in particular
are of far reaching importance, first the volume of refuse
generated by each household is rising rapidly so that

existing tip sites are being filled at an ever increasing
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rate and secondly modern refuse contains a far higher
proportion of paper and plastics than ever before resulting
in a lighter and bulkier refuse which is an inefficient
filling material (Brookes, Green and Nice, 1968). ‘- The
practice of controlled tipping has been extensively used

by most cities in this country and there is now an acute
shortage of convenient tipping sites close to these cities,
which is being aggravated by the changes in the nature of
the refuse described above. The tendency as existing tips
are exhausted will be for alternative sites to become both
harder to find and more remote from the areas where refuse
is generated. This means that the distance which collection
vehicles must travel in order to discharge their loads will
increase and because of this the time during which collection
can take place will decrease causing the costs of collection
to rise. Two developments have evolved to alleviate the
current and future shortage of tipping space and these are
the processesdof transfer loading and pulverisation. The
system of trénsfer loading has been developed to halt the
rise in transport costs as final disposal sites become
further removed from the area of collection, it involves the
introduction of a plant where refuse collection vehicles
dischafge their loads and from which refuse is transferred
to the final disposal point by specially designed bulk
haulage vehicles. The fixed plant means that the distance
which collection vehicles must travel is no longer dependent
on the final disposal point, thus stabilising collection
costs. (Brookes and Green, 1968). The second method of
conserving tip space involves the use of pulverisation to

reduce the volume of the refuse before tipping. Pulveris-
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ation initially reduces the volume of refuse by 50-60 per
cent (Anon, 1968) but this saving does not manifest itself
into extended tip life as after a very short period of time
the density of pulverised or crude refuse becomes approxim-
ately the same after settlement of the tip. The overall
saving in tip space produced by pulverisation is estimated
at only 30 per cent (H.M.S.0., 1971) and this is brought
about largely by the greatly reduced need for covering
material. Other advantages of pulverising the refuse before
tipping are, that it is more easily controlled in landfill,
it is visually less objectionable and can therefore be
tipped on sites which would be considered unsuitable for
crude refuse and because of its higher density it can be
used in shallow depressions and therefore used for landscap-
ing. It has been stated (H.M.S5.0., 1971) that controlled
tipping in the U.K. will continue to provide a satisfactory
method of refuse disposal for the 'foreseeable future' but
as tipping sites become even scarcer and transport costs
more expensive the development of alternative methods of

refuse disposal will assume greater importance.

Incineration is the second most widely used method
of refuse disposal in the U.K. Modern refuse burns readily
and leaves a residue that is virtually sterile and unrecog-
nisable as refuse. Incineration will normally reduce the
volume of the original refuse by 80-90 per cent and the
weight by about half since a large part of the refuse is
disposed of as a flue gas. The residue produced by the
incineration of refuse is physically inert and biologically

stable but it is not entirely free from poisonous metallic
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residues derived from tins (Brookes and Green, 1968). The
residue can be tipped with a minimum of nuisance and tip
sites may be used for considerably longer than if the refuse
is tipped crude. Other uses for the residue from incinera-
tion are found in the construction and road building
industries (Tinker,;1972). In the United Kingdom for the
40 years preceding 1965 incineration had been based on the
'separation-incineration plants' which provided for the
mechanical separation of dust aqd cinder from the refuse
prior to its incineration. The separation part of these
plants provided an easy opportunity for the manual salvage
of paper, rags, non-femous metals, bottles, etc. with the
ferous metals being extracted magnetically. Now, however,
because of the changes in the nature of refuse and the
expense and difficulties in finding labour for such sorting
these plants are no longer economically viable (H.M.S.O.,
1971) and the incineration of refuse is now performed in
'direct incineration' plants. These plants do not offer
any scope for the recovery of the wastes described above,
the only recovery possible so far being of tins and similar
scrap from the ash. Periodically schemes are developed for
the recovery and utilisation of the heat produced by the
combustion of refuse for use in district heating schemes or
the generation of electricity. Examples of such schemes
can be found at Edmonton in Greater London where the
country's largest refuse incineration plant was designed
for the generation of electricity and at Nottingham which
has just provided a district heating scheme using refuse as
the source of energy (Richardson, 1973). In most highly
developed industrial societies the calorific value of

refuse fluctuates between 6 and 9 M.J./kg and this can be
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compared with the calorific value of coal of 32-36 M.J./kg
and of oil with a calorific value of 42-45 M.J./kg. The
calorific value of refuse does not therefore compare very
favourably with the standard fuels and furthermore because
of the high concentration of moisture in refuse, usually
about 40 per cent of the total weight, combustion is often
extremely difficult (Diamant, 1971). Calculations have
shown that the total energy demand for this country in 1970
was equivalent to 310 million tons of coal and that the
heat recoverable from the incineration of the whole of the
country's production of refuse (estimated at 17 million
tons) would be less than 27, of the above estimated demand
(H.M.S.0., 1971). Thus the incineration of refuse is
unlikely to become important as a means of providing and
utilising energy. Additional factors which complicate
incineration are the heterogenous nature of refuse making
the design of efficient incinerators very difficult (Powell,
1960; Diamant, 1971) and the plastics content, especially
polyvinyl chloride which on combustion at low temperatures
produces extremely corrosive vapours of hydrogen chloride
which corrodes the metallic parts of the incinerator.
(Rolfe, 1969; Diamant, 1971; Porteous, 197la; Stickelberger,
1971). lAlthough it has been claimed that incineration is
the most perfect method of removing refuse from man's
environment (Howard, 1972) recent research indicates that
even where flue gas cleaning equipment is used atmospheric
pollution still occurs (Porteous, 197la; Stickelberger,1971).
The most harmful gaseous contaminants released from refuse

incinerators are the polychlorinated bi-phenyls (P.C.B.)

which like D.D.T. can be concentrated biologically to
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significant amounts in the tissue of animals (Tinker, 1973;
Porteous, 1971b). Also present in the flue gases are,
fluorides produced from the combustion of trichlorfluomethones
the volatising agent in hair spray, etc. and sulphur dioxide
the most common invisible contaminant. It is true that in
the most modern incineration plants the degree of air
pollution is reduced to a minimum but unfortunately the
majority of the plants operated are of an old design and
they consequently have very little provision for the
prevention of air pollution. The total achievement of
refuse incineration is therefore an 80—50 per cent reduction
in the volume of refuse producing a residue of very little
value, the pollution of the atmosphere and the removal of

carbon from the natural cycle.

The remaining method of refuse disposal used to
any significant extent is composting. Modern composting
as employed in the disposal of refuse involves aerobic
thermophilic decomposition during at least one phase of the
process. Aerobic conditions are used because they are not
associated with the production of foul odours and they also
promote more rapid decomposition than anaerobic conditions.
Thermophilic conditions are required because at the high
temperatures usually attained in the composting of refuse
weed seeds and pathogens are killed and deéomposition
proceeds much quicker than under mesophilic conditions
(Goleuke, 1972b). Modern mechanised. composting systems
always involve some degree of pulverisation and pre-sorting

to remove bulky objects and inorganics such as metal glass

and plastics. After this pre-treatment the refuse is either
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composted directly in windrows or fermented in an enclosed
vessel, e.g. the Dano Biostabiliser and the John Thompson
Fermascreen for anything up to 5 days and then composted

in windrows (Kershaw, 1968; Gilbertson, 1969; H.M.S.0., 1971;
Goleuke, 1972b). It has been claimed that this short period
of fermentation in the enclosed chambers mentioned above -
reduces the time requifed to produce a mature compost. The
products from these fermentation chambers require from five
to ten weeks to mature and recently doubts have been
expressed about their value (Goleuke, 1972b). Mechanical
composting evolved when composting was developed as a means
of refuse disposal and a situation was reached in the U.S.A.
where over mechanisation became as much a threat to the
future of composting as anything else. The emphasis of
research was placed on the equipmeﬂt rather than on the
composting process itself (Goleuke, 1972c) which usually
increased the cost but contributed little to the process
(Randles, 1963). Because of the relatively high capital
and running costs of these fully mechanised plants incor-
porating an enclosed fermentation chamber of doubtful
benefits, a tendency has recently developed to consider
more simple plants in which the refuse is conditioned by
pulveriéation followed by composting in windrows (H.M.S.O,,
1971). 1t has also been reported that despite intensive
investigations into the technology of composting both in
Europe and the U.S.A. that no great breakthroughs are in

the offing (Kolb, 1968) and that when space is not limited
and time is not important then the windrow method of
composting is to be preferred. The purpose of composting

refuse and other organic wastes is the production of a
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relatively stable humus like material (Burman, 1961; Wiley,
1963; Randles, 1963; Kershaw, 1968; Gilbertson, 1969;
Porteous, 197la; H.M.S.0., 1971; Stickelberger, 1971) which
is usually described as a soil conditioner (Burman, 1961;
Kershaw, 1968; Porteous, 197la; H.M.S.0., 1971; McFarland,
1972), a soil builder (Gilbertson, 1969), a good organic
mulch (Tinker, 1972) or as an organic product to ameliorate
the soil (Keller, 1962). The principal by-products in the
production of compost are carbon dioxide water and heat, none
of which in the small quantities they are produced in com=-
posting is harmful to the environment. Composting as a
means of refuse disposal suffers from a similar drawback to
incineration in that a sizeable fraction of the refuse still
remains to be disposed of. 1In many cases probably up to

50 per cent of the crude refuse intake is rejected by the

process and has to be tipped (H.M.S.0., 1971).

Newer methods which have been proposed for the
disposal of refuse are pyrolysis, baling and compression and
the production of alcohol and food yeasts. Pyrolysis refers
to the thermal breakdown of organic material in the absence
of oxygen at a temperature of between 400°C and 1000°C.
Depending upon the temperature and the exposure time end
products are combustible gases such as carbon monoxide,
hydrogen and methane, heavy oils and tar and carbon char.
(Goleuke, 1972b; H.M.S.0., 1971). It has been claimed that
one barrel of crude oil can be produced from each ton of
refuse processed. The baling and compression of refuse
has been developed by a Japanese firm and the bales are
produced by compressing refuse beyond its yield point, the

bales will therefore not expand after production and thus
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may be tipped at sea or used in the construction industry
(H.M.S.0., 1971). A scheme has been devised for the
production of alcohﬁl from the hydrolysed cellulosic frac-
tion of refuse and it is claimed that this process could

be operated at a profit (Porteous, 197la). 1In the U.S.A. an
alternative scheme has been developed for the conversion of
cellulosic wastes in refuse to fodder yeasts (Meller, 1969)
but it has also been repofted that at the present time the
economics of such a process are highly unfavourable (Goleuke,

1972b).

Estimates of the costs of each of the methods of
refuse disposal are given in Table 1.2, these costs do not
include the cost of collection which in 1966/67 was
estimated at £45.5 million compared with the total disposal
costs of £13.5 million for an approximate total of 17
million tons of house and trade refuse (H.M.S.0., 1971).
The cheapest method of refuse disposal at the moment is
obviously controlled tipping and for the future well over 50
per cent of local authorities have stated that they intend
to continue to dispose of refuse by this means. A further
15 per cent who intended to tip their refuse have now got
- to pulverise it first because of shortages of tip space and
covering material. Another 20 per cent of the authorities
have considered incineration because of the difficulty in
finding tip space and the remaining authorities were
considering disposal schemes incorporating more than one
method. It is clear from these figures that the shortage
of available tipping sites is beginning to be felt as local

authorities are now looking at alternative methods of refuse
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Table 1.2 Treatment costs per ton of refuse

Cost of disposal/ton of crude refuse

Method of Disposal

H.M.S5.0.(1971)

Porteous (1971a)|Tinker (1972)

Controlled Tipping
Pulverisation
Composting
Incineration
Pyrolysis
Hydrolysis

*£1.5~-£2
£3.00
£1.85 - £4.55

£3.7
£3.04
£3.43

Profit of **
£0.383 « £2.72

£0.75
£1.60

£3.00

*Cost per ton of refuse treated and tipped

Includes income from sale of compost at £1/ton and income

obtained from salvage of the uncompostable material

These processes are at the moment in the laboratory or pilot

stages.

**The lowest estimate is based on refuse with a paper content

of 407% of the weight and the higher estimate on refuse with

a paper content of 607 of the weight.

disposal. Porteous (1970)
of disposal by tipping was

unavailability of suitable

sites for landfilling

reported that the conventional method
drawing to a close because of this

sites, typical estimated lives of

were for Wolverhampton 5 years, Leeds

10 years and Birmingham 10 years. On the basis of the above

facts it is now safe to assume that the tipping of refuse can

only be considered a short term method of refuse disposal for

many large urban areas.

This statement is supported by the

findings of Brookes and Green (1968) who were members of a

Local Government Operational Research Unit set up to investigate
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the problems of refuse disposal in South Hampshire to
consider long term solutions to the problem. They found
that initially controlled tipping would be the cheapest
method of disposal but that after the mid 1970's the costs
of transfer loading and bulk haulage to distant tip sites
made incineration cheaper than tipping. At the present
time incineration is the only alternative method (H.M.S.O.,
1971) to crude land filling in the U.K., (see Table 1.1)
being used at the moment to handle 8.5 per cent of the

total refuse; pulverisation also requires tipping sites.

From Table 1.2 it can be seen that the costs of
incineration and composting, the present alternatives to
tipping, are approximately the same and present similar
problems in that they leéve either a residue or rejected
material which requires disposal. The most serious critic-
isms of incineration apart from the aspect of pollution are
that it results in the destruction of reclaimable resources
(Goleuke, 1972a) and that it can also destroy the value of
non-combustible materials so that they are not worth
recycling (Randles, 1963). The need for lasting and satis-
factory answers to the solid waste problem has been stressed
by Gilbertson (1969), who states that future solutions must
avoid creating or adding to pollution of air, water and land
and other environmental health hazards. As far as waste
management is concerned we live in a closed environment
which comprises soil, water and air and the disposal of
wastes means discharging them into one or more of these
sectors of the biosphere and possibly polluting one or more

of them., Thus in the future proper waste management must
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decide which of these sectors can accept refuse without
detriment because disposal of wastes must not be synonymous
with causing pollution (Stickelberger, 1971). It has been
estimated that 40-80 per cent of domestic refuse consists

of fermentable matter which theoretically could be converted
into compost, which should be a material which can readily

be accepted by the soil as an allied substance (Stickelberger,
1971). This evidence would indicate that when controlled
tipping is no longer an option of disposal composting rather
than incineration should be thé method which is developed

for the disposal of refuse.

These are the main reasons why the current research
programme was initiated because in 1969 composting appeared
to be the most logical sblution to the solid wastes problem.
Accordingly research was started on what has previously
been stated to be the area of composting most urgently
requiring clarification, that is an understanding of the
microbial ecology of the composting process. Composting is
a process of fermentation initiated by micro-organisms yet
in all the litefature concerned with the composting of
refuse there is a scarcity of information on the microbio-
logical aspects of the process particularly the cellulolytic
fungi. It has been assumed that the micro-organisms essential
for composting are indigenous to the wastes themselves yet
even the identities of these organisms are not known. It
has been stated by the American Public Works Association
(1961) that an understanding of the microbiology of the
process is not necessary for the operation of a composting

plant and it is thus no surprise that composting has fallen
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so widely into dispute in that country. The opinion has
also been expressed (Gray, K.R., 1966) that the development
of a better composting process must start with an under-
standing of the behaviour of the microbial population during
composting. Thus the first steps taken in this project
were, (i) the identification of the micro-organisms present
in refuse and (ii) of those micro-organisms active in the
composting process. Particular attention was paid to the
activities of the thermophilic fungi in accordance with
point (2) of the original proposals. The reasons for
undertaking these studies are discussed in greater detail

in the relevant chapters of this thesis.

At the beginning of 1971 the report of the
Government's Working Party on Refuse Disposal became avail-
able (H.M.S5.0., 1971) in which a number of observations
and recommendations were made about the methods of refuse
disposal in the U.K. In its recommendations the Working
Party states, "It is considered that composting as a method
can make little contribution to the disposal of refuse though
in certain limited local circumstances there may be a case
for adopting simplified systems for the production of material
suitable for treating marginal land or for use in combination
with the disposal of inert wastes'. From this statement it
is clear that there is not, in the foreseeable future, likely
to be a wide scale adoption of composting as a means of
refuse disposal. There were several reasons for this judge-
ment by the Working Party and these are summarised below.

The most serious criticism of the composting of refuse is

the possibility of toxicity to plant life arising from the
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concentration of metals present in the compost, these are
especially prevalent in composts from processes incorporating
sewage sludge. The report also carries a recommendation

from the Forestry Commission which has banned the use of
such composts because of the high levels of toxic metals
notably zinc and copper. Other criticisms of refuse composts
concerned the inconsistent quality of the product because of
the impossibility of controlling the composition of the raw
material from which it is made, the limited contribution that
compost could make to the supply of humus in the soil compared
with normal farming practice and the relatively short life of
the organic fraction of composts compared with the life of
other,organic materials in the soil means that a saving in
the use of fertilisers is unlikely. These criticisms have
been supported by other reports, Kershaw (1968) had reported
on the possibility and growing concern that municipal compost
might have certain toxic properties and in the U.S.A. Goleuke
(1972c) reported that areas in need of further study before
the widespread use of compost cauld be recommended were the
fate of the heavy metals and the long term effect of municipal
compost on the soil and hence ultimately on crops. In recom=-
mending the use of composting for dealing with the ever
increasing amount of sewage sludge in the U.S.A. the United
States Department of Agriculture stressed that amongst other
things the fate of the heavy metals must not be ignored
(Goldstein, 1973). Another problem which has consistently
plagued the use of municipal composts are the fragments of
broken glass, plastics, leather, rubber and textiles which
cannot be removed by the mechanical separation processes thus

making the product aesthetically undesirable and therefore
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unwanted for agricultural or horticultural purposes

(Keller, 1962). The criticisms of the quality of refuse
composts and the finding that they can even be toxic are
more serious than the traditional criticisms of composting
which are concerned with the economics of the process.

When composting was first adopted as a method of refuse
disposal it was seen as a potential source of revenue for

it was the only process of disposal which produced a poten-
tially saleable product. From then on composting was thought
of as a business and as such should be self supporting. The
main reason why this profitable state of affairs failed to
materialise was the poor demand for the product. 1In a

study of 21 composting plants around the world Kupchik
(1966) found that they all ran at a loss because the expected
revenue from the sale of compost did not materialise. The
reason for the failure of a market to develop for compost
was that farmers and horticultural workers preferred their
fertiliser in the convenience of a bag (Abrahams, 1969)
because in this form it is cheap (subsidised in the U.K.),
concentrated and can be distributed on the land cheaply
(Howard, 1972). Refuse composts have an infinitely variable
composition and are expensive to distribute on the land.
Goleuke (1972c) thinks that the development of composting

as a widespread means of refuse disposal has been hindered
because its success has been meésured solely on this basis
of expecting a financial return from the sale of the product
whereas other methods are now judged almost solely by their
effect on the environment. Refuse disposal is after all a
public service and consequently it has been proposed that
composting should not be considered as a money maker but as

a means to provide economical sanitary waste disposal (Wiley,
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1963). The non-marketability of compost does not make the
process infeasible as a disposal method, after all there is
very little demand for the output of an incinerator either
(McFarland, 1972). This contention that composting should
be treated the same as other methods of disposal and be
subsidised is perfectly valid until further market explor-
ation is performed. It has often been stated that compost
did not sell because it was considered as a fertiliser and
then sold on the merits of its nitrogen phosphorous and
potassium contents which are now known to be quite minor
in comparison with the subsidised chemical fertilisers
(Goleuke, 1972c; H.M.S.0., 1971). If it is accepted just
for the sake of the argument that compost is a good soil
conditioner providing valuable humus and organic matter
which are beneficial to the soil the expense of the high
rates of application, 30 tons/acre, (H.M.S.0., 1971) would
still be prohibitive because of the disédvantages of handling
and distribution fof which there are still no simple cheap
mechanical remedies. Even so if composting were still to
be adopted as a means of refuse disposal it would suffer
one more very important drawback. In the U.S.A. the total
consumption of natural organic fertilisers such as compost,
estimatéd by the U.S. Department of Agriculture was 460,000
tons/year and even assuming a doubling of this total by the
year 2,000, then 60 per cent of the demand could be met by
the production of compost from the refuse of 'Orange County',
California, A similar situation almost certainly exists in
the U.K. (Randles, 1963). This situation shows that even

if the composting of municipal refuse was subsidised there

would not be sufficient agricultural consumption for it
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Table 1.3 *Changing composition of British municipal refuse

(Percentages by weight).

Components 1888 [1935/36| 1968 |1980
Dust, ash, cinders 81 57 22 12
Paper, cardboard 1 14 37 43
Glass 2 3 9 9
Metal 1 4 9 9
Plastics ’ - - L 5
Rags and Textiles 1 2 2 3
Vegetables, Garden Waste etc. 13 14 18 17
Miscellaneous 1 6 2 2

* Taken from Tinker (1972)

Estimates

even if it were supplied free of charge,which means that it
would have to be disposed of in a landfill. If compost had
to be disposed of in this manner the savings in tip space
would be comparable to those achieved by pulverisation.
Although the product does not present the same hazards of
water ﬁollution and public complaint as pulverised refuse
composting would be impracticable in these circumstances
since the end result in terms of tip conservation would be
much the same as with pulverisation but at a much higher
price because of the high cost of the provision and operation
of mechanical composting plants (Brookes and Green, 1968;
H.M.S.O., 1971). However it must not be forgotten that the

most serious problem concerning refuse compost is the
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possibility of its toxicity to plant life.

The problem of refuse disposal today is complicated
by the fact that refuse is a rapidly changing material.
The differences in composition of refuse since 1888 are
shown in Table 1.3. The main trends in the composition of
refuse are the steadily declining concentrations of ash and
cinder (due to the falling consumption of solid fuels) and
the rapidly increasing quantities of paper, glass bottles,
tin cans and plastics, the hallmarks of the 'throw-away'
society. Since 1935/36 there has been an increase of about
44 per cent in the volume of refuse generated per household
and a halving of the density of this refuse during the same
period of time (H.M.S.0., 1971). The most significant increase
in the constituents of refuse has been in the paper content,
it now approximately constitutes 40 per cent by weight of
the refuse and it has been estimated that in the next ten
years it will increase in weight by about 30-50 per cent
(H.M.S.0., 1971). The situation is much the same in the
U.S.A. where the increases in the use of packaging materials
has produced a situation where typical samples of refuse
may contain up to 70 per cent by weight'of paper and other
cellulosic materials (Regan and Jeris, 1970). Other estimates
have placed the paper content of the refuse in the larger

cities of Britain such as Birmingham as high as 50 per cent.

The high paper content of refusé has affected all
three methods of disposal. A high volume low density
material is not desirable for tipping purposes. Although

the higher paper content has increased the calorific value
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of refuse the process of incineration has been complicated
by the low density of refuse which has created problems in
loading incinerators (Diamant, 1971). The high paper
content has also affected the already doubtful future of
composting because although cellulose in the form of paper
is now the dominant organic fraction in refuse, it is in

this form, relatively resistant to decay in existing compost-
ing processes unlike the ceilulose of leaves and straw
(H.M.S.0., 1971; Regan and Jeris, 1970). The presence of
undegraded cellulosic materials has already been reported

in the composts of municipal wastes at the end of the
composting process (Stutzenberger et al, 1970) and cellulose
degradation has now become the most important aspect of the

whole process.

The above review of the three main methods of
refuse disposal, controlled tipping, incineration and com-
posting reveals that at the present time there is not a
satisfactory way of dealing with a mixed or multiple stream
waste s;ch as refuse. As the present methods have all
evolved on the least cost basis (Burch, 1971) this is not
surprising. It is because of the problems associated with
the traditional methods of disposal that thought has recently
been given to developing a system in which the various wastes
present in refuse would be kept separate at source and then
collected and dealt with as separate entities in order to

promote recycling (Tinker, 1972).

Recycling
In 1966/67 in the U.K. a little more than 2 per cent

of the total quantity of household refuse was recovered for
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re-use (H.M.S.0., 1971) and it has been predicted that
although new methods of recovery and salvage will be
developed fﬁr industrial wastes, recovery from domestic
refuse will decline in importance (Howard, 1972). The
reason for this decline is the need for sorting which in

the absence of an efficient mechanised process is of neces-
sity a manual job (Goleuke, 1972a). Unfortunately the cost
of such a labour intensive system is not offset by the
revenue obtained from the salvaged articles. Thus unless
the refuse and collection disposal systems are altered large
quantities of potentially re-usable materials will be wasted.
Domestic refuse is a mixed or multiple stream waste which is
more difficult to reclaim than a single stream waste because
it is apparently very easy to mix different types of waste
products but very difficult and expensive to separate them
(Fulbrook et al, 1973). The concept of thermodynamics has
been used as an analogy for the treatment of solid wastes
(Wilson, 1969). It is postulated that when solid wastes

are generated in the form that they are produced in the home
or industry they have properties that give them a degree of
availability which in the terms of thermodynamics is a
measure of the maximum energy, in the form of work, obtainable
by allowing matter to react with its environment and come
into equilibrium with it. As soon as different categories
of solid waste are mixed together, for example aluminium
with steel, glass with plastics or clean paper with dirty
paper the entropy increases greatly and the availability
decreases. To bring mixed wastes back into a separated
condition requires the expenditure of energy which may

merely take the form of work for sorting but if the mixing
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is accompanied by contamination or reaction it is very

much greater. Obviously from this point of view it is
desirable to prevent wastes becoming mixed and attempts in
the U.S.A. are now being made whereby refuse is sorted at
the point oﬁ production. The mixing of the wastes in refuse
is the crux of the recycling problem, for if more use is to
be made of the raw materials domestic waste must at some
stage be sorted. The cheapest way of sorting would obviously
"be at 'the beginning of the process and if the householder
could be persuaded to separate his rubbish into paper,
vegetable and garden waste, metals, glass and plastics much
reclamation would become economic and recycling would become
a reality (Tinker, 1972). The advantages of home sorting
are cheap labour, the householders effort being free of cost,
simplicity because all the separation is done manually, the
prevention of contamination of one waste by another which
often makes recycling impossible, and finally present avail-
ability as there would be no need to wait for the development
and perfection of an automatic sorting device (Goleuke, |
1972(a); Abrahams, 1969). The disadvantages of this scheme
are first the persuasion of the householder to cooperate,
this could be done by legislation, rate rebates or small
governmént subsidies on the wastes needed for recycling
(Tinker, 1972) and secondly the need for the collection of
the separate streams of waste could increase the costs of
collection. Since 1956 the Borough of Worthing has used a
system where the wastes have been kept separate at source

by the householder (Fulbrook et al, 1973). At the moment in
the U.S.A. and the U.K. recycling is already a part, albeit

a small one, of present disposal systems and the aim for
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the future should be to expand the recycling aspect from
the merely incidental to where it becomes the major motiv=-
ation (Goleuke, 1972b), the instigation of refuse separation

at source would be one way of promoting this aim.

Recycling is needed for the conservation of resources
and to reduce the waste load requiring final disposal
(Goleuke, 1972a). The main barriers to' full scale recycling
or waste reclamation are of course economic ones, primarily
the processing costs and the marketing of the salvaged
products. It would be technologically possible to feed the
separated elements of refuse into manufacturing processes
for re-use but initially manufaéturers-would not be equipped
to handle an increased input of recycled materials. Increased
recycling of materials will not be practicable unless there
is an acute shortage of the material concerned or if new
markets or if new uses do not exist for the recovered
material (Burch, 1971). If the above proposals for the
collection of refuse become a reality even larger quantities
of paper than are presently available would become available
for recycling. Hanlon (1971) has estimated that in the U.K.
only 25 per cent of the available waste paper is recycled
by the paper making industry and it is clear, therefore that
if the above proposals were adopted for the disposal of
refuse substantial quantities of waste paper would become

available for recycling in new ways.

In view of the findings of the Government's Working
Party (H.M.S.0., 1971) that the composts produced from

refuse could be toxic and that composting can make little
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contribution to the disposal of refuse in this country;
coupled with the misgivings revealed by other sources about
the future of composting such as the poor demand for the
product even when no charge is made for it, a decision was
taken to alter the aims of the project. It was decided to
study the biodegradation of the main component of refuse,
which is cellulose in the form of waste paper, instead of
the biodegradation of refuse as a whole as with composting.
The decision was taken after research on the micro-organisms
present in a refuse disposal system and the microbiology of
the composting process had been completed, this was approx-
imately eighteen months after the starting date of the
project. During these eighteen months much valuable infor-
mation had been gained about the cellulolytic mycoflora of
refuse and it was considered that the most profitable way
of continuing the project and utilising the results of the
research already accomplished was in studying the biodegrad-
ation of waste paper with the aim of producing an animal
feedstuff. The biodegradation of cellulose is the rate
limiting step in the composting of refuse and from the
predictions made about the increasing paper content of
refuse it is likely to remain so in the foreseeable future.
Thus the logical step for promoting the biodegradation of
cellulose (in the form of waste paper) from refuse would

be to isolate it from the remainder of the refuse by a
separate collection system and treat it in a separate
process where the conditions required fér cellulose biodeg-

radation could be made more nearly optimum.
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The aims of the project thus became: -

(i) To develop a process (or processes) for the upgrad-
ing of waste paper to a protein and vitamin enriched
animal feedstuff paying particular attention to the

potential of the thermophilic fungi in such a process.

(ii) To conduct a preliminary economic evaluation of
suggested processes and to study potential markets

for the products of such processes.

The traditional method of recycling paper is through
the waste-paper industry which re-pulps it and produces more
paper from it. Recently this method of recycling has
encountered some serious problems. In the U.S.A. the s Lump
in the traditional waste paper recycling industry was caused
by the advent of integrated paper mills which produce paper
directly adjacent to the company owned forests which are
situated far away from the sources of waste paper (other
than their own mill-broke) and it is therefore much cheaper
and more convenient for them to use their own supplies of
virgin pulp produced from the timber of the neighbouring
forests. Another problem for the waste paper recycling
industry is that the supply of virgin pulp has been expanded
much too quickly creating a surplus of pulp which has been
holding down the price of paper produced from wastepaper
pulp to the point where it has become uneconomical to continue
production (Abrahams, 1969; Hanlon, 1971; Quimby, 1971).

Paper produced from de-inked recycled fibre is not as aesthet-
ically pleasing as that made from virgin fibres as it is

invariably not as bright and contains specks from impurities.

Scrap paper which is used to produce high quality papers
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must be de-inked and this is an expensive process which
causes its own form of pollution. Therefore it would appear
thaﬁ for the near future the main market for recylced fibres
will be in the production of the lower grade paper products
such as cardboard. 1In the United Kingdom the surplus of
virgin pulp led to an increase in the importation of cheap
pulp and papef products from the Scandanavian countries
with the subsequent suppression in the demand for waste
paper (Anon., 1972a). This low demand for waste paper led
to a recession in the wastepaper industry and during 1971
consumption fell by over 110,000 toms, which was over 12 per
cent of the production which usually runs at 1% million
tons/annum and stocks of waste paper rose by cﬁrer 36,000
tons (Flintoff, 1970; Anon., 1972b; Hughes, 1973). This
produced a situation where waste paper was a readily avail-
able source of material for any process capable of utilis-
ing it. The situation was best summarised by a statement
from the Joint Waste Paper Advisory Council, (1971) in
which it was stated that unless fhere was a reversal in the
economic situation both in the U.K. and worldwide the demand
for paper and board would continue to remain depressed and
existing levels of supplies of waste paper were more than
adequate.to meet the demands of paper and board mills in

the near future.

The lack of markets for scrap paper means that at
the present time only a small proportion of the available
scrap is recycled. The U.S.A. re-used only 19 per cent of
the 58-60 million tons of paper it consumes annually, Japan

re-uses 45 per cent, Austria 35 per cent and the U.K.
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25 per cent (Burch, 1971; Hanlon, 1971; Quimby, 1971). In
the U.S.A. the ration of reclaimed fibre input to annual
péper and paperboard consumption is now the lowest it has
been for 50 years (Quimby, 1971). Updegraff, (1971) has
estimated that it costs the U.S.A. 1.5 billion dollars to
collect and dispose of the waste paper which is present in
the municipal solid wastes. The estimated revenue from the
11,400,000 tons of waste paper that the U.S.A. does recycle
each year is 250 million dollars yet it continues to throw
away at leastr 37,000,000 tons of scrap paper which it is
thought would be worth recycling (Anon., 1972c), an estimated
loss of resources of 800 million dollars. In the U.K. it has
been estimated that 140 million pounds (sterling) worth of
waste paper is destroyed each year by the local authorities
when they do dispose of their refuse (Hughes, 1973). The
need for salvaging and recycling paper through other ways
than the traditional waste paper industry is urgent to stop
the waste of a potentially useful resource and to reduce the
costs of the disposal of solid wastes. In New York it has
been estimated that a saving of 100 million dollars a year
could be made on solid wastes management by the year 2000

if 80 per cent rather than the present 20 per cent of paper
residuals were recycled rather than landfilled or incinerated.
For the United Kingdom Flintoff (1970) has estimated that an
annual increase of 10 per cent in the cost of refuse collec~-
tion and disposal is unavoidable even without any increase

in the present standards of operation. Expenditure on
refuse, domestic and industrial, alreaﬂy represents nearly

1 per cent of the gross national product and it is predicted

to continue to absorb an ever increasing proportion unless
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the present pattern is changed (Flintoff, 1970). Paper
accounts for 65 per cent by volume of all domestic refuse
and by 1980 the proportion will be 70 per cent. Clearly
the best way of substantially reducing the amount of refuse
requiring disposal lies in the separate collection of as
much as possible of this paper. 1In view of the recent
failure (due to economic reasons beyond their control) of
the board and paper mills to utilise their normal quota of
this paper other methods of utilising it are urgently

required.

The abundance of paper in refuse both in the U.S.A.
and the U.K. has already been pointed out but a substantial
proportion of this paper usually over 25 per cent by weight
is newspaper (Hanlon, 1971) and recycling schemes for
newspaper could make a significant contribution to reducing
the load of solid wastes. Newspaper is and has always been
a prominent material for recycling because newspapers are
easy for the householder to keep apart from the rest of
the refuse. This ease of separation combined with the volume
of waste papers produced makes newspaper a natural target
for recycling (Burch, 1971; Hanlon, 1971). New York City
has to &isPOSE of 350,000 tons of newsprint annually, much
of which is at the present time incinerated adding to the
problems of air pollution in that city (Hancock, 1971).

In 1969 in the U.S.A. as a whole 8.8 million tons of news-
papers were produced but of these only 2.1 million tons
were recycled, the other 6.7 million tons (approximately
75 per cent of the consumption) were incinerated or used

in landfills. Of the 2.1 million tons which were recycled



. =31-

25 per cent were in the form of distribution residuals, i.e.
unsold copies which means that only a very small percentage
of the newspapers sold to the public are ever recycled
(Quimby, 1971). Volunteer campaigns to recycle newspapers
in the U.S.A. have been so successful with their collections
that the paper industry cannot handle the large quantities
of newspapers now available to them with the result that the
price of waste newsprint has now fallen. Newsprint would
therefore appear to be readily available in the U.S.A. for
any process capable of utilising it, other than the tradit-
ional one of paper making. The situation would appear to be
very similar in the U.K. where it has been estimaged that
the majority of the 28,000 tons of newsprint used every
week enters the refuse disposal system (Diamant, 1971).

The average weekly consumption of waste paper in the U.K.

is 36,700 tons (Anon, 1972b) of which only a small propor-
tion is waste newsprint which means that a substantial
proportion of the newsprint which now finds its way into

the refuse disposal system would be available for recycling

by any process other than paper making.

The quality of paper is determined primarily by the
length of the cellulose fibres in it. Wood for high grade
paper is broken down chemically to keep the fibres long,
whereas lower grade papers such as newsprint are made from
wood pulp produced by the cheaper process of mechanical
grinding which breaks the fibres into shorter lengths.
(Wenzl, 1970; Hanlon, 1971). This means that waste newsprint
is only suitable for producing the lower grades of paper
with similar short fibre lengths. In the U.K. the market

for these products has been particularly depressed and most
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predictions for a recovery in the British waste paper
industry tend to be especially pessimistic about the

demands for the lower grades such as newsprint and cardboard
(Anon, 1972a). Another consideration concerning the avail-
ability of paper for new methods of recylcing is that usable
wood fibres possessing sufficient strength for paper making
can only survive the pulping processes a limited number of
times (Hancock, 1971) and will then have to be disposed of,
which means that they will eventually become available

for alternative recycling schemés.

P

Upgrading Wastepaper

An alternative system to the traditional waste paper
recycling schemes outlined previously could be developed
from a process for the microbial upgrading of waste news-

print.

Waste newsprint as a source of cellulosic substrate
for the production of an animal feedstuff has several advan=-
tages over other forms of wastepaper. Newsprint consists
of ground and pulped softwoods having essentially the
same composition as woods of this type, that is 40-50 per
cent cellulose, 15-35 per cent lignin, and 25-35 per cent
hemi-celluloses (Wenzl, 1970). It is free from additives
and fillers commonly associated with higher quality paperé
which could possihiy prove to be toxic to livestock, e.g.
barium and cadmium sulphates and zinc, lead and titanium
pigments. Printed newspriﬂt has an ink content of less
Fhan 1 per cent of its total weight (Dinius and Oltjen,

1972) and the ink usually consists of a mixture of mineral
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0oil 86 per cent, carbon black 13 per cent and toners 1 per
cent (Casey, 1960; Askew,, 1969) and is not known to be
toxic. This is borne out by the fact that feeding trials
have successfully been completed using printed newsprint in
substantial amounts in the diets of beef and dairy cattle.
These feeding trials have shown that printed newsprint is
non-toxic and nutritious not adversely affecting the yields
of beef or milk respectively (Dinius and Oltjen, 1972;

Anon, 1971). Other forms of waste paper have also been
successfully used as feeds for beef and dairy cattle without
causing any ill effects;,these have included 'crumble' or
mill broke a form of waste produced during the paper making
process (Anderson, 1970) and in the U.S.A. newsprint, glossy
magazines, coarse magazines, brown wrapping paper and card-
board have all successfully been used in the diets of dairy
cattle (Mertens, Campbell, Matz and Marshall, 1971). Clearly
a process which could make these waste cellulosic materials.
particularly newsprint more palatable, digestible and
nutritious, by the addition of some microbial protein and
vitamins and the breakdown of some of the recalcitrant
carbon compounds increasing the availability of the carbo-
hydrate fraction, should have a valid contribution to make

in the develoment of animal feedstuffs in the future.

Cellulose is the most abundant of all naturally
occurring organic compounds comprising at least one third
-of the vegetative matter on the earth and in the form of
waste paper it has been shown to present a serious disposal
problem. The development of a process for converting

cellulosic wastes into a protein and vitamin enriched feed=-
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stuff could therefore have significant economic and envir-
onmental implications. Once a process for the production of
an animal feedstuff from waste newsprint has been developed
then there is no reason why it could not find application
elsewhere. Many of the developing countries which have an
acute deficiency of suitable animal feedstuffs produce large
quantities of cellulosic wastes such as grain stalks hulls
and bagasse which would be suitable substrates for a process
of microbial upgrading (Han, Dunlap and Callihan, 1971).

In recent years the demand for feedstuff containing a
significant concentration of protein such as cereal crops
and fish protein concentrates has increased and this is
reflected in the higher costs of these materials. A con-
siderable amount of the protein rich materials which were
once used for animal feedstuffs are now being used more and
more for human consumption (Spicer, 1971). The provision of
adequate supplies of protein is now generally agreed to be
the world's most serious nutritional problem (Thatcher,
1954; Bunker, 1963; Altschul, 1966; Gray and Abou-el Seoud,
1966; Brown, 1968; Postgate, 1969; Scrimshaw, 1969; Snyder,
1970; Han, Dunlap and Callihan, 1971) and an animal feed-
stuff that could be produced and used in place of high

grade éereal crops, which could be more efficiently used in
human nutrition, would readily find a market (Altschul,
1968). Animal feedstuffs produced from cellulose would be
of particular value to ruminant animals supplying carbohy-
~drates in the form of cellulose, which they are uniquely
equipped to digest and bioiogically‘valuable protein and
vitamins as opposed to a nitrogenous material such as urea
with a low biological value. An opinion has been expressed

that in the production of animal feeds biosynthesised
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proteins would score because of their consistent quality

which in modern compounding is of paramount importance

(Spicer, 1971).

Newsprint is a source of cellulose which because
of its high lignin content is relatively resistant to decay
(Updegraff, 1971; Razzell, 1971) and previous attempts which
have been made to ferment similar cellulosic substrates have
usually involved complex steps of hydrolysis and neutralis=-
ation before the actual fermentation could take place
(Thatcher, 1954; Rose, 1961). Dunlap and Callihan (1969)
have stated that these expensive pretreatments are the
most probable reasons why cellulose fermentations have
failed to find any application in a peacetime economy.
This point is illustrated by the more recent attempts to
produce yeast from hydrolysed paper in refuse in the U.S.A.,
the economics of such a process have been described by
Goleuke (1972b) as highly unfavourable. It was therefore
an essential requirement for the present project to accom-
plish the fermentation of the cellulose substrate without
resorting to hydrolysis or any other form of expensive
chemical treatment. The breakdown of the cellulosic sub-
strate was to be achieved by the use of cellulolytic
organisms which could achieve a high rate and degree of

decomposition.

The group of micro-organisms most commonly assoc-
iated with the decomposition’ of cellulose are the fungi and
in this connection they have been the subject of most in-

tensive studies because of their high cellulase activity
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(Han, Dunlap and Callihan, 1971; Rogers, Coleman Spino

and Purcell, 1972). The fungi have been associated with
the decomposition of cellulose from at least as early as
1926 when Waksman and Skinner found that the number of
fungi, but not of bacteria, increased in soils amended with
finely divided paper. Detailed accounts of the biodegrad-
ation of cellulose presented by Siu (1951) and Gascoigne
and Gascoigne (1960) list many species of fungi which are
prominent in the decomposition of cellulose. 1In a recent
study of the utilisation of cellulose from waste paper by
Updegraff (1971) it was reported that the fungi tested were
greatly superior to the bacteria in their rate of breakdown
of cellulose and that none 'of the bacteria isolated even

Cellulomonas came near to the growth rates,as demonstrated

by protein synthesis, obtained by fungi such as Myrothecium

verrucaria on cellulosic substrates such as newsprint. In

. the present investigation many of the species of fungi
isolated from the samples of refuse and the experimental
windrow of refuse were found to be cellulolytic and were
screened for the possibility of being used as the agents of
cellulose breakdown and of biosynthesis of protein for the
upgrading of waste newsprint. 1In particular the isolation
of manf of the species of thermophilic fungi described by
Cooney and Emerson (1964) and the obvious cellulolytic
activity that many of these fungi displayed on cellulose
agar (Eggiﬁs and Pugh, 1962) was thought to be of signific-
ance and a special emphasis was placed on the screening of

these fungi.

The thermophilic fungi are generally regarded as

being ubiquitous and have not so far displayed any unusual
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features of geographical distribution (Cooney and Emerson,
1968). Emerson (1968) has stated that the reason for their
ubiquity and common occurrence is their capacity to occupy

a temperature niche which most fungi and indeed most other
‘micro-organisms cannot penetrate. The ability of the
thermophilic fungi to rapidly breakdown cellulose and to
exploit a unique ecological niche is of importance because
few micro-organisms can exploit a cellulose-mineral salts
environment (Han , Dunlap and Callihan, 1971) and fewer
still can grow at the high temperature exploited by the
thermophilic fungi. This presented an opportunity to
develop a system of fermentation where sterilisation (and
its resultant high costs) would not be required to provide
an environment to promote the growth of the desired organism
or organisms; this would be done instead by making use of
the principle of ecological heterogeneity, when only a
limited number of organisms, in this case thermophilic fungi,
have the potential ability to exploit a given environment.
These principles are expanded in the relevant chapter of

this thesis.

Thermophily - literally a love of heat - was first
described within the fungi by Lindt in 1886 who isolated

Mucor pusillus from damp bread which had been incubated at

30°¢ (Cooney and Emérson, 1964). The thermophilic fungi may
loosely be classified as those capable of growing above
40-50°¢ (Pounds and Lucas, 1972) with temperature maximum
between 50-60°C. Most fungi grow between the limits of 10
and 40°C and have an optimum somewhere éround 25-35°C

(Cochrane, 1958), these can be thought of as mesophilic.

Crisan (1959) defined thermophilic fungi as those whose
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optimum temperature for normal growth lies at or above
40°C regardless of their minimum or maximum temperature
limits for growth. The known fungal species able to grow
above 45°C are few and can be divided into two categories
thermotolerant and thermophilic. The definition proposed
by Crisan (1959) does not differentiate between these two
- categories and was not accepted by Cooney and Emerson (1964)
because of the large numbers of thermotolerant fungi it
would include, Cooney and Emerson (1964) defined a thermo-
philic fungus as one that has a maximum temperature for
growth at or above 50°C and a minimum temperature for

growth at or above 20°C. Fungi such as Aspergillus fumigatus

and Absidia ramosa with maxima near SOOC but with minima

well below 20°C are considered to be thermotolerant and are
excluded by this definition. Craveri et al (1964) and
(1967) regarded a true thermophile as being unable to grow
below 25°C and on this basis two of the fungi accepted by
Cooney and Emerson would be excluded and relegated to the
status of thermotolerants. Apinis (1963a, 1963b) has used
the term thermophilous to describe those fungi which are
isolated at soil plate incubation temperatures of 45°C-50°C
and this definition therefore also includes both thermo-
tolerant and thermophilic fungi. Apinis (1963a) divided
the thermophilous fungi into three groups depending upon

their temperature relationships. The three groups were:-

(i) the micro-thermophilic fungi with a temperature
range above 40°C but not exceeding 48°C and an

optimum range for growth of 25-35°C
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(ii) the ortho-thermophilic fungi with optimum temperat-
ures for growth between 40 and_SOOC and maximum up
to 60°C but unable to grow at temperatures below
20°C (Coincides closely with the true thermophiles

as defined by Cooney and Emerson).

(iii) the psychro-tolerant or thermotolerant species with
a wide temperature range for growth but also growing

well at temperatures as high as 48°cC.

Evans (1971) isolated thirty-two species of thermo=-
philous fungi from coal-spoil tips which were capable of
growth at elevated temperatures but some would also grow
below 20°C and were therefore excluded by the definition of
Cooney and Emerson (1964). The definition of the thermo-
philic fungi as givén by Cooney and Emerson (1964) although
an arbitrary working definition is at the present time the
most precise way of defining these fungi in a standard
manner and accordingly their definition will be accepted and
used throughout this thesis. The known thermophilic fungi
which satisfy the requirements of Cooney and Emerson's
definition are listed in table 1.4 which gives the reference
to their first known isolations and whether the fungus is known

to be cellulolytic.

The generally world wide distribution of the thermo-
philic fungi is a result of the universal occurrence of self
heating masses of organic debris. Thermophilic fungi are
abundant in self-heating piles of organic matter (Ramabadranj,

1967-1968) including hay and wheat straw (Chang and Hudson,

1967; Gregory and Lacey, 1963), wood chip piles
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(Tansey, 1970, 1971; Smith and Ofosu-Asiedu, 1972; Shields,
1969), stored grains (Flannigan, 1969; Mulinge and Apinis,
1969; Mulinge and Chesters, 1970), mushroom composts (Pope,
Knaust and Knaust, 1962; Fergus, 1964; Hayes, 1969), town
refuse composts (Klopotek, 1962; Muller, 1964; Mills and
Eggins, 1970), agricultural composts (Cooney and Emerson,
1964; Emerson, 1968), peat piles (Kuster and Locci, 1964),
fermentation of cocoa and curing of tobacco (Jensen, 1948;
Pounds and Lucas, 1972), stocks of oil-palm kermels (Eggins
and Coursey, 1964) and in the retting of guayale (Allen and
Emerson, 1949). Cellulose is a major component of very
nearly all these habitats and it has been found that a
decrease in the cellulose content often occurs during self-
heating (Stutzenberger, Kaufman and Lossin, 1970; Chang,
1967; Waksman, Umbreit and Cordon, 1939; Hayes, 1969).
Waksman and Cordon (1939) reported that the decomposition of
plant residues in composts was particularly extensive at
the higher temperatures and that a number of thermophilic
organisms including actinomycetes bacteria and fungi were
found to be concerned in the decomposition process taking
place at higher temperatures. Whilst studying these
thermophilic micro-organisms in pure culture Waksman and

Cordon (1939) also found that only one of those tested, a

thermophilic fungus identified as Thermomyces (thought by

Cooney and Emerson to be Humicola insolens), could equal

the amount of decomposition brought about by the natural

thermophilic micro-flora.

This association of the thermophilic fungi with

the composting and humification processes indicated the
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probable cellulolytic nature of this group of fungi. Cooney
and Emerson's (1964) review of the humification and compos -
ting action of the thermophilic fungi showed that few
species had been examined for their cellulolytic ability

and that confusion over taxonomy and the naming of the

species investigated had led to conflicting reports.

Humicola lanuginosa is now known not to decompose

cellulose (Norman, 1930; Reese, 1946) whereas Humicola
insolens has been found to be a vigorous cellulose decomposer

(Reese, 1946).Sporotrichum thermophile has also been found

to be able to utilise cellulose as the sole carbon source
(Henssen, 1957) but in this case its growth was huch slower
than when either pectin or glucose was present with the
cellulose. Recently much more attention has been given to
studying the cellulolytic abilities of these fungi. Fergus
(1969) assayed the cellulolytic activity of many of the
known thermophilic fungi. The abilities of the fungi to
degrade filter paper and carboxymethyl cellulose (C.M.C.)

were tested and Fergus (1969) found that Chaetomium

thermophile var coprophile, Chaetomium thermophile var

dissitum, Humicola grisea var thermoidea, Humicola insolens,

Malbranchea pulchella var sulfurea Sporotrichum thermophile

and Torula thermophila were able to degrade both the filter

paper and the C.M.C. showing them to possess the cellulase
enzymes C; and Cx respectively. Other varieties of

Malbrandea pulchella and Sporotrichum thermophile and a

species of Talarawces thermophilus could not degrade filter

paper but could degrade C.M.C. showing them to possess only

the Cx enzyme of the cellulase complex. Humicola lanuginosa
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Humicola stellata, Mucor miehei, Mucor pusillus and

Thermoascus aurantiacus could not degrade the filter paper

nor attack the C.M.C. showing that they did not possess
either of the cellulase enzymes. Chang (1967) tested the
ability of the thermophilic fungi that she isolated from
composts of wheat straw, to degrade cellulose, by using the
method of Garrett (1962) using weight loss in filter papers

as the criterion of degradation. Mucor pusillus, Talaromyces

duponti and Humicola lanuginosa were found by Chang to be

unable to utilise this form of cellulose and Malbranchea

pulchella was found to be able to cause only slight degrad-

ation. However Chaetomium thermophile, Humicola insolens

(2 varieties) Sporotrichum thermophile and the thermotolerant

Aspergillus fumigatus could all cause significant degradation

of this form of cellulose. Chang (1967) also reports that
the thermophilic fungi generally and in particular Chaeto-

mium thermophile were found to be more strongly cellulolytic

than the mesophilic fungi which were tested, these included
some species which have previously been reported (Siu,

1951) as being highly cellulolytic, e.g. Fusarium, Stysanus

and several species of Coprinus. Eggins and Malik (1969)

had also reported that most of the thermophilic fungi were
cellulolytic producing clearing in the cellulose agar

(Eggins and Pugh, 1962) used. This agar had a very pure

form of cellulose as its base namelyWhatman's Chromedia C.F.1ll
which had been ball milled in a fine suspension for 72

hours. Only Mucor pusillus and Talaromyces duponti of the

thirteen thermophilic fungi tested did not produce any

clearing while Malbranchea pulchella only produced slight

clearing. Malik (1970) using a modification of Rautela

and Cowlings (1966) technique in which the regenerated
cellulose was replaced by the highly pure form of crystalline
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cellulose described above, reported that Chaetomium

thermophile, Sporotrichum thermophile and Cephalosporium sp.

were the most cellulolytic of the thermophilic fungi tested.

Humicola insolens, Humicola grisea var thermoidea, Torula

thermophila and Aspergillus fumigatus were all found to be

highly cellulolytic. Tansey (1970,1971) used the agar
diffusion assay of Rautela and Cowling with regenerated
cellulose to compare the cellulolytic abilities of the
thermophlllc fungi, and reported that the two varieties of

Chaetomlum thermophlle, coprophile and dissitum, Sporotrichum

thermophile, Talaromyces emersonii and Thermoascus

aurantiacus produced the best clearing while Humicola grisea

var thermoidea, Humicola insolens, Malbranchea pulchella,

Myriococcum albomyces, Stilbella thermophila and Torula

thermophila all produced some clearing unlike Humicola

lanuginosa, Humicola stellata, Mucor pusillus, Talaromyces

duponti and another variety of Thermoascus aurantiacus that
all failed to clear the cellulose. Tansey (1971) also reported
that several of the thermophilic species tested at 45°C had
cellulolytic rates of degradation 2 or 3 times those of the

mesophilic species Chaetomium globosum and Trichoderma viride

both of which have previously been noted for their highly
cellulolytic natures (Siu,,1951; Gascoigne and Gascoigne,

1960).

The results of the research outlined above clearly
indicate that the majority of the species of thermophilic fungi
are cellulolytic and that several species are highly cellul-
olytic degrading cellulose at a significantly quicker rate
than some of the most cellulolytic.mesophilic micro-fungi.

The occurrence of these fungi, i.e. mesophiles and thermo-
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philes, in samples of refuse and compost were investigated.
In the past it has been assumed that the micro-organisms
responsible for the composting of refuse are indigenous

to the wastes. The literature revealed that very little

was known of the microbiology of composting of refuse not
even the identity of the micro-organisms present in refuse.
Consequently samples of refuse and compost were obtained
from a refuse disposal system, which employed composting

as a means of treating the wastes, and the frequencies of
occurrence of the mesophilic and thermophilic fungi present
in each sample were determined, employing Warcup's (1950)
isolation technique.and also an elective isolation technique.
Isolations were made at a range of temperatures between 25
and 50°C and subsequently the ranges of temperatures over
which many of the fungi could grow were determined and

were found to correlate with the temperatures at which they
were isolated. Only the species of thermophilic and meso-
philic fungi were identified as these have been shown to be
the micro-organisms most likely to be involved in the decom-
position of cellulose, which is now the rate limiting step
in the process of composting of refuse. Actinomycetes

have in the past been shown to be active in composts and
their presence or absence in the samples was noted but at
this stage no attempt at identification was made. Becaiise
of the widespread occurrence of bacterial species no attempt
was made to record their presence or identities at this stage.
After the identification of the fungi in the samples of
refuse had been completed an experimental windrow of pulver=-
ised refuse (from the same source) waslset up and the

behaviour of the thermophilic and microbial populations
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during the composting process was observed. Changes in

the numbers of the populations of actinomycetes, bacteria

and fungi were estimated and actively growing fungi and
actinomycetes were isolated. Thus the micro-organisms

which were responsible for thermogenesis and the decomposition

of the refuse were identified.

After the decision had been taken to concentrate on
the biodegradation of the main component of refuse, that is
waste paper, a screening programme was set up for the
selection of suitable micro-organisms which could rapidly
break down cellulose. Previous research had indicated that
in culture many of the fungi, particularly the thermophilic
fungi, were amongst the most cellulolytic of all micro-
organisms. In the present investigation many cellulolytic
fungi had been isolated from the samples of refuse and the
experimental windrow. A further selection of thermophilic
and mesophilic fungi was made by means of an elective isol-
ation technique in which fungi were isolated from soil
amended with powdered newsprint. The linear growth rates of
fungi selected by means of the isolation technique and from
references given in the literature were compared by the
criterion of colony diameters obtained on cellulose and
newsprint agars. The results of this screening programme
indicated the faster growth rates and strong cellulolytic
activity of many of the thermophilic fungi and these were
the fungi chosen for use in the development of a process for

the microbial upgrading of waste newsprint.

The growth rates of the thermophilic fungi selected

were observed on suspensions of newsprint with two different
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nitrogen sources in shake flask cultures. On the basis
of the results from these growth tests two species of
thermophilic fungi were selected for further work and two

systems of fermentation for waste newsprint were developed.

The: first process of fermentation developed involved
the use of the technique of solid substrate fermentation.
A simple, low cost process for the production of a protein
and vitamin enriched feedstuff was developed where the need
for conditions of complete sterility were eliminated. Growth
of the desired fungus being obtained by heavy inoculation,
manipulation of the environmental conditions for rapid
growth of the desired organisms and the confinement of
infection characteristics of solid substrate fermentations.
The effects of the moisture content of the newsprint and

the C:N ratio on the fermentation process were observed.

Using the same thermophilic fungi a second process
of fermentation was developed using a technique of submerged
fermentation with suspensions of newsprint. This technique
presented an opportunity to study the growth of the thermo-
philic fungi in more optimal conditions providing an idea
of the maximum yields which could be hgped for in other
methods of fermentation. The effect of increasing nitrogen
concentrations on the growth of the fungi in submerged
fermentations were examined and the differences in the
growth rates of the fungi on pure cellulose and newsprint
were observed to estimate the effect of lignin,in the news=
print, on the fermentation. Analyses_ﬁf the newsprint and

the degree of breakdown obtained by two of the species of
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thermophilic fungi on this substrate indicated that it may

have lignolytic ability.

The results from both systems of fermentation
suggested that the thermophilic fungi have an important role
to play in the microbial upgrading of cellulosic wastes.

The absence of toxicity noted in the feeding trials, carried
out with the product of the solid substrate fermentations,
suggest that in the future the thermophilic fungi because
of their extremely rapid growth rates may become important

industrial micro-organisms.
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Chapter 2

THE FUNGI OF A REFUSE DISPOSAL SYSTEM

Introduction

The assumption has been made by many researchers that
the micro-organisms which effect the decay of organic matter
in the composting of refuse are indigenous in great numbers
to the wastes present in refuse (Berkeley Project, 1953;
Goleuke, Card and McGauhey, 1954; Wylie, 1960; McCalla, 1960;
Obrist, 1963; White, 1965; Kershaw, 1968; Gray and Sherman,
1969; Gray, Sherman and Biddlestone, 1971). The main source
of evidence supporting this hypothesis comes from the re-
search carried out on the effectiveness of inoculums in the
composting of refuse from which it has generally been accep-
ted that the use of inocula such as soil, actively composting
refuse and horse manure do not produce any signigicant effect
on the composting process (Berkeley Project, 1953; Goleuke,
Card and McGauhey, 1954; Burman, 1961). The American Public
Works Association (1961) reported that special starters or
inoculants are unnecessary in composting because if the con-
ditions for composting are not right then added organisms
will not grow and multiply, if they are right the organisms
already present will grow and multiply. In several cases
experience has shown that the recycling of small amounts of
actively composting materials shortens the lag periods
required for large numbers of the right organisms to develop
but that this does not appreciably shorten the duration of

the composting process (A.P.W.A., 1961).
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The findings reported above can be criticised be-
cause the activities of the micro-organisms in composts of
refuse are not fully known or understood and have not yet
been widely investigated. Gray and Sherman, (1969) reported
that the complex ecological process of composting involving
the activities of mixed microbial® populations is unlikely
to succumb to rigorous scientific analysis for many years.
Thus, if the nature of the micro-organisms active in com-
posting is not yet known then it is surely more difficult to
make any meaningful decisions about the use of inoculums in

the composting of refuse.

In the literature there is almost a total lack of any
reports concerning the microbiology of refuse presumably
because most researchers have assumed that the micro-organisms
responsible for effecting the decay or organic wastes in
composts of refuse are indigenous to the refuse and have
consequently refrained from further investigation concen-
trating instead on the manipulation of environmental condi-=-
tions in mechanised composting systems. Von Klopotek,
(1962, 1963) carried out one of the rare investigations into
the occurrence and condition of mould fungi in the composting
of municipal wastes. The aim of her investigation was to
study the action and appearance of fungi in the composting
process and not the nature of those present in the refuse
disposal system. Von Klopotek found that in the initial

samples of refuse and throughout the composting process the

‘number and variety of mesophilic fungi was far in excess of

that of the thermophilic fungi; which represented only 0.027%

of the total population. Apart from Von Klopotek's inves=-
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tigation and very recent work by Stutzenberger, Kaufman and
Lossin (1970) implicating the thermophilic actinomycetes in
the degradation of cellulose in composts of refﬁse,there is

a complete lack of any meaningful qualitative data concerning
the fungi and microbiology as a whole, of refuse before,
during or after composting. The microbiology of composting
will be fully discussed in the next chapter which is con-
cerned with the microbiological changes which occur in the

composting of refuse,.

Although it is commonly assumed that the micro-
organisms essential to composting are indigeneous to the
wastes in refuse the source of these micro-organisms if they
are present is not known. The most likely source of micro-
organisms in refuse at the present time would appear to be
the vegetable and putresible content, the remainder of the
refuse consists of ashes, paper, rags, glassware and plastics -
(H.M.S.0., 1971) all of which are unlikely to contain great
numbers of micro-organisms. The weight of vegetable and
putrescible matter in refuse has not increased since 1935/
36 and since that time most vegetable matter has been washed
and prepacked before distribution to the consumer. This
means that any soil adhering to the vegetable matter will
be removed before distribution and is therefore unlikely to
be a major source of micro-organisms in household refuse.

If the micro-organisms essential to composting are indigen-~
eous to the refuse when it is composted but are not present
in the refuse when it enters the disposal system then the
disposal system itself must be the means of inoculation.

It is possible that dirty dustbins, refuse collection wagons



_5 -

or refuse treatment plants might contain a thriving micro-
flora which could inoculate the refuse with the organisms

which are essential for composting.

The purpose of the present investigation is to
determine the nature of the micro-organisms concerned in
the composting of refuse and whether they are in fact in-
digeneous to the refuse or the disposal system. Accordingly
samples of refuse and compost were obtained from a refuse
disposal system, which utilises composting as the means of
treating the refuse and isolations were.made of the meso-
philic and thermophilic fungi present in these samples as
these are the organisms most frequently associated with
cellulose decomposition, the rate limiting step in compos-
ting (Regan and Jeris, 1970). Research by Waksman, Umbreit
and Cordon, (1939) and Hayes (1969) had indicated that
thermophilic actinomycetes played an active role in the
composting of materials such as straw and horse manure and
so in this investigation the presence of thermophilic
actinomycetes was noted but no attempts at identification
were made. Burman (1961) considers thatbin the composting
of refuse the bacteria may be responsible for the utilisa-
tion of the more amenable carbohydrates such as sugar and
starches and of the proteins in the initial stage of com-
posting, playing an important role in thermogenesis. It is
unlikely that the bacteria will be involved in the decom-
position of cellulose in composting and because of this and
the widespread distribution of the bacteria their presence
in the samples of refuse and compost was not recorded. This

is not a reflection on the importance of the bacteria in
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composting and in the chapter of this thesis concerned with
the microbiology of the composting process careful consider-
ation is given to the behaviour of the bacterial populations

in conjunction with the populations of the actinomycetes and

fungi.
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Materials and Methods

The samples of refuse necessary for the present
microbiological investigation were obtained from Chester-
field Rural District Council which operates a refuse com-
posting system based on a pulverisation plant developed by
the Swiss firm Buhler BrothersLimited (Wilson, 1965; H.M.S.O.
1971). The composting plant treats the refuse from half of
the district. After collection the refuse is unloaded into
a reception hopper at the plant and from this point the
refuse is conveyed to a horizontal rotor hammer-mill for
coarse milling and is then fed following magnetic separation
of ferrous metal to a twin rotor hammer-mill for finer
milling. The pulverised refuse is screened and provision
has been made for the addition of sewage sludge to the

product which is then compoged by windrowing.

The following samples of refuse and compost were
collected from the refuse disposal system operated by

Chesterfield R.D.C.: -

i) refuse from household dustbins
ii) scrapings from the bottom and sides of the same
household dustbins
iii) refuse from the reception hopper of the com=-
posting plant
iv) pulverised refuse
v) pulverised refuse and sewage sludge
vi) immature compost

vii) mature compost



=56—

The refuse and scrapings were collected from 20
household dustbins in the Chesterfield district, samples
were obtained from dustbins in two separate locations with-
in this district. The refuse from the dustbins was collec-
ted on a weekly basis. The first location was a residential
area and the second one a council estate. The scrapings
were taken from the bottom and sides of the dustbins and
were removed with a spatula which was sterilised between
each sampling by flaming in alcohol. The scrapings were
collected in sterile universal bottles and the sample of
refuse removed from these bins were collected in clean

plastic bags.

Samples of refuse (from the reception hopper of the
plant), pulverised refuse, pulverised refuse and sewage
sludge, immature compost and mature compost were collected
in large clean plastic bags which had been sterilised by
wiping the inner surfaces with 707 alcohol. The sample of
refuse taken from the reception hopper of the composting
plant consisted mainly of ash, small pieces of vegetable
matter and paper, the larger inert pieces of refuse such as
plastic and metal objects were not collected. The sample
of immature compost was taken from the central region of a
two-week old windrow, the temperature of compost at the
time of collection was 59°C. The sample of mature compost
was collected from a windrow which was eight-months old.
The samples of pulverised refuse and pulverised refuse and
sewage sludge were collected immediately they were discharged
from the pulverisation plant. The sample of pulverised

refuse was obtained when the supply of sewage and sludge to
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the pulverised product was temporarily stopped.

Isolations were made from all of these samples at
the following temperatures, 25°C, 30°C, 35°C, 4000, 45°C
and 50°C. This range of temperatures was chosen becuase
composting involves the decomposition of organic wastes
over a similiar range of temperatures with the greatest
decomposition occurring in the range of 45°-60°C. This
range includes the optimum temperatures for growth of the
thermophilic fungi and actinomycetes which are the micro-
organisms thought to be responsible for the breakdown of
the cellulose, hemi~-cellulose and lignin fractions in the
composting process (Burman, 1961). The importance of the
effect of temperature upon the activities of the microbial
populations of composts has been demonstrated by Waksmaﬁ,
Cordon and Hulpoi, (1939). 1In the present investigation
the purpose of making isolations at a range of temperatures
between 25 and 50°C was to find out the effect of tempera-
tures upon micro=-organisms in a microbial population and

therefore reveal their importance in the composting process.

The major part of decomposition in composting
processes is thought to be brought about by aerobic thermo-
philic micro-organisms and the most successful mechanical
composting systems for the treatment of refuse have all
promoted conditions suitable for aerobic thermophilic
composting, (this point is discussed in greater deﬁail in
the chapter on the microbiology of composting). The iso="
lation of aerobic thermophilic micro-organisms from the

samples of refuse was therefore especially significant.
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" Some of the first studies on the isolation of the
thermophilic fungi by conventional techniques (Crisan, 1959)
had indicated a relative rarity of these fungi in soil.
Subsequently Eggins and Malik (1969) were successful in
isolating many of the confirmed thérmophilic fungi from one
pastureland soil by the use of soil enrichment methods and
selective isolation media. 1In the present investigation it
was expected that the thermophilic fungi would probably be
widespread throughout the samples of mature and immature
compost but that in the other samples of refuse it was ex-
pected that they would only be rarely isolated by conven=-
tional techniques. 1In order to try and ensure that any
thermmophilic fungi present in the samples were isolated it
was decided to adopt the soil enrichment methods used by
Eggins and Malik (1969). The soil enrichment method has
been one of the most common procedures used for the iso-
lation of specific micro-organisms (Waksman and Schatz,

1945).

The enrichment technique was not used with the
samples obtained from the household dustbins because the
nature and quantities of these samples made it impracticable.
Isolations were made from these samples with the technique
developed by Warcup (1950) for the isolation of fungi from
the soil. The soil plate method was developed by Warcup '
to eliminate some of the disadvantages inherent in the
isolation of fungi with the dilution plate technique. With
the dilution plate method some of the heavier soil particles
present in the suspension were iﬁevitably left behind when

the dilution plates were prepared and therefore any mycelium
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present in these particles was also lost. This method also
conferred an advantage on the heavily sporing fungi by dis-
pasing their spores throughout the suspension ensuring their
subsequent domination of the dilution plates. By delibera-
tely reducing the degree of soil dispersion Warcup's method
minimises the advantages of the heavily sporing fungi. The
degree of soil dispersion was reduced by retaining the whole
of the soil for isolation thus making it possible to culture
any fungus mycelium embedded in the soil pafticles. The
advantages, in numerical terms, of the heavily sporing
species was further reduced by Warcup's method of recording
the frequency of species not as numbers of colonies per plate
but as simply present or absent on the individual isolation
plate. Garrett (1951) described thesoil plate method of
Warcup as the best compromise so far evolved as a non-

selective method for the general isolation of soil fungi.

In the present investigation the scrapings from the
bins were plated out in the normal way as for soils. How=-
ever, this procedure could not be used with the large pieces
of refuse which were plated out by removing small pieces
of paper and vegetable matter with sterile forceps and
scissors and placing them aseptically into a petri dish.

A small quantity of any particulate matter present in the
refuse such as ash was also added to each petri dish. The
plating out procedure was then completed in the normal way
using two isolation media. These were a cellulose agar
developed by Eggins and Pugh (1962) for the selective iso-
lation of celluloiytic fungi and a glucose-starch agar

containing the same mineral salts as the cellulose medium and
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substituting an equivalent concentration of glucose and
starch for the cellulose. Rose Bengal at a concentration
of 1 part in 15,000 (0.066g/litre) was added to both media
to suppress the growth of bacteria and also to limit the
spread of fast growing fungi over the whole isolation plate
thus giving slower growing fungi a chance to develop,
(Smith and Dawson, 1944; Garrett, 1963; Ottow, 1972). The
plates were incubated at the following temperatures, 25,

30, 35, 40, 45 and 50°C.

With the remaining five samples four methods of
isolation were used at each temperature. The first method
was the Warcup isolation technique as described above;
the remaining three methods involved an adaption of this
technique. Three separate 100g. portions of each sample
were taken, the moisture content of each sample was adjusted
to 25-30% of the total weight and then one portion was
amended with powdered cellulose (Whatman's Chromedia CFll)
another with glucose and the third portion was left un-
amended. The cellulose and glucose added amounted to 4%
of the total weight of the sample. Each of the three por-
tions was placed in a clean beaker which was covered with a
watch glass and incubated at one of the temperatures listed
above for 7 days. At the.end of this time 40 Warcup iso-
lation plates were prepared from each incubated portion,

20 with cellulose agar and 20 with glucose starch agar.

The isolation plates were incubated at the same temperature
as the amended and unamended portions for 7 days after which
time they were examined and the presence of fungi noted.

For the plates incubated at 40, 45 and 50°C the presence of
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any actinomycetes was also noted. The frequency of occur-
rence of a particular species on either the cellulose or
glucose-starch plates was calculated as a percentage from
the total number of plates on which it appeared. The pro-
cedure was repeated for all five samples for each of the

six temperatures mentioned.

After the sample of immature compost had been
coliected from the two-week old windrow ten screened sub=-
strate tubes (Eggins and Lloyd, 1968) were buried in the
central region of the same windrows so that isolations
could be made of the actively growing mycoflora and com-
pared with the results obtained from the other isolation
techniques. (A full description of the screened substrate
tube technique is given in Chapter 3 which is concerned
with the microbiology of composting). The screened sub-
strate tubes were left in the windrow for 7 days after
which time isolations were made from the screened cellulose
strip on cellulose and glucose-starch agar plates. The
plates were incubated at 50°C and after 7 days the fungal
species present were noted and their percentage frequency
of occurrence calculated. The identificationsof the fungi
were carried out with reference to the work of Gilman, (1957);
Barnett, (1960); Ames (1961l); Cooney and Emerson, (1964) and
Barron, (1968).

After the isolation studies outlineal above had been
completed the effect of temperature on the growth of ten
thermophilic and eleven mesophilic fungi all isolated from

the refuse disposal system with the exception of Rhizoctonia
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gsolani, a member of the mycelia sterilia, was investigated.

A widely uséd method for measuring the linear growth
of fungi was developed by Brancato and Golding (1953) who
found that the changes in the diameter of a fungal colony
with incubation time gave a reliable measure of growth and
consequently this method has been used in the present
study. The medium used was yeast, peptone and soluble
starch agar (Cooney and Emerson, 1964) which was found to
be an acceptable general growth medium for the twenty test
species. Using an 8mm cork borer, inocula were cut out
from 7 day old cultures of the twenty fungi required, these
were also grown on YPSS agar. The inocula were aseptically
transferred to the centre of the petri dishes each of which
contained 15ml of YPSS; three replicates were prepared for
each test species. The inoculated plates were incubated
at the following temperatures, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60 and 65°C. The colony diameter was measured
every 24 hours for the mesophilic fungi and every 12 hours
for the thermophilic fungi. Accurate measurements of the
diameters of the colonies were obtained by removing the lid
of the’ petri dish and opening out the points of a pair of
dividers till they were touching the edges of the colony
across a diameter, the distance between the points of the
dividers was then read off against a rule. Two measurements
were taken for each colony, the second measurement being
taken at right angles from the first. The points of the
dividers were sterilised between each measurement by
flaming them in alcohol. The usual precautioms of aseptic

procedure were observed at all times.
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Results

The average percentage frequencies of occurrence of
the fungi isolated from the samples of refuse and scrapings
taken from the household dustbins are given in Tables 2.1(a)
and 2.1(b). The frequencies of occunmence of the fungi iso=-
lated from the samples from each dustbin at 25, 30, 35, 40,

45 and 50°C are given in Tables 1-12, Appendix II.

The fungi were well represented in both the samples
of refuse and scrapings taken from the household dustbins.
Ten of the thirteen thermophilic fungi ﬁescribed by Cooney
and Emerson (1964) were isolat-ed plus a thermophilic

species of Cephalosporium. Ten thermophilic fungi were

present in the refuse and nine in the scrapings. Thirty-
three different species of mesophilic fungi were isolated
and of these all were present in the refuse and twenty-five
in the scrapings. The thermophilic and mesophilic fungi
generally had a higher frequency of occurrence in the re-
fuse than in the bin scrapings, thus showing that the re-
fuse had a richer and more varied mycoflora than the bin

scrapings.

The location of the dustbiﬁs did not in any way
appear to affect either the nature or the frequency of
occurrence of the fungi isolated. The results of the iso-
lations made from the dustbins sampled in the residential
area are given in Tables 1-12 Appendix II, under the
columns numbered 1-10 and the results of the isolations

made from the dustbins from the council estate are given

in the same tables under the columris numbered 11-20. The
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results presented in Tables 1-12, Appendix II would seem to
indicate a lack of correlation between the mycoflora of the

refuse and the scrapings removed from the same bin.

The temperature of incubation of the isolation
plates had a marked effect on the nature of the fungi iso-

lated from these samples.

At 50°C the fungi isolated were, with the exception

of the thermotolerant Aspergillus fumigatus, all thermo-

philic. 1In the refuse samples the most commonly occurring

thermophilic fungi were Torula thermophila, Talaromyces

duponti, Chaetomium thermophile and Humicola lanuginosa,

but the most commonly occurring fungus was the thermotolerant

Aspergillus fumigatus. The remaining thermophilic fungi

all had a frequency of occurrence of less than 10%. From

the scrapings removed from the bins Aspergillus fumigatus

was again the most frequently isolated fungus, all of the
thermophilic fungi isolated from these samples had a
frequency of occurrence less than 10% and of these the most

common were Chaetomium thermophile, Malbranchea pulchella

and Humicola lanuginosa. Tables 1 and 2 presented in

Appendix II show that at 50°C the distribution of the
thermophilic fungi was spread evenly over the dustbins
sampled and was not limited to one or two heavily infected

bins. Aspergillus fumigatus was present in every sample

of refuse. Fifteen of the twenty samples of refuse con-
tained two or more species of thermophilic fungi and five
samples contained at least four different species of these

fungi. The most widespread thermophile was Chaetomium
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thermophile which appeared in eleven of the samples of

refuse, Humicola lanuginosa and Talaromyces duponti each

appeared in eight of these samples. The thermophilic
actinomycetes were also widespread appearing in eighteen
of the samples of refuse with an average frequency of
occurrence of 23.5%. Only two of the samples of scrapings
did not contain any thermophilic or thermotolerant fungi,

four samples contained only Aspergillus fumigatus and some

thermophilic actinomycetes and five samples contained at
least two species of thermophilic fungi. In the samples

of scrapings Chaetomium thermophile and Malbranchea

pulchella were the most commonly occurring thermophiles
appearing in six and four samples respectively. Thermo-
philic actinomycetes were present in six samples.

At 45°C the situation was similiar to that des-

cribed above, apart from Penicillium funiculosum and the

thermotolerant Aspergillus fumigatus which had a greatly

increased frequency of occurrence at this temperature, all

the fungi isolated were thermophilic. Penicillium

funiculosum usually accepted as a mesophilic fungi was

isolated from two of the samples of refuse on the glucose=-
starch‘agar, repeated attempts to sub-culture it at this
temperature were unsuccessful demonstrating that it was
not a true thermophile. 1In both the samples of refuse and

scrapings the frequency of occurrence of Chaetomium thermo=

phile, Humicola grisea, Humicola insolens, Humicola

lanuginosa, Talaromyces duponti and Torula thermophila

all decreased compared with the results obtained at 50°C.

However, the frequencies of occurrence of Malbranchea
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pulchella, Mucor pusillus and Cephalosporium sp. all

increased. The distribution of the fungi throughout the
sample was similiar to that at SOOC, in the samples of

refuse Chaetomium thermophile and Cephalosporium sp. were

the most widespread fungi appearing in seven of the samples

whereas in the scrapings Malbranchea pulchella and Mucor

pusillus were the most widespread fungi appearing in four
and six of the samples respectively. The thermophilic
actinomycetes remained widespread appearing in sixteen of

the samples of refuse and ten of the samples of scrapings.

At 40°C more fungi, usually known as mesophiles
were isolated albeit with low frequencies of occurrence
from the samples of refuse but not from the scrapings.

These fungi were Aspergillus niger, Coprinus sp., Eurotium

sp. and Penicillium funiculosum, in addition an orange

variation of Aspergillus fumigatus was also isolated from

two of the samples of refuse. In all seven species of
thermophilic fungi were isolated from the samples of refuse
at this temperature compared with the eleven species iso-
lated at 50°C. Only four species were isolated from the
samples of bin scrapings compared with ten species isolated
at 50°C. Of all the thermophilic fungi isolated at this

temperature only Mucor pusillus showed an increased

frequency of occurrence in both sets of samples. The

frequency of occurrence of Cephalosporium sp. in the samples

of scrapings increased dramatically but in the samples of
refuse it decreased slightly. In both sets of samples

Aspergillus fumigatus remained the most frequently occurring

fungus, in the samples of refuse Cephalosporium sp. and
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Mucor pusillus were the most frequently occurring thermo-

philes whereas in the samples of scrapings Cephalosporium

sp. and Malbranchea pulchella were most frequent. The

thermophilic actinomycetes remained abundant at 40°C
especially in the samples of refuse where their average
frequency of occurrence on the cellulose plates was 28.25%.
This compared with an average frequency of occurrence of

7.5% from the samples of bin scrapings.

At 35°C a mixture of thermophilic and mesophilic
fungi were isolated from both sets of samples. The meso-

philic fungi isolated were Aspergillus niger, Aureobasidium

pullulans, Paecilomyces varioti and Penicllium funiculosum.

Only three thermophilic fungi were isolated namely,

Cephalosporium sp., Malbranchea pulchella and Mucor pusillus,

compared with the eleven specieé isolated at SOOC.I The most

frequently isolated fungus was again Aspergillus fumigatus

which appeared in every sample. The most frequently occur-
ring thermophilic fungus in the samples of refuse was Mucor
pusillus which had its highest frequency of occurrence at
this temperature. In the samples of bin scrapings the most

commonly occurring thermophilic fungus was Cephalosporium

sp. Apart from Penicillium funiculosum in the samples of

refuse the appearance of the mesophilic fungi ‘at this
temperature was not widespread their average frequency of

occurrence being limited to less than 5% in all cases.

At 25°C and 30°C the mesophilic fungi dominated
the isolation plates the only thermophile appearing at

these temperatures was Torula thermophila which was iso-
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lated from one sample of refuse at 30°¢ with a very low
frequency of occurrence. There appeared to be very little
difference between the fungi isolated at 30°C and 25°C,
most of the fungi appearing at both temperatures with
similiar frequencies of occurrencé. The samples of re-
fuse contained a greater variety of fungi than the samples
of scrapings and these fungi were usually present with a
larger frequency of occurrence than those in the scrapings.
At 25°C and 30°C the most frequently isolated fungi in both

sets of samples were Aspergillus fumigatus, a mesophilic

Cephalosporium sp., Fusarium sp., Gliocladium roseum, Mucor

globosus, Penicillium funiculosum; Penicillium sp., Rhizupus

nigricans and Trichoderma viride. 1In the samples of refuse

Stysanus sp. was also frequently isolated as was Monilia

brunnea from the samples of bin scrapings. Aspergillus

fumigatus (0.V.), Arthrobotrys sp., Graphium sp., Periconia

sp., Stachybotrys atra, Verticillium lateritium, Verticillium

sp. and Zygorhyncus moelleri were only isolated from the

samples of refuse.

The fungi isolated from the samples of:-

(i) refuse from the reception hopper of the pul-

: verisation plant

(ii) pulverised refuse

(iii) pulverised refuse and sewage sludge
(iv) immature compost 5
and(v) mature compost

by the normal and modified Warcup's techniques are listed
in Tables 2.2(a) and 2.2(b). The frequencies of occurrence

of the fungi isolated from the five samples, listed above,
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Table 2.2(a)

The thermophilic and thermotolerant fungi isolated from

the samples of refuse, pulverised refuse, pulverised refuse

and sewage sludge, mature and immature compost.

Aspergillus fumigatus
Aspergillus fumigatus (0.V.)*
Cephalosporium sp.
Chaetomium thermophile
Humicola grisea
Humicola insolens
Humicola lanuginosa
Malbranchea pulchella
Mucor pusillus
Sporotrichum thermophile
Talaromyces duponti
Talaromyces emersonii
Thermoascus aurantiacus

Torula thermophila

* Orange variant

Fresenius

Fresenius

La Touche

Traaen

Cooney et Emerson

(Griffon et Maublanc)Bunce
Saccardo et Penzig

Lindt

Apinis

(Griffon et Maublanc emend
Emerson) Apinis

Stolk

Miehe

Cooney et Emerson
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Table 2.2(b)

Mesophilic fungi isolated from the samples of refuse,

pulverised refuse, pulverised refuse and sewage sludge,

mature and immature compost.

Absidia sp.
Arthrobotrys sp.
Aspergillus niger
Aspergillus sp.
Cephalosporium sp.
Chaetomium aterrimum
Chaetomium globosum
Cerastomella sp.
Cunninghamella sp.
Dicoccum asperum
Didymocladium sp.
Eurotium sp.

Fusarium sp.
Gliocladium deliquescens
Gliocladium roseum
Graphium sp.

Humicola grisea
Hyaloflorea sp,

Mucor globosus
Oidodendron sp.
Paecilomyces varioti: -
Penicillium funiculosum
Penicillium sp.2
Penicillium sp.3
Penicillium sp.4
Periconia sp.
Rhizopus nigricans
Sporotrichum pruinosum.
Stachybotrys atra
Stysanus sp.
Trichoderma viride
Verticillium sp.

Zygorhyncus moelleri

van Tieghem

Ellis and Everhart
Kunze

Corda

Olsen-Sopp
(Link) Thom.

Traaen

Fischer

Bainier
Thom.

Ehrenberg
Gilman and Abbott
Corda

Pers. ex Fr.

Namys lowski
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by the normal Warcup's technique are presented in Tables

2.3(a) - 2.3(f). 'These results indicate that all of the

five samples contain a relative abundance of thermophilic
fungi and actinomycetes, particularly the samples of im-

mature and mature compost. However, the distribution of

the mesophilic fungi ‘was resticted mainly to the samples
of refuse and pulverised refuse only ten species being

isolated from the samples of mature and immature compost.

At 50°C, Table 2.3(a), a total of twelve different
species of thermophilic fungi were isdated from the five
samples, of these ten species had been previously described

by Cooney and Emerson (1964). The other thermophilic fungi

were Talaromyces emersonii and this was first described by

Stolk (1965) and Cephalosporium sp. Eight species of

thermophilic fungi were present in the sample of refuse
taken from the reception hopper of the pulverisation plant.
This sample of refuse also contained the thermotolerant

Aspergillus fumigatus and an abundance ofthermophilic

actinomycetes. In this sample the most frequently occurring

fungi were Chaetomium thermophile, Aspergillus fumigatus,

Humicola lanuginosa, Mucor pusillus and Talaromyces duponti.

With the samples of pulverised refuse, sewage sludge, immature
and mature compost, the fungi with the greatest frequency

of occurrence were Aspergillus fumigatus, Chaetomium thermo-

phile, Humicola lanuginosa and Mucor pusillus. The fre-

quencies of occurrence of these four fungi were smallest in
the samples of pulverised refuse and sewage sludge and
. greatest in the sample of mature compost. The percentage

frequencies of occurrence of Chaetomium thermophile, Humicola




_7 5....

G8 001 Gl Gg 09 0S (o4 oY L | 0z $23204WOUT30Y
S e1Tydomaayy BINIO],
S TTuosIswe sad24AwoieTB]
S S (074 01 T3uodnp saoiwoaeye],
01 S SNOBTJUBINE SNISBOWIaY]
01 911ydomaayy umyotajoxodsg
00T <9 oY 01 Sl S 0S 01 4 (0] sn11isnd I0ony
S S e119yoInd eayoueaqleN
GL 001 0L G8 S 199 08 G8 GE oY esout8nue] BTOOTUNH
oY 001 S 9 S S SUSTOSUT BTOOTUMH
. S (074 01 01 e9sTa8 ejooTUMY
0% 00T GE 0L 4 A GE (015 SL G8 91 Tydowrayj unwolaey)
GC S G *ds untaodsoeyda)
0 01 01 0¢ S GG o% 0} o snjedtuny sniyidaadsy
SO 0 SO J SO J SO 0 SO 0
93pNTS 23BM3S
Jscdilgs GMMOMHMU pue asnjay mmmwwwﬂu asnjyay 13ung
24040 # 1 pPasTIaAINg e nd

"D,06 3B anbTuyda] s,dndaey

Tewiou B Aq sie3de (SH) yoaels asoon]3 pue (D) °2SOINTI2° uo ‘wajsks JesodsIp

2SnJal1 B wolJ SoJdWesS WOoIJ PajBIOST Is8UNnJ JO 90ULIINJD20 JO Aduanbaay a8ejusdasd (e)g°Z =219Bl1l



S§93904AwoUTl]0y
() e1Tydowaayl BINIOL
S 01 TTUOSI2WD S3adAwWOIBTBR]
01 Tjuodnp seofwoaelBlL
oS 0T o4 SNOBTJUBINE SNOSBOWIIYL
01 Gl 91 Tydowaayy umyod1ajoxodsg
001 06 (014 09 0z (o] 9 G 0% g ? snT1Isnd x0onK
9 oY ch e11oyoInd’ BayouRIq] BN
oL G8 08 S oY 09 - GZ gsourdnue] BTOOTUNH
ST 0oL S - G SuaTOSuUl BTODTUNH
- S (e 1 G eesTa8 eToOTUNY
0€ c9 oY c9 0z 01 0z oL c1 o3 o@1Tydowaayj umiwojaeyy
ST S S 01 *ds umtaodsoreyda)n
001 00T 001 001 001 001 001 001 06 G8 snje3tuny sniyi3iadsy

SO ) SO 0] SO 0] SO 0 SO 9] S

93pNTS 23emMas asnjyayg
uwmmwmm s Px 2t | pesiieatnd Fedae I

"0,8h 3E anbTuydaj s, dndIepm

Jewiou B Aq siede (SH) Yoiels-9soonis pue ()) °SOINTI20 uo ‘walsAs TesodsTp

2snja1 B woij sSo]dwes WOIJ pPajB[OST T3uUnJ JO 2DUS3IINID0 JO Aduanbaij a3ejuadaad (9)€°Z 21981



~77-

oY Gh 09 c8 9 G1 Gl ch Cl ¥4 s23904wouT3OY
S eJ1ydowaayly eINIOL

(& 1TUOSIDSWS SaJAWOIBTE]
5 1juodnp sadAwoiBTR]
SNOBTIJUBINE SNOSBOWIaY]
a1Tydomasyl wnyd1ajoxods

001 09 001 09 08 (o4 oY S GL S snyTsnd 100nK

Sy S¢ G1 oY e11oyoind eayouraqien

G8. 09 S¢ 0o¢ S1 S 01 gsoui3nue] BTOOTUNH

06 06 (O} S SuaTOSUT EBTOOTUMH

S G eosTa8 elodoTUNH

oY 001 61 (074 ST C1 a11ydowiayl wniwolaBY)

) 0t ST G¢C 0¢ *ds untaodsoreyda)

001 c8 001 001 00T | O% 001 68 001 001 snjedtuny snyyr31adsy
SO ) SO ) SO 9) SO 0 SO 0

28pn 23BMD
e | o R I N B

pasT1aaAInd

"0,07 3B onbTuydel -s,dndaepm

Tewxou e Aq SAEZE (SD) Yoie3s-o9s0on[3 pue (D) oSOINTI2d UO ‘wa]sAs 1esSods1p

3SnjoJ E WOi1j So[dWes WoiJ paje[OST I[8unj JO 20UaIIndd0 jo Aduanbaiy 2383U3d13d (9)€°'7 21981



-78-

...\ﬁ.UCOU

9 e9pPTOWIay3lIBA BOSTIZ BTOOTUNH
09 , YA *ds untydeas
0¢ ST *ds wnijoang
01 *ds unipeyoowdpiq
S *ds elT2wo3seIa)
13 GE 0o¢ GE *ds e11eweyl3utuun)
ST : _ unsoqo18 uniwolsey)
S 01 0¢ 0¢ 91 Tydowrayy umIiwolaeyn
S¢ 4 (074 + *ds wuntxodsoyeyda)
09 074 4 : cg *ds sfx3joqoayjay
¢ (A" 0)xsniedtuny sniy18aadsy
0s o€ (o] 19871u sny1181adsy
08 (074 08 o | 06 snje3tuny snyy18aadsy
ST *ds BIPISqQy
S9 0 SO ) SO 0] 2 i . SO )
23pnTS 23emas
"Swmaen | eamaems | PuTomgow | 33 | oongoy +98n

.uomm Je °nbTuydal s,dndaepm

Tewiou B Aq sae8e (SH) YdaB]S-2S00N[38 pue () oSO[N[[°° U0 ‘Wo3sis 1esods1p

°Snje1 B wolj SoTdwes WOIJ po3B[OST [oduny JO @du21and50 jo Adusnbail o3e3jusdaag (p)E "z °19el




a1Tydowaay]l sa3jouaq +

..'?’9_

juetaep 23ueiQ - "A'0 «x
ce 9 *ds UNTITTIOTIISDA
ST (015 001 09 00T 00T 0¢ S¢ ST (074 SPTATA BUISPOYOTI]
S 1 S (= TIUOSIBWe S90AWOIBTERL
S 01 0Z sueo1ad1u sndoz1yy
c¢g f*ds wnIT1IoTUd
0z ¢ ds unTITIOoTUSd
01 ¢'ds untIToTUSg
0¢ 01 3 unsoTnNOTUNy uMT]TTOTU3d
oY I30TaIBA sadAwo]109Bd
09 oY 001 %4 00T 0z ¢S oY 0z snT1Tsnd x09onK
¥4 C1 G¢g GE snsnqoT8 xoonp
GC (074 01 0z + e11oyoind eaydUBIQIEW
ST 01 + SUSTOSUT BTODTUNH
SO 9] SO 0) &mw wo ) 2 SO J
350000 L3500 | ouz asngay | 25N | oengoy 18ung
pa2STIaAINg : )

"P,3u0d (P)€°T °19EL



~-80-

...\ﬁ-UCOU

0L S 01 9 01 01 BasTa8 eTOOTUNH

(0] SY Sh 01 *ds untydeas

0S (015 ST S unssox wnTpeTI0TT)

o€ 09 0T SY 01 oY 4 9 (074 0% *ds wntaesng

un TpeoouipIq

(074 c uniadse und2021I(q

G1 G *ds B]T2WO03SBII)

001 oY ¥4 c9 0S "ds eyrswey3uiuun)

0L 01 0T 9 (0] 9 unsoqol8 umIwolaey)

UNWIIID]E wWnIwolarey)

oY 0€ of oY Gt *ds unoadosyeyda)

00T GE (019 01 09 *ds sfxjoqoaylay

o€ . Gh (% | 9 ST 1231u sniy18a2dsy

001 001 oL 00T c9 01 0z ¥4 ST snje3tuny snyyI8aadsy
SO 0 SO 2 mwwwﬁm mm%ﬁwm SO ) SO 2

e oanjeuny | PUS wsmger | [ SURIRH | ownzey y3ung

"0,0€ 3B enbiuyda3 s,dndaeM

Tewiou e Aq saede (SH) Yyoaels-92so0oni3 pue (D) 9so[NTI2° uo ‘walsks Jesodsip

'9SNJjal B wWoJJ S9]dWesS WOIJ po3B[OSI [8UNJ JO 20UaAJINDD0 JO AoUsnbalj odejusoiag (®)g£°7 =191l



-81-

?11ydowaay] sajouaq +

(55 & TIa71oow snoudyiol34z
0z "ds unTITIOTIIBA
Sy 00T GE ¢ GE 1% G1 0% 19 09 SPTATA BUIASPOYOITL]
(074 oL S oY 0¢ (0] S9 Y4 ds snuesf3is
G« eije sAijoqdlyoe3ls
S unsoutnad wnyorijoxods
S G oY sueo1a31u sndozT1yy
74 Gl *ds eTUOODTI®]
S1 174 01 f7*ds unT]TIoTUSg
S ¢ ds unTTTTOTUSg
oY 0T o] 99 ¢*ds unTT1I0TUSd
001 06 0¢ (074 0T GS SY S9 GL unsoTnoTungy WNTTTTOTU3d
0¢ 0¢ 0S cC I30TaeA sadAwoT1o9Bd
(o]3 001 06 Ge 14 S1 0z (074 1 01 + sny1isnd 10onK
0L G8 001 oS 00T 09 snsoqo18 I0onK
S *ds eaxorjorieAH
S9 ) S9 2 wmw mmmﬂm SO 2 SO )
=]
sodied | dnomecd | Tpusosmaew | 29ERL, | ewmsew vy

pas1aaAIndg

"P,3u0d (3)€°7 °19EL



=8O

...\U-UﬁOU

001 SL (019 GY umasoX UNIPBIO0TITH
08 (< suoosanbTTap unIpeId0ITH
o] cg oY 0z ch 00T (o3 0z = G¢ *ds untaesng
) 01 01 S *ds unipeoowdpiq
01 S unxiadse und2021(Q
06 ¥4 *ds eT12wWO3SEI3)
001 (0] § c8 09 A 'V "ds ey7swey3utuun)
S Y4 01 S Gz unsoqol8 wunmTwo3jaey)
S WNWIIISl® UMTIWO3aBRY)
0¢ GE Sy 0S 0S *ds untaodsoieyda)
¢ (1% 193871u sny118aadsy
S (*A*0) snje8tuny snyyi8a2dsy
00T 001 snje8tuny snipi8aadsy
S6 001 001 SY S *ds sfxjoqoayiay

SO 8] SD o) mmwme wwmwmm SD 0 SO 9)

uMMM%Mm wwMMMMMw WMMﬂwwﬂme ﬂmwmmwwmsm asnjyay 18ung

"D,5C 3E onbTuyds3 s, 6dndaeMm

Tewiou B Aq Siede (S9H) Yodaels-9sSoon]s pue ()) °2Soln]lo° uo ‘wajsds jesodsip

9Snjal B WOl S9TdwES wWolJ pPa23BJOST I3UNJ JO 20U3IINDD0 JO Adusnbaaj a3ejusdasd

(3)€°7 @21981



a1 Tydowaay], sajouaq +

—Ba

G1 S TI9TI20w snoudyao34£7

01 *ds uNTITIOTIALA

001 001 001 0¢ 001 o 01 (019 6S 9PTATA BWISPOYODTIAL

GZ 001 01 09 o1 01 0S G6 o1 *ds snues43g
G9 G suedTa31u sndoz1yy

*ds BTUODTId

S . t*ds wn1TTI0TUR]
0¢ o€ .0% 01 Z'ds umIl1IoTUSd
00T cy 0¢ GT GL 09 GG GY unsoynoTuny unTITTTOoTUSd
(074 GG (019 09 TJ0TIBA sad4iwo]TI09Bd
GE OT ¥4 *ds uoapuspopIQ
o€ oYy 00T 00T + sniTIsnd xoony
_ _ 00T 00T 00T 0S og snsoqo18 aoony
0¢ 001 G 01 01 eosTI3 BTOOTUNH
S9 ) SO ) mwmw wmu SO 2 SO 2
23ema
Asca ,3500u00 | M oug ooy | 2Sn3RM e ZHany

pasTIaAINg

"P,3u0) (3)€°C °19BL




-84~.

insolens, Humicola lanuginosa, Mucor pusillus and the

thermophilic actinomycetes all reached a maximum in the
sample of mature compost indicating that they may have been
active in the composting process. In the sample of immature
compost which was collected from a two-week old windrow at

a temperature of 59°C the most frequently isolated organisms

were the thermophilic actinomycetes, Humicola lanuginosa and

Chaetomium thermophile.

At 45°C, Table 2.3(b) the results obtained were
very similiar to those described for 50°C, the most fre-
quently isolated fungi from the five samples were again

Aspergillus fumigatus, Chaetomium thermophile, Humicola

lanuginosa and Mucor pusillus and the thermophilic actino-

mycetes. The percentage frequencies of occurrence of these
fungi were again greatest in the sample of mature compost.

The percentage frequency of occurrence of Aspergillus

fumigatus had increased in all the samples at this lower
temperature. Similiarly the frequencies of occurrence of

Humicola grisea, Malbranchea pulchella and Mucor pusillus

had all slightly increased in some of the samples.

"At 40°C, Table 2.3(c) the most frequently isolated

organisms from the five samples were Aspergillus fumigatus,

Mucor pusillus and the thermophilic actinomycetes. The

frequencies of occurrence of Chaetomium thermophile and

Humicola lanuginosa were much lower than at the isolation’

temperatures of 45 and 50°C throughout the five samples,
however, their frequencies of occurrence were again much

greater in the sample of mature compost. Aspergillus
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fumigatus and Mucor pusillus were isolated from all five

samples with increased frequencies of occurrence at this
lower temperature whereas the increase in the frequency

of occurrence of Cephalosporium sp was restricted to the

samples of refuse and pulverised refuse. Malbranchea

pulchella and Humicola insolens both showed increased

frequencies of occurrence in the samples of pulversied

‘refuse and mature compost respectively.

With the three isolation temperatures of 50°C, 45°C
and 40°C (when the development of the thermophilic fungi
was greatest) the frequency of occurrence of Humicola
insolens remained very low in the samples of refuse, pul-
verised refuse, pulverised refuse and sewage sludge and
immature compost, but in the sample of mature compost it
was consistently isolated with a very high frequency of
occurrence of between 70 and 1007 at these three tempera-

tures. This may indicate that Humicola insolens plays an

active role in the composting process.

At 35°C, Table 2.3(d) a mixture of thermophilic and
mesophilic fungi were isolated. The thermophilic fungi

isolated were Cephalosporium sp, Chaetomium thermophile,

Humicola grisea, Humicola insolens , Mucor pusillus,

Malbranchea pulchella and Talaromyces emersonii. With the

exception of Mucor pusillus the frequencies of occurrence

of these fungi were greatly reduced when compared with the
results obtained at the isolation temperatures of 45°C and
50°C. The most frequently isolated fungi at this tempera-

ture from all of the five samples were Aspergillus
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fumigatus (of which two varieties were isolated), Mucor

pusillus and Trichoderma viride. Cunninghamella sp. was

frequently isolated from the samples of refuse, pulverised

refuse and immature compost. Chaetomium globosum,

Eurotium sp., Graphium sp., Penicillium funiculosum,

Penicillium sp. and Rhizopus nigricans were all frequently

isolated from the sample of refuse.

At 25°C and 30°C, Tables 2.3(e) and 2.3(f), the
fungi isolated were almost exclusively mesophilic, the only

exceptions were the thermophilic Mucor pusillus, which was

isolated at 25°C and 30°C (from all five samples at 30°C yet
at 25°C it was only isolated from the samples of compost)

and the two thermotolerant variations of Aspergillus

fumigatus. Thirty-one different species of mesophilic
fungi were isolated and of these the ones most frequently
occurring throughout the five samples at the temperatures of

25°C and 30°C were Fusarium sp., Penicillium funiculosum,

Stysanus sp. and Trichoderma viride. Aspergillus fumigatus

was frequently isolated at 30°C from all five samples,
particularly the two samples of compost, but at 25°C it was
only isolated from the sample of mature compost. Only ten
species of mesophilic fungi were isolated from the samples
of mature and immature compost which is less than half of
the number isolated from the samples of refuse and pul-
verised refuse; This would indicate that the mesophilic
mycoflora is in some way changed and reduced in numbers
during the composting process, i.e. these results support
the hypothesis that many of the mesophilic species of fungi

are indeed killed off during the peak heating phase of the
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composting process and that subsequent recolonisation occurs.

Cephalosproium sp., Cerastomella sp., Dicoccum asperum,

Didymocladium sp., Gliocladium deliquescens, Gliocladium

roseum, Hyaloflorea sp., Mucor globosus, Paecilomyces

varioti, Penicillium spp. 2, 3 and 4, Periconia sp.,

Rhizopus nigricans, Verticillium sp. and Zygorhyncus

moelleri were all isolated from one or more of the samples
of refuse, pulverised refuse, pulverised refuse and sewage

sludge, but not from either of the samples of compost.

With this normal Warcups technique the number of
species of fungi (and their frequencies of occurrence) iso-
lated from the sample of pulverised refuse and sewage sludge
were consistently lower than the corresponding results ob-
tained from the samples of refuse and pulverised refuse.

The isolation plates prepared with samples of pulverised
refuse and sewage sludge were often covered in a film of
bacteria and it appears that this has inhibited the develop-
ment of the fungi resulting in their lower frequencies of

occurrence,

The frequencies of occurrence of the fungi isolated
from the portions of the five samples which had been incu-
bated for 7 days before plating out at that temperature of

incubation are presented in Tables 2.4(a) - 2.4(f).

At 50°C, Table 2.4(a), a total of nine species of
thermophilic fungi were isolated compared with the twelve
species isolated by the normal Warcup technique. The most

frequently isolated species with the modified Warcup



S B

08 c6 (074 G8 GL GL 09 G6 cg 001 sa3924dwoutloy
) o1 e11ydowiayy eInIolL
c TTUOSIDWD SadAwoIBTBRL

Tjuodnp sadfwoaeel
SNOBTJUBINE SNOSEBOWIAIYL

211ydowasyy wnyos1ijoxods

1 ST ¢9 T4 S SY 0z 0L Gz snT1Isnd Ioony

08 01 eI12yoInd eayouraqien

GL 001 0L 001 00T 00T 00T 00T oL 001 esoui8nue] e1odTUNH

S1 cY o¢ YA S C1 0¢ oY ST s | SUSTOSUT BTOJTUMH

S 29sTI8 eBTOOTUNH

06 001 001 001 001 00T 001 001 74 00T a11Tydowrsayl wniwolaeyy

001 *ds umtaodsoieyda)

00T 0oL (019 6S oY 0% (074 snje8tuny sniy18aadsy
SO ) S9 ) wwmw m%V SO ) SO J

: 23ema
R pne sengen | 0TI | oenge

pPaSTIaATINg.

"Dg05 3E enbTuyde] s,dndieM Aq siede (SH) yodaejzs-asooni3 pue (J)

9SOTNT122 U0 ‘D _0S 38 sAep [/ 103 pa3eqnoul usaq AsnotAdad pey yoTym ‘533 Iasnjal

Jo sajdwes woxy °“pa3je[OST 'T3unI °9SO0U3] JO 20UaIINOD0 JO Aouanbaiy a8ejusdaad (e)%°Z 219elL



-89-

0L 0L 19 09 o€ o% Gh SY 0S 0% $93904WOUTIOY
< c ; eTydowaayl BINIOL
TTuosSI2Wa sadAwoaeie]
13uodnp saolwoxeie]
SNOBTJUBINE SNOSBOWIIYL
a1 1ydomasyl umyosTIjoxodsg

001 0T. 06 9 - 99 S1 99 c1 ¢ (o] snT1Tsnd Io0onK

0% o% oy e112yoInd eayoueiqleR

8 001 0% oY (0] .08 06 06 esoul8nue] BTOOTUNH

00T 0T 4 R S 09 ce GC SUSTOSUT BTOJTuUNH

BaSTa3 BTOOTUNMH

08 001 oY G9 G6 001 GL 08 0z 06 a11ydowaayy wniwolaLYy)

oY GE 2 - ¢ ds untxodsoyeyda)

8 001 06 001 001 001 00T 001 06 00T snje3tuny snyy13aadsy
SO 8, - -S9O ) mwmw 5 mwwrm SO ) SO )

oen | smoemy | pwowmgen | 2R | omngen

pasTIIaAIng

*0,5Y 3T enbTuydoe] s, dndaeM Aq sae3de (SD) YoOIB]S-9S00NT3 pue (J) SSOINT[3D

uo .Uqu Je sAep / 103 pe3eqnoul ueaq AISnolaald pey YOdTym °°*033 Iasnjax

JOo soJdwes wWOoXJ pa3BIOST [3unj 2S0Y3 JO 20UaIINOO0 JO Aduonbaxl 23ejusdasd (q)%7°Z 919eBlL




-90-

0S 09 GE oY 9 GY (o]3 G1 Y4 s@3224wouT3oy
e1Tydowasayy eINIOL
TTUOSISWD S30AwWOIBTER]
Tjuodnp saofwoaeBeBlL
SNOBTJUBINE SNOSEBOWIAYL
o11ydowasyl umyoixjoxodg
001 Y o% 0¢ ¢9 01 0¢S (013 snT1Tsnd 10onK
BTT12yoInd BaYduUBIqTER

S Sl T4 0z esoutdnue] eTOOTUNH
01 S (074 S 01 ¢1 SUSTOSUT BTOOTUMH
e9sTad BTOOTUNH
S ¢ S 911Tydowasayl wniwolaey)
oY . 01 S c9 001 *ds untaxodsoreyda)
00T 001 001 00T G6 001 ¢9 001 001 00T snie3tuny sni]13aadsy
SO 0 1) 0 SO D SO b) SO 9)
3soduwo) 3soduwo) DEPIT]S AbaMag asnjioy
2an3eR 2anjeui] preiosngod pas1IaAInd osnjay 18ung

pesTasAlng

0,07 3® onbTuyoe] s, ,dndoieM Aq saede (SD) yoie3s-2so0onT3 pue (D) 9SOTNTT3D

uo .UOOd Je sAep / 103 peoaeqnourl ueaq A[snoTaaad peY YoTym ¢+*2539 °osnjaa

JOo sa]dwEs WOIJ Pa3BJOST Tsunj 3sOoyl JO IDUaIINDI0 JO Aouanbaxy s3ejuada’qd (2)%°7 219el



-91=

oY Ge *ds uUMTTTTIOTIILA

S (074 001 001 08 00T GE 6§ S 9PTATA BUISPOYDTIL

001 sueota3dtu sndoz1yy

G TJ0TIBA S20AWOT 298]

oY C1 ¢'ds umTTTIoTU™d

S 00T 0% unsoTnoTuny uMTT]TOTU3d

08 SL 00T 001 06 001 01 001 001 00T sni1Tsnd xoonK

19 o% e11oyoInd eayoueaqren

S *ds eaao1JoTeRAH

Gl Gz SusJosul BTOOTWNH

001 GE *ds untydead

T4 0C (o] -ds wn1joanyg

g9 oY 001 00T | 00T 09 *ds erswey3utuun)

08 unsoqo 38 wnTwolaey)

09 oY 7 0z 19871u sniy18aadsy

001 001 00T 001 06 001 09 GL 001 00T snje3tuny sniyr3aadsy
SO ?, o) ) mwwwam mm%ﬁmm SO 0 SO 0)

uwmmwmm QWMMMMMW WMMHMMMWMM vwwmmwwﬂsm osniey T3ung

"0,5€ 3E anbtuyde3 s,dnoaem £q sie3e (SH) YoOIB]IS-9S00N[3 Pue (D) 9SO[N]]oD

uo .uomm.um SABp [/ I0J po3jeqndul uaaq AJsnoraaad pey yoTym °‘‘032 oSnjal

JO SaTdwBs WOl pajeJOST T8UNJ °S0Y3 JO 90USIIND00 JO Aouanbaij a8ejusoaaq (P)%°Z °19Bl




=02

.o \mu__ U0)

00T 08 00T 001 001 001 snsoqo13 aoony

S¢S C1 *ds untydeas

0z 01 UN3S0I UNTIPBTO0TI[H

54 09 8 Y 0S 00T 08 09 001 "ds untaesng

GT S *ds untjoanyg

8 g 0z (074 GL 9 69 08 *ds e{7swey3utuun)

G6 : oh unsoqo8 wnTwo3lary)

01 *ds e11swO3seI3)

01 01 *ds untxodsoteuyda)

06 00T 08 G¢ 919 *ds sfi3o0qoayiay

09 GE 193Tu snii1daadsy

L 09 00T 54 Y (074 Sy oY oY GE snije3tuny sniyr3aadsy
SO ) SO 0 wmw w"u S9 J o19) 2

~ 3sodwo) 1sodwon | °°PNIS 95EMSS asnjyay
aanjey sanjeuw] WMMHWMMMMM paTSI9ATNg osnyay 13ung

"0,0€ 3E onbTuydoa] §,dndIeM Aq sSIe3e ﬁmov JoIB3S-2S00NT3 pue (D) 2SOINTI2d

uc 9 o0t 38 SAep |/ 10J pe23Bqnoul ua9q AISnOTIA21d peY YdIym °‘°O39 asnjal

Jo mmﬂmEmm WOoXJ pPo3BJOST I8Unj ©2S0Yj JO 20UaIaIN020 JO Aouanbaajy adejuadasd (d)%° 7 °219el



_93_

@1tydowxay], sajouaqg +

(0]9 V) 00T 001 001 00T S 09 001 oom SPTITA PUWISPOYDTIL

0S 00T s *ds snues£3g

9 e13e sdijoqdyoeas

08 G/ G1 sueoTa3Tu sndozT1yy

Vi *ds eTuOOTIag

09 (0}5 (074 G¢S oY ¢'ds unT11TOTUSg

0L Sh ST (615 01 ¢¢ ST 08 V) unsonoTuny unTTTTIoTUSd

<9 0oL 00T 06 0¢ 0z 6 + snyrisnd xoonpy
SO ) SO D mwwmam mwmﬂwm SO 2 SO 2

anaen | oamgemg | PUPswEM | SIML | osnyoy 18ung

"P,3u0) (®)%'¢ °19el



...94_

oY G8 174 001 G *ds snues43g
09 e13e shixjoqhyoeas
S G8 08 sueota8tu sndoz1yy
o€ - "ds unT{11oTUd
08 GE 01 ST 199 08 00T V) 001 09 UNsSOTNOTUNY UNMTT]TIOTUdd
6L 0L 68 09 01 S sni11snd Io0onK
001 001 00T 00T 00T 001 snsoqo18 xoony
01 oY 01 Bas Ta8 eloOoTWNY
S *ds umtydead
06 ST oY unasox UNIpBTO0TTD
4 00T UNPIPUBD UNYDIIJ0D
(o] G9 0z 0S oL 001 001 ot 001 *ds wuntaesng
09 oY o1 01 074 G8 09 ¢S *ds eTaweySutuun)
¢S (074 oY unsoqo2 wniwolseyn
14 001 08 00T *ds sfxjoqoayjay
S 1331u sny118aadsy
0% G6 ST S (*A°0) snie8tuny snyyiBaadsy
6e 0T snje3tumy sni]i8aadsy

SO ) S9 ) mmw Mo SO ) SO 2

‘3sodwo)n 1soduwoy | °°PNIS 23EM3g asnjay :

9ANJEN 2dnjeuwwy i esigoy mum..m,muwp.mﬂm °snjay Hwﬁﬂ.m

pasTIaAIng

"0o5¢ 3' °enbruyday s,dndoxeM Aq siele (SH) Yoie3s-osoon|d pue ()) oSOIN[[29

uo .UOmN Je sAep |/ I03 pa3eqnourl usaq A[snoiAoad pey yoIym ‘-o39 asnjax

Jo sa7dwes woIJ pPa3JBIOST I8UNJ 9S0Uj JO SoUSIINDD0 Jo Adusnbaal a3ejuadasg

(3)%7°C °1qel




_95_

technique were in order of frequency, Chaetomium thermophile,

Humicola lanuginosa, the thermophilic actinomycetes,

Humicola insolens, Mucor pusillus and Aspergillus fumigatus.

These were, with the addition of Humicola insolens the

same species that were isolated by the normal Warcup's
technique but in this instance the frequency of occurrence
of each of the fungi was much greater in all the samples,
except for that of the mature compost in which the fre-

quencies of occurrence were approximately the same.

At 45°C, Table 2.4(b), Aspergillus fumigatus,

Chaetomium thermophile, Humicola insolens, Humicola

lanuginosa, Mucor pusillus and the thermophilic actino-

mycetes remained the most frequently isolated organisms.

With the exception of Aspergillus fumigatus these organisms

were all isolated with increased frequencies of occurrence
compared with those obtained by the normal Warcup technique.
At this temperature with the incubated samples only seven

species of thermophilic fungi were isolated.

At 40°C, Table 2.4(c), the most frequently isolated

species from all the samples were, Aspergillus fumigatus,

Humicola insolens and the thermophilic actinomycetes.

Cephalosporium sp. was frequently isolated from the samples

of pulverised refuse, pulverised refuse and sewage sludge,

mature and immature compost, whereas Mucor pusillus was

frequently isolated from the samples of refuse, pulverised
refuse, pulverised refuse and sewage sludge and immature
compost., With this modified Warcup technique the most

frequently occurring species were the same as those isolated
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by the normal technique but the number of species isolated

from the five samples was reduced from ten to five.

With this modified Warcup technique the differences
in the frequencies of occurrence of the fungi isolated at
50, 40 and 45°C from the two samples of compost and of the
fungi isolated from the three remaining samples was not so

marked as with the normal technique.

At 35°C, Table 2.4(d), a mixture of thermophilic,
thermotolerant and mesophilic fungi were isolated but in
this case the number of species was reduced from the twenty-
six recorded at the corresponding temperature by the normal
technique to sixteen. The thermophilic fungi isolated were

Humicola insolens, Malbranchea pulchella and Mucor pusillus.

The most frequently isolated fungi from all five samples

were Aspergillus fumigatus, Mucor pusillus, Trichoderma

viride, the same as with the normal technique except that
in this case the frequencies of occurrence were generally

higher.

At 30°C, Table 2.4(e) and 25°C, Table 2.4(f) the

only tﬁermophilic fungus isolated was Mucor pusillus which
was frequently isolated from all the samples except for
pulverised refuse and sewage sludge. The most frequently

isolated fungi from all five samples were Aspergillus

fumigatus_(only at 30°C), Cunninghamella sp., Penicillium

funiculosum, Fusarium sp. and Trichoderma viride.

Arthrobotrys sp., a nematode trapping fungus was frequently

isolated from all of the samples except for the refuse.
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Mucor globosus was isolated with an extremely high

frequency of occurrence from the samples of refuse, pul-
verised refuse and sewage sludge, but as with the normal
technique it was not present in either of the samples of
compost. Only twenty species of fungi were isolated from
the incubated samples at 30°C and only nineteen species at
25°C compared with the thirty species and twenty-seven
species isolated by the normal Warcup technique at 30 and
25°C respectively. The frequencies of occurrence of the
fungi isolated from the incubated samples were much greater
than those of the fungi isolated by the normal Warcup

technique.

The results described above indicate that the
technique of incubating the sample at the temperature of
isolation for a period of 7 days before plating out re-
duces the number of species isolated but increases the
frequency of occurrence of the quicker growing and heavily
sporulating species. These type of fungi such as

Chaetomium thermophile, Aspergillus fumigatus, Trichoderma

viride, Mucor pusillus and Fusarium sp. were particularly

prevalent in the samples of mature compost indicating that

they may be active in the composting process.

The frequencies of occurrence of the fungi isolated
from the portions of the samples which were amended with
cellulose and incubated at the temperature of isolation
for 7 days before plating out are presented in Table 2.5(a)

- 2.5(f).
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At SOOC, Table 2.5(a), a total of nine species of
thermophilic fungi plus the thermophilic actinomycetes and

the thermotolerant Aspergillus fumigatus were isolated. The

thermophilic actinomycetes were isolated more frequently
than any one of the fungi, having an average frequency of
occurrence from all five samples of 100%. The most
frequently isolated fungi from all of the samples were

Chaetomium thermophile, Humicola lanuginosa, Humicola

insolens and Mucor pusillus. The frequencies of occurrence

of these fungi and the thermophilic actinomycetes were much
greater than those obtained from the isolations made with

the normal Warcup's technique, but were not greatly different -
from those obtained with the unamended and incubated samples
with the exception of the increase in the frequency of
occurrence of the thermophilic actinomycetes. The fre-

quency of occurrence of Aspergillus fumigatus was substan-

tially reduced in comparison with the results of the other

techniques of isolation.

At 45°C Table 2.5(b), the most frequently isolated

fungi were again Chaetomium thermophile, Humicola lanuginosa

and Humicola insolens. The frequency of occurrence of

Aspergillus fumigatus increased at this lower temperature

for isolation. The frequency of occurrence of the thermo-
philic actinomycetes remained high in all of the five
samples, particularly the two samples of compost. With the

exception of the sample of pulverised refuse Mucor pusillus

was found to be widéspread and was frequently isolated.

Torula thermophila appeared quite frequently on the plates

prepared from the samples of refuse, pulverised refuse,
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and sewage sludge and immature compost. Malbranchea

pulchella was prevalent in the samples of pulverised re-

fuse and sewage sludge.

At 40°C, Table 2.5(c), the most frequently isolated

fungus from all five samples was Aspergillus fumigatus.

The frequencies of occurrence of the seven species of
thermophilic fungi which were isolated had decreased from
those obtained at the higher temperature of incubation and
were isolated only infrequently. The frequency of occur-
rence of the thermophilic actinomycetes also decreased with
the lower temperature of incubation but were still isolated

from each sample.

At 35°C, Table 2.5(d), a mixture of thermophilic
and mesophilic fungi were isolated. The thermophilic

fungi isolated were Chaetomium thermophile, Humicola insolens,

Malbranchea pulchella and Mucor pusillus, with the exception

of Mucor pusillus these fungi were only isolated from one

sample and usually had a very low frequency of occurrence.
The number of species isolated was reduced from twenty-six
with the normal Warcup technique to twenty-one, the most
frequently isolated fungi from all five samples were

Aspergillus fumigatus, Mucor pusillus and Trichoderma viride.

At this temperature the mesophilic fungi were mainly iso-
lated from the samples of refuse and pulverised refuse,
only seven species were isolated from the sample of immature
compost and only five from the sample of mature compost.

The most frequently occurring mesophilic fungi were

Trichoderma viride and Penicillium funiculosum.




-109-

At 30°C, Table 2.5(e), and 25°C, Table 2.5(f), the

only thermophilic species isolated was Mucor pusillus which
only appeared in thé samples of pulverised refuse and sewage
sludge and mature and immature compost. With this technique
of amending the samples with cellulose twenty-five species
of fungi were isolated at 30°C and twenty-six species at
25°C. These figures are greater than those obtained with
the isolations made from the unamended and incubated samples
at 30°C and ZSOC, but less than those obtained by the normal
Warcup's technique. The most frequently isolated fungi from

the five samples at these two temperatures were Fusarium sp.,

Penicillium funiculosum, Stysanus sp. and Trichoderma viride.

The remaining species were once again mainly isolated from

the samples of refuse and pulveriséd refuse.

The effect of amending the samples with cellulose
and incubating them at the temperature of isolation for 7
days was similiar to that produced by just incubating the
samples, in that the number of fungal species recorded at
any temperature was less than that recorded by the normal
Warcup technique. The frequency of occurrence of some of
the known cellulolytic fungi, mesophilic and thermophilc,

such as Humicola insolens, Chaetomium thermophile,

Aspergillus fumigatus, Chaetomium globosum, Fusarium sp.

Trichoderma viride, Stysanus sp. and to a lesser extent

Gliocladium roseum,increased in the isolations made from

the samples incubated with an amendment of cellulose. This
was particularly noticeable with the sample of refuse and
pulverised refuse. The frequency of occurrence of some

sugar fungi notably the thermophiles Humicola lanuginosa,
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Mucor pusillus and the mesophiles Mucor globosus and

Paecilomyces variotl also increased in the samples of re-

fuse and pulverised refuse. They were probably fulfilling
the role 6f a secondary sugar fungus defined by Garrett
(1951, 1963). These changes in the populations of the

fungi were not apparent in the two samples of compost, most
probably because of the effect of the composting process on
which an increase in the population of cellulose decomposing
organisms is almost certain to occur and any subsequent ad-
ditions of cellulose to such samples would be unlikely to
markedly affect a microbial population already containing

an abundance of cellulose decomposing organisms.

The frequencies of occurrence of the fungi isolated
from the portions of the samples which were amended with
glucose and incubated at the teﬁperature of isolation for 7
days before plating out are presented in Tables 2.6(a) -

2.6(f).

At SOOC) Table 2.6(a), a total of seven species of
thermophilic fungi were isolated of which the most frequently

occurring from all five samples were Chaetomium- thermophile,

Humicola lanuginosa and Mucor pusillus. The thermophilic

actinomycetes remained widespread throughout all the samples.
The number of species of thermophilic fungi isolated from
all samples amended with glucose was similiar to the number
isolated from the samples which had been either amended with
cellulose or just incubated and was much lower than the
number isolated by the normal Warcup's technique. The fre-

quencies of occurrence of the sugar fungi, i.e. Humicola
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lanuginosa and Mucor pusillus were much greater from the

samples amended with glucose than from the samples used in
the normal Warcup technique. The frequency of occurrence

of Mucor pusillus from the samples amended with glucose was

also much greater than from either the samples which were
amended with cellulose or from the samples which were un-
amended but incubated. The frequency of occurrence of

Humicola lanuginosa remained approximately the same with all

three modified Warcup's techniques. The frequency of occur-

rence of Chaetomium thermophile remained unaffected by the

amendment of the samples with glucose.

At 45°C, Table 2.6(b), the most frequently isolated

species from all five samples were Aspergillus fumigatus,

Chaetomium thermophile, Mucor pusillus and the thermophilic

actinomycetes. The frequency of occurrence of Aspergillus

fumigatus was much greater at this temperature than at 50°C
and averaged approximately 100% from all of the samples.
The occurrence of thermophilic fungi was infrequent at this

temperature, Humicola lanuginosa was only isolated from two

of the samples, Humicola insolens was isolated from the

sample of mature compost and Malbranchea pulchella and

Cephalosporium sp. were only isolated from the samples of

refuse and pulverised refuse. Chaetomium thermophile was

the most frequently isolated thermophile from each sample,
but its frequency of occurrence was lower than that obtained

with the normal Warcup technique.

At 40°C, Table 2.6(c), only four species of

thermophilic fungi were isolated and only one of these
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Mucor pusillus was isolated from every sample. The

thermotolerant Aspergillus fumigatus was also isolated from

every sample with an average frequency of occurrence of
100% which was slightly higher than that obtained with the
normal Warcup technique. The thermophilic actinomycetes
were also isolated from every sample but with lower fre-
quencies of occurrence than at the temperatures of 45 and

50°¢C.

At 350C, Table 2.6(d), only three species of thermo-

philic fungi were isolated namely Cephalosporium SP.,

Malbranchea pulchella and Mucor pusillus which was fre-

‘quently isolated from all five samples. The thermotolerant

Aspergillus fumigatus was frequently isolated from all five

samples. Ten mesophilic fungi were isolated and of these

Cunninghamella sp. and Penicillium funiculosum were the

only species to be isolated from all five samples.

Asperillus niger was isolated with an increased frequency

of occurrence (compared with the results from the other
isolation techniques) from the samples of refuse, pulverised
refuse, pulverised refuse and sewage sludge and mature com-
post. The effect of amending the samples with glucose had
been to reduce the frequencies of occurrence of the cel-

lulolytic fungi such as Trichoderma viride, increasing the

frequencies of occurrence of the sugar fungi such as

Aspergillus niger, Cunninghamella sp. and Penicillium sp.2

and also to reduce the number of species isolated when

compared with the normal Warcup's technique.

At 25°C and 30°C, Tables 2.6(f) and 2.6(8) res-
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pectively, the reduction in the number of species in the
number of species isolated was most marked. At both tem=-
peratures only the same seventeen species were isolated
compared with the thirty species isolated at 30° and the
twenty-seven species isolated at ZSOC by the normal Warcup
technique. The most frequently occurring species in all

five samples were Cunninghamella sp., Fusarium sp., Mucor

globosus, Penicillium funiculosum and Trichoderma viride.

Aspergillus niger was frequently isolated from all five
samples at 30°C but not at 25°C. The frequency of occur-

rence of the cellulolytic fungus Trichoderma viride had

been depressed at 35°C but at 25°C and 30°C it was again
found to be widespread throughout all five samples with
frequencies of occurrence equal to those obtained by the

other isolation techniques.

The main effect of amending the samples with glu-
cose was as in the cases of amending them with cellulose
or simply incubating them at the temperatures of isolation
for 7 days, to reduce the number of species of fungi iso-
lated at all temperatures. The other effects of amending
the samples with glucose were, to reduce the frequencies of
the ceilulolytic fungi and to increase the frequencies of
occurrence of the sugar fungi, these latter effects were
not so pronounced at the higher isolation temperatures, i.e.

40, 45 and 50°C.

The frequencies of occurrence of the fungi isolated
by the screened substrate tube from the two-week old wind-

row at the Chesterfield plant are presented in Table 2.7.
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Chaetomium thermophile, Humicola lanuginosa, Humicola

insolens and the thermophilic actinomycétes were also fre-
isolated by Warcup's technique from the samples of mature
compost thus indicating that these organisms are active in

the composting process. Chaetomium thermophile, Humicola

lanuginosa and the thermophilic actinomycetes were also

frequently isolated from the samples of refuse and pulverised

refuse.

The results of the effect of temperature on the
linear growth rate of ten thermophilic and eleven mesophilic
fungi are presented in the graphs in Figs. 2.1 and 2.2

réspectively.

The results in Fig. 2.1 show that the majority of
the thermophilic fungi examined have an optimal temperature
for growth between 40 and 50°C. 1In the isolation studies
previously described the majority of the thermophilic fungi

were isolated in this temperature range. Chaetomium

thermophile, Humicola lanuginosa, Talaromyces emersonii and

Thermoascus aurantiacus were the only four fungi capable of

rowth at 60°C. Thermoascus aurantiacus was the most
g

rapidly growing species covering the whole plate in 6-7 days
at 60°C, none of the other three species reached this max-
imum diameter, their growth at 60°C being very slow.

Humicola grisea, Humicola insolens, Mucor pusillus and the

two varieties of Sporotrichum thermophile were the only

fungi examined which could grow at 25°C, the lowest temp-

erature of incubation used. Mucor pusillus and the two

varieties of Sporotrichum thermophile were the fastest
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FIGURE 2.1 THE EFFECT OF TEMPERATURE ON THE GROWTH OF SOME THERMOPHILIC

FUNGI
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FIGURE 2.1 continued
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FIGURE 2.1 continued
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growing at 25°C which probably explains the frequent iso-

lation of Mucor pusillus at 25 and 30°C. The most fre-

quently isolated thérmophilic fungi from all of the samples

examined were Humicola lanuginosa and Chaetomium thermophile.

These two fungi were both found to have an optimum tempera-
ture for growth of between 45 and 50°C, below 45°C their
growth rates decreased quickly. This probably explains why

Chaetomium thermophile and Humicola lanuginosa were mainly

isolated at 45 and 50°C. The slowest growing of all the

thermophilic fungi tested was Malbranchea pulchella. All

of the test thermophilic fungi except for Thermoascus

aurantiacus were capable of growth at 35°C and it is perhaps

surprising that so few species were regularly isolated at

this temperature.

The graphs of the linear growth rate of the eleven
mesophilic fungi tested are presented in Fig. 2.2. These

graphs show that only Aspergillus niger and Penicillium

funiculosum, the two most frequently occurring 'mesophilic'

fungi at the high temperatures of isolation, could grow

above 35°C. Aspergillus niger was found to have an optimum

temperature for growth of 30-35°C but was capable of growing

at 45°C. Penicillium funiculosum's maximum temperature for

growth was QOOC, explaining its frequent isolations at this

temperature. On one occasion Penicillium funiculosum was

isolated from a sample of refuse taken from a household
dustbin, at 4500, although this temperature is apparently
above its maximum temperature for growth, repeated attempts

to culture Penicillium funiculosum at this temperature failed.

Fusarium sp. and Humicola grisea were the only two fungi
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FIGURE 2.2 THE EFFECT OF TEMPERATURE ON THE GROWTH OF SOME
MESOPHILIC FUNGI
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FIGURE 2.2 continued
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FIGURE 2.2 continued
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which failed to grow at 35°C thus explaining why they were
both only isolated at 25 and 30°C. The optimum temperature
range for the growth of ten of the eleven test fungi

(Penicillium funiculosum was the exception) was 25-30°C.

The difference between the growth rate 6f a particular
fungus at 30°C and 25°C was usually only slight thus ex-
plaining the similarity between the results of the isola-

tions performed at these two temperatures.

At 35°C with each of thé isolation techniques a
mixture of thermophilic and mesophilic fungi were isolated
which from the results of the studies on the effect of
temperature on the growth of mesophilic and thermophilic
fungi would not be unexpected because the majority of

these organisms can grow at 359C.
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Discussion

A total of eleven thermophilic, forty mesophilic and
two thermotolerant fungi were isolated in the present in-

vestigation. Talaromyces emersonii and Cephalosporium Sp.

were the thermophilic fungi isolated not described by

Cooney and Emerson (1964). Talaromyces emersonii was first

isolated from Italian compost by Stolk (1965). Since that
time it has been isolated from several locations where
cellulosic wastes have been undergoing thermophilic bio-
degradation, i.e. from stacks of the palm kernel Elaeis

guineensis Jacq., in Nigeria (Eggins and Coursey, 1964;

Apinis and Eggins, 1966), from bagasse, compost and horse
dung in India, (Ramabadran, 1967), from self-heated wood
chip piles in California, (Tansey, 1971), from coal spoil
tips in England, (Evans, 1971) and from samples of soil and
refuse compost in England, (Mills, Barnes and Eggins, 1971).
The two thermotolerants isolated were both variants of

Aspergillus fumigatus, the second and least common of the

two variations isolated was orange in colour. Considerable

strain variation has been reported in Aépergillus fumigatus

(Raper and Fennell,:l965), resulting in the occurrence of
these mutants or coloured variations. Rai, Tewari, Agarwal
and Wadwari (1968) and Evans (1971), have previously des-
cribed the occurrence of such orange and buff coloured
variants from soilg in India and from coal spoil tips in

England, respectively. Cephalosporium sp. is now known to

be the conidial stage of the cleistothecial Ascomycete

Allescheria terrestis, Apinis; which was first isolated

from soil in Nottingham, England (Apinis, 1963).
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The isolation studies of the present investigation
have shown that refuse, even on entry into the refuse dis-
posal system is a rich source of micro-organisms and there-
fore it is unlikely that inoculation with soil, manures or
other composts will make any signigicant difference to the
composting of refuse. The isolations made from the samples
of refuse and scrapings taken from the household dustbins
show that the refuse generally contains a more varied micro-
flora than the scrapings removed from the bottoms and sides
of the dustbins. It is therefore most unlikely that this
stage of the refuse disposal system could act as an inocu-
lating agent for the refuse. The samples of refuse and
pulverised refuse taken from the plant at Chesterfield
proved to contain an abundance of thermophilic and meso-
philic fungi and thermophilic actinomycetes (these were not
identified). The microflora's of the samples of refuse
from the household dustbins and from the Chesterfield pul-
verisation plant were very similar, with most of the fungal
species isolated common to both saﬁples, e.g. only six
species of mesophilic fungi were isolated from the refuse
from fhe dustbins which were not present in the refuse taken
from the pulverisation plant, and likewise only six species
of mesophilic fungi were present in the refuse from the
pulverisation plant and not in the refuse from the household
dustbins. The thermophilic microflora's were practically

identical only Talaromyces emersonii being isolated from the

samples from the refuse pulverisation plant and not from the
samples from the household dustbins. These results indicate
that a representative collection of dustbins were sampled

and that the microflora is consistent throughout the refuse
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disposal system before composting occurs.

The samples of refuse (from the household dustbins),
refuse from the pulverisation plant and pulverised refuse
- were found to contain eleven of the thirteen thermophilic
fungi described by Cooney and Emerson (1964) plus

Talaromyces emersonii, Stolk, when previous studies (Crisan,

1959, 1964) had indicated their relative rarity even in

- soils. Many of the mesophilic cellulolytic fungi isolated
from these samples have also been frequently isolated from
soils (Malik, 1970). The addition of sewage sludge to the
pulverised refuse appears to have inhibited the isolation
of many fungi for with all of tﬁe isolation techniques used
at each of the six temperatures there was a general tendency
for a reduction in the number of species isolated from this
sample and for a reduction in the frequencies of occurrence
- of those fungi which were isolated. On many of the isola-
tion plates prepared for the sample of pulverised refuse
and.sewage sludge a bacterial slime was found covering the
sufface of the media, despite the addition of rose bengal,

inhibiting the growth of the fungi.

The microflora of the samples of mature and immature
compost differed from the microflora of the other three
samples particularly the samples of refuse and pulverised

refuse. From the samples of compost, Chaetomium thermophile,

Humicola lanuginosa, Humicola insolens (mature compost only)

and thermophilic actinomycetes were all isolated at the
temperatures of 45 and 50°C with much higher frequencies of

occurrence than from the samples of refuse and pulverised
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refuse. Humicola insolens appeared only infrequently on the

isolation plates prepared from the samples of refuse,
pulverised refuse, pulverised refuse and sewage sludge and
immature compost but when isolated from the sample of mature

compost it always had a higher frequency of occurrence.

Chaetomium thermophile, Humicola insolens, Humicola

lanuginosa and the thermophilic actinomycetes were also all

isolated by the screened substrate tube from the windrow at
the pulverisation plant. This finding coupled with the

prevalence of the same organisms in the samples of compost
would indicate that those organisms are active in the com-

posting praocess for refuse. Humicola lanuginosa, Chaetomium

thermophile and the thermophilic actinomycetes were all

frequently isolated from the samples of refuse etc. indi-
cating that some of the micro-organisms essential for the
composting of refuse are indigenous to the wastes. The
mesophilic microflora of the two samples of compost was very
much different to that of the samples of refuse and pul-
verised refuse only ten species of mesophilic fungi being
isolated from the composts by the normal Warcup technique.
at 25 and 30°C compared with over thirty species isolated
by the same technique from the samples of refuse and pul-
verised refuse. .This difference between the two types of
samples is almost certainly due to the large numbers of
mesophilic fungi which are killed off during the period of

peak heating in the composting process.

From all of the samples examined the isolation
technique which yielded the largest number of fungal. species

was the standard Warcup technique. The technique of incu-
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bating or amending the samples with either cellulose or
glucose reduced the number of species isolated but increased
the frequencies of occurrence of the heavily sporulating

and quicker growing fungi which could utilise the added
carbon source. In the case of the cellulose amendments
these fungi were the cellulolytic fungi and the secondary
sugar fungi and with the glucose amendment the sugar fungi.
Eggins and Malik (1969), found that, by incubating portions
of unamended soil or soil amended with either glucose

or cellulose, the number of thermophilic fungi isolated was
increased. This differs from the findings of the present
investigation but it must be remembered that the fungi in
the soil may be subject to different ecological conditions
to those fungi present in refuse. Eggins and Malik (1969)
also made a series of sequential isolations from their soil
samples whereas in the present investigation isolations were
only made after 7 days of incubation of the samples. The
maximum number of thermophilic fungi isolated by Eggins and
Malik (1969) at any one time from any of their soil samples

was (excluding the Streptomyces spp and Aspergillus fumigatus)

seven which is comparable with the numbers isolated from the

samples of refuse etc.

The effects of the different isolation techniques
have been fully reported in the section on the results which
serve to demonstrate the advantages of enrichment and incu-
bation of the samples to enhance the isolation of selected
groups of fungi. For instance, amending the samples with
cellulose and then incubating them at 50°C provided favour-

able conditions for the fungi active in the decomposition
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of cellulose and accordingly the frequencies of occurrence

of Chaetomium thermophile, Humicola lanuginosa, Mucor

pusillus, Humicola insolens and the thermophilic actino-

mycetes were substantially increased indicating that in the
composting process these organisms may well be active in

the decomposition of cellulose.

The range of temperatures over which the isolations
have been made has shown that the best temperatures for the
isolation of the thermophilic fungi are 40, 45 and 50°C
with the highest frequencies of occurrence and the highest
number of species being recorded at 50°C. Above 48°C it

was found that the development of Aspergillus fumigatus is

restricted enabling the isolation of some of the slower
growing thermophiles. The mesophilic fungi were mainly
isolated at 25 and 30°C and there was a close similarity
between the results obtained at these temperatures. At
35°C much fewer species of either the thermophiles or the
mesophilic fungi were isolated although it has been shown
from the investigations on the effect of temperature on
the growth of these fungi that the majority of mesophilic
and thermophilic fungi are able to grow quite well at
these temperatures. The frequencies of occurrence of the
fungi isolated at 35°C were usually less than those ob-

tained at the other temperatures.

The thermophilic actinomycetes were present through-
out the refuse dispésal system with the highest frequencies
of occurrence obtained from the samples of compost particu-

larly the samples amended with cellulose. The isolation of
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thermophilic actinomycétes by the screened substrate tube
from the windrow at Chesterfield would indicate that they
are active in and essential for the composting process.

This hypothesis and the recent work by Stutzenberger Kaufman
and Lossin, (1970) is discussed fully in the chapter on the

microbiology of composting.

The results of the present investigation have shown
that there is good reason to believe that some of the micro-
organisms essential for the composting of refuse are in-
digenous to the wastes (many of the fungi isolated from
these samples of refuse were active in the experimental
windrow used in Chapter 3) but they do not reveal the source
of these micro-;rganisms. The report of the British
Government's working party on refuse disposal (H.M.S.O.,
1971) reveals that in many areas there has been an increase
in the quantities of garden refuse collected. This situa-
tion has been brought about by the lack of facilities for
burning refuse in homes and it is believed that this trend
will continue. Clearly such material as garden refuse wiil
contain a wealth of micro-organisms which could be active
in the composting of refuse. When the plant was opened at
Chesterfield, the Rural District Coﬁncil responsible for its
operation actively encouraged householders to put their
garden refuse in their dustbins to provide materials suit-
able for the encouragement of the composting process.

Their campaign has succeeded in introducing some of the
micro-organisms, essential for composting, into the refusé

disposal system.
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MICROBIOLOGICAL CHANGES IN THE COMPOSTING OF REFUSE

Introduction

Composting is a term used to describé a controlled
process of decay of accreted organic wastes effected by an
indigenous population of micro-organisms (Wylie,1960; White,
1965; Raisbeck,1967). Under natural conditions the decay of
the large qguantities of organic material produced annually
by plants takes place slowly on the surface of the ground
yielding humus which is stored in the soil thus completing
a natural cycle (Gray, Sherman and Biddlestone, 1971).-
Composting ié the application of this natural process by man
as a means for the production of organic fertilisers (humus)
from vegetable wastes and animal manures and more recently
also as a method of disposal for wastes, such as refuse,
containing large quantities of organic matter (Wylie, 1960;

Gray, 1966).

Composting has been variously defined as: a process
of ferﬁentation (Berkeley Project, 1953; Gotaas, 1956; Wylie,
1960; Rao and Block, 1963; Kershaw, 1968), a biological or
biochemical process of decomposition (Jann, Howard and Salle,
1959; . American Public Works Association (A.P.W.A.), 1961),

a process of aerobic thermophilic decomposition (Schulze;
1960; Wuest, 1968; Kochtitzky, Seaman and Wiiey, 1969;

Gilbertson,1969; Bell and Pos, 1971;) and a process of
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selective incineration (Snell, 1960). These descrip?ions
highlight one or more of the essential phases of the complete
composting process which is now understood to involve the
heaping together of the organic matter to effect its decom-
position by micro-organisms. The purpose of heaping the
material is to provide the conditions of temperature and
moisture favourable to these micro-organisms (Rao and Block,
1963). Once the material has been heaped together composting
may be either aerobic or anaerobic, this usually depends on
the particle size and moisture content of the material
(Schulze, 1960) which can markedly affect the volume of air
present in the interstices between the particles. Aerobic
composting is characterised by high temperatures, rapid changes
in the C:N ratio with the production of humus. With anaerobic
compostihg théfe is very little temperature elevation and it
is characterised by the production of a strong offensive
odour. The transformation of organic matter to humus in
anaerobic composts is very slow. Composting can also be
divided into two other general classifications of biological
decomposition, thermophilic and mesopﬁilic. Mesophilic
decomposition occurs in the initial stages of composting
quickly giving way to thermophilic decomposition as the heat
released by microbial metabolism is retained by the insulating
properties of the compost heap. The role of the mesophilic
fungi in thermogenesis has been demonstrated in the self

heating of hay in Dewar flasks by Norman (1930).

Aerobic composting is the type dealt with in the

present investigation and is also the type on which most
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systems of mechanised composting are based. In the modern
sense composting could be defined as a process in which, under
suitable environmental conditions, facultatively aerobic
micro-organisms, principally thermophilic, break down organic
matter to a stable humus.It is thought that the organisms
involved are widely distributed in nature (Berﬁeley Project,
1953) and to a great degree have been found to be indigenous

to the refuse.

Composting in its most primitive form, i.e. the
piling up of animal or vegetable wastes, has been practised
by man for centuries. The first advance in the practice of
large scale composting was made about fifty years ago in
India by Sir Albert Howard who developed the 'Indore Process'
which involved the piling up of alternate layers of readily
putrescible material such as garbage, nightsoil, animal
manure or sewage sludge with stable organic matter such as
straw and leaves. The material was turned periodically and
the process was a combination of aerobic and anaerobic phases
with the aerobic phases following each turning (Berkeley

Project, 1953; Henderson, 1960).

Composting processes in which the principal objective
was to dispose of refuse apart from producing a humus were
started from 1920 to 1930. These processes were designed
for the rapid production of compost by the mechanised
handling of materials and also by less objectionable methods.

The most important of these early processes was the Beccari
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Process which relied mainly on the basis of anaerobic
fermentation in air tight cells, provision being made for
periodic aerobic fermentation by opening apertures in the
cell wall. Anaerobic composting of this type never proved
to be entirely satisfactory and after the limitations of
these early plants had been revealed rapid progress towards
systems of production on a large scale, were made by concen-
trating on the problem of creating and maintaining aerobic

conditions within the mass of wastes being treated.

The major attempts to provide these conditions
for the composting of refuse can be broadly split into four
categories of mechanised composting (Wylie, 1960). These

are: -

s Mass composting
b s Batch composting
iii. Multi stage composting

iv. Continuous composting.

Mass composting involves the tipping of refuse into
cells, spraying with water between each layer of refuse and
leaving ‘it to compost for 4 - 8 months when it is dug out
and screened. This system, known as the van Mannen system,
was put into operation in the Netherlands in 1932 but.the
quality of the composts produced was very poor and it has

not been repeated elsewhere.

The other three methods of mechanised composting

depend on the careful selection and preparation of the materials



~141-

to be processed before they are subjected to controlled
composting conditions. The preparation of the refuse for
composting involves the removal of unsuitable material such

as glass, plastics and metals, followed by the mechan;cal
breaking up of the refuse into small particles to present a
lérge surface area for microbial attack. The moisture content
of the refuse is then adjusted to 40 - 60 percent of the total

weight by the addition of water and sometimes sewage sludge.

The main method of batch composting is windrowing,
in which the refuse, prepared as described above, is stacked
in piles, approximately 6 feet high, which are periodically
turned. This method tékes 4 - 6 months to produce a mature
compost and is currently used at plants designed by Buhler

Brothers Ltd. of Switzerland.

All the methods of multi-stage composting involve
the principle of intermittent disturbance of the compost to
ensure the thorough introduction of air into the mass during
the early stages of composting. The most well known process
of this type is the John Thompson Fermentation Cell, which
has been used in plants in Jersey and Bangkok. In this
process'pulverised refuse is hoisted inpo the upper of a
series of layers of 'fermentation cells' and every 24 hours
the layers of cells.are inverted in sequence and the refuse
is thus moved down one layer every day remaining in the system
of fermentation cells for a total of 6 days. The refuse
emerging from the bottom layer of cells is usually stacked
and matured for 8 - 10 weeks. Another-system operating in

a similar fashion is the Simon-Lawden Process which involves
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mechanically sweeping the refuse from the top floor of a
circular tower via several intermediate floors to the bottom
of the tower. One'ﬁf the more ;ecent developments involving
the principle of intermittent disturbance is the Fermascreen
designed by John Thompson Ltd. which consists of a hexagonal
drum, in which three sides of the hexagon are formed by
perforated plates covered on the outside by a hinged door,
the other three sides are of plain steel, one of which is

in the form of a door to facilitate loading of crude or
pulverised refuse. The drum is rotated periodically to
thoroughly mix the mass of refﬁse and aerobic fermentation
takes place when the vessel is stationary and the doors are

opened.

The only method of continuous composting is the
Dano Bio-stabiliser which is unique because the wastes are
kept in continuous motion throughout the composting process.
This method of composting has become widespread, installations
being operative at one time or another in Denmark, Sweden,
Switzerland, Germany, Holland, France, Norway, Finland, U.S.A.
and the United Kingdom. The Bio-stabiliser combines the three
essential operations of mechanised composting, that is:
reduction, mixing and fermentation, so that they all take
place in a rotating cylinder. The course of the fermentation
is controlled by controlling the moisture content of the
substrate and the injection of air under pressure. The
refuse takes 3 - 5 days to pass through the cylinder, after
which'tiﬁe the large inert materials are removed and the

product is matured by windrowing for 3 = 4 weeks (Berkeley
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Project, 1953; Gotaas, 1956; Wylie, 1960; Gothard, 1961;
A.P.W.A., 1961; White, 1965; Hughes, 1967; Raisbeck, 1967;

Kershaw, 1968 H M50 1971)"%

In the past much effort has been put into developing
the mechanised composting plants, described above, for the
achievement of rapid composting of the ever increasing volume
of refuse that civilisations now produce (Gilbertson, 1969).
However, apart from monitoring the physical and chemical
parameters of the refuse as it is broken down to compost
there is almost a complete absence of any meaningful data
on what happens in the composting process, certainly very
little work has been published on the microbiological changes
which occur in this process. The opinion has been expressed
(Gray, K. R., 1966) that the development of a better com-
posting process must start with an assessment of the behaviour
of the microbial population during composting. It has also
been stated (Gray, K.R., 1969) that in the composting of a
heterogeneous organic material such as refuse by a mixed
microbial population, so many inter-related factors are
involved that the complex ecological process is unlikely to
succumb to rigorous scientific analysis for many years.
Unfortuﬁately the attitude of many research workers in the
past has been typified by that given in a publication of the
American Public Works Association (1961) in which it is
stated, "There are many micro-organisms involved in
composting and the roles of each are complex, but an
extensive knowledge of their characteristics is not necess-

ary for a compost plant operator.". Thus it is not
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surprising that when attitudes such as this are common
composting has progressed so little since the days of Sir

Albert Howard and has fallen so widely into disrepute.

The aerobic composting of refuse is thought to
consist of four main phases (A.P.W.A., 1961; Snell, 1960;
Glathe, 1962; White, 1965; Raisbeck, 1967; Burman, 1961,
1967; Arditti, 1967; Gray and Sherman, 1969; Regan and
Jeris, 1970; Gray; Sherman and Biddlestone, 1971).

'

The initial stage is known as the mesophilic
phase which in the windrowing method can last 2 - 7 days.
The mesophilic micro-organisms,éspecially the bacteria,
are reported to be extremely active causing the oxidation
of simple carbohydrates and thereby generating heat which
is retained within the insulation of the windrow causing a
rapid rise in temperature to 35 - 40°C. After the tempera-
ture rises above 40°C the mesophilic micro-organisms die out
or become inactive giving way to the thermophilic species

which become prominent during the thermophilic phase.

In the thermophilic phase the growth of the micro-
organisﬁs and the breakdown of organic matter is reported
to be very rapid. Peak temperatures of 65 = 70°C are
usually observed, the refuse becoming alkaline with a pH of
8 = 9, and this is the period when most of the pathogenic

micro-organisms are killed off (Berkeley Project, 1953).

The major breakdown of cellulose is thought to
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occur in the post thermophilic stage (the cooling phase)
and be brought about by the thermophilic actinomycetes and
fungi. In the cooling phase the temperature falls slowly
from its peak to ambient and it is thought that the rate
of reaction and therefore heat production, becomes
progressively slower as the micro-organisms exhaust all
the readily available nutrients leaving mainly the more
resistant celluloses and lignin as the sole carbon sources.
When the temperature falls to 30 - 40°C there is once more
a rapid increase in the numbers of the mesophilic micro-
organisms, which is maintained until the material cools

down to ambient.

At the end of the cooling phase the compost is said
to be stable and will, therefore, no longer develop the
objectionable odours of decaying wastes. The compost is not
yet thought of as being mature, for a mature compost will
no longer display the phenomenon of thermogenesis when kept
moist in a heap and whereas a stable compost has a C:N
of 10:1. A stable compost is converted to a mature compost

by stacking it at ambient temperatures for 6 - 8 weeks.

In the introduction to this thesis it was
mentioned that in the United Kingdom and most other i
industrialised nations the character of refuse has changed
since the development of mechanised composting 30 = 40
years ago, the greatest change being the rapid increase in
the paper content of the refuse. 1In composting, paper has

generally been considered to be a relatively stable material
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that would be degraded only if extended treatment were

made available (Jeris and Regan, 1968; Regan and Jeris,
1970; H.M.S.0., 1971). The abundance of paper in refuse
and its resistance to rapid degradation in composting means
that cellulose degradation is now the rate controlling

step in the composting of refuse and Stutzenberger Kaufman
and Lossin (1970) have reported that undegraded cellulosic
wastes have been found in otherwise mature composts. Thus
if composting is to develop any further as a means of
réfuse disposal then the conditions suitable for the degra-
dation of cellulose within the composting process must be
identified and promoted. At the present time the exact
means by which cellulose degradation occurs in composting

is not fully understood.

The majority of cellulose degradation was once
thought to occur in the post-thermophilic stage and be
brought about by the thermophilic fungi (Burman, 1961).

The importance of the fungi in composting of organic wastes
has been stressed by Gray, W.D. (1959) who was of the
opinion that, as the majority of cellulose decomposing
organisms were amongst the fungi, conditions in composts
should be so arranged as to favour their growth. Burman
(1961) reported that the region of activity of the thermo-
philic fungi is very restricted in maturing static heaps
because of their critical growth requirements and it would,
therefore, be doubtful whether they are the only major
cellulose decomposers in composts of refuse. However,

Snell (1960) and Schulze (1960) found respectively that
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‘the maximum oxygen uptake in composts of refuse occurred at
temperatures between 45 and 50°C and that out of ten tempera-
tures examined, within the range 25 - 70°C, the optimum

for composting was found to be 45°c. The optimum temperatures
for the growth of the thermophilic fungi usually range between
45 and SOOC (Cooney and Emerson, 1964). Von Klopotek (1962)
carried out an iﬁvestigation into the occurrence and
condition of fungi in refuse and found that the thermophilic
fungi constituted only 0.02% of the mycoflora isolated from
composts of refuse, which would suggest that the thermophilic
fungi do not play a significant part in the composting
process. 1In a subsequent publication Von Klopotek (1963)
reported that the thermophilic fungi do not appear during
heating but only during cooling when their numbers increase
rapidly. She attributed the appearance of fungi in compost
piles to the type of material used, its moisture content and

its temperature.

Recent research investigating the types of micro-
organisms capable of cellulolytic activity in the composting
of refuse has revealed that the pH and temperature optima
for Cx cgllulase enzyme extracted from compost samples were
identical with those subsequently observed for the Cx
cellulase component of a thermophilic actinomycete,

Thermomonospora curvata, isolated from the original compost

(Stutzenberger, Kaufman and Lossin, 1970). Thermophilic
actinomycetes have been found in abundance in high temperature
well aerated composts and some species are thought to be

active in cellulose degradation. Species of Thermopolyspora
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and Thermomonospora are reported to be cellulolytic and

predominate in composts at temperatures of 60 - 66°C
(Waksman, 1967). Stutzenberger, Kaufman and Lossin (1970)

came to the conclusion that the prevalence of Thermomonospora

curvata in the refuse compost samples coupled with the
correlation of the pH and temperature optima of the Cx

cellulase enzymes indicated that Thermomonospora curvata

may occupy a major role in cellulose degradation during

the composting of refuse.

Although little work of any significance has been
carried out into the microbiology of refuse composting
considerable information is available regarding the micro-
biology of composts of other materials. Much of this work
was done by Waksman and his co-workers as early as 1939.
From these early studies it was found with composts of horse
manure straw and urine that the thermophilic microbial
populations were capable of bringing about much greater
decomposition than the mesophilic microbial populations
(Waksman, Cordon and Hulpoi, 1939). It was also discovered
that, by-controlling the temperature of the compost, it
was possible to control the rate of decomposition and that
on the ﬁhole degradation proceeded much faster at 50°C than
any other temperature i.e. 28, 65 and 75°C. At the higher
temperatures the thermophilic actinomycetes and bacteria
prevailed but at 50°C the fungi were very active in
association with the actinomycetes. At 28°¢ decomposition
was limited and only occurred to anf extent when the

mesophilic-fungi developed in the later stages, the lignin
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fraction was hardly attacked supporting earlier work by
Waksman and Gerrettsten (1931) which had shown that the
resistance of lignin to decomposition was greater at lower
temperatures. In an investigétion into the thermophilic
actinomycetes and fungi of composts Waksman, Umbreit and

Cordon (1939) described a fungus they called Thermomyces,

(thought by Cooney and Emerson, 1964, to be Humicola insolens),

which was found to be widespread in composts of horse manure
at 50°C and which in a'subsequent investigation by Waksman
and Cordon (1939) was the only organism tested, including
bacteria and actinomycetes, which could compare with the
total microbial population of the compost in bringing about
decomposition of the hemicelluloses, cellulose and lignin

components.

Investigations into the microbiological changes
occurring in the composting of mixtures of wheat straw and
horse manure for the production of mushroom compost have
revealed carefully ordered changes in the populations of
micro-organisms throughout the composting process (Hayes,
1969). 1In 'Stage I' where the mixture is windrowed in stacks
the early increases and decreases in temperature were found
to be péralleled with similar increases and decreases in the
population of the thermophilic bacteria but not of
actinomycetes and fungi. This finding is supported by the
work of Webley (1947a, 1947b, 1948) who found, with composts
of grass cuttings and barley straw that during the early
stages of thermogenesis there was a\rapid increase in the

numbers of aerobic bacteria which were generally found to
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be very sensitive to temperature changes. Hayes (1969)
found in Stage II of the mushroom composting process,

where the compost is incubated at 50 - 60°C, that the
thermophilic actinomycetes became more numerous than either
the bacteria or fungi but when the compost was supplemented
with sucrose the bacterial population increased and the
actinomycete population decreased. The supplementation of
the compost with sucrose was found, by suppressing the
actinomycetes, to inhibit the decomposition of cellulose
and the hemicelluloses. This evidence supports the
hypothesis of Stutzenberger (1971) that-'in refuse composting
the major cellulose decomposers are thermophilic actino-
mycetes. In an earlier investigation into the thermophilic

actinomycetes and fungi of mushroom composting (Fergus,

1964) found that Thermomonospora curvata was the most

frequently isolated actinomycete and Humicola grisea var.

thermoidea and Humicola insolens the most frequently iso-

lated fungi. Fergus (1964) isolated eight species of thermo-
philic fungi and eleven species of thermophilic actinomycetes
and observed that the thermophilic fungi were found to be
restricted to the very outer layers of the compost whereas
the actinomycetes were isolated from all regions of the

compost.

The behaviour of the myéoflora of composts of wheat
and barley straw and grass cuttings has been investigated
by Eastwood (1952), Chang and Hudson (1967) and Chang (1967).
Although the composts described by Eéstwood (1952) both had

thermophilic phases she failed to isolate any thermophilic



fungi, probably because her incubation temperature of 60°C
was too high for their growth. She found that the bacteria
were far more abundant in the composts of grass cuttings

than in the composts of barley straw indicating the
importance of the effect of the nature of the substrate on
the course of composting. Eastwood (1952) found that meso-
philic cellulose decomposing fungi were_found to be abundant
in straw compost at 25°C, the activities of the actinomycetes
- in these composts were not reported. Chang and Hudson (1967)
isolated seven species of thermophilic fungi from their
composts of wheat straw and these were reported to appear

in carefully ordered succession. The thermophilic actino-
mycetes and bacteria were observed in ‘large numbers before

" and during the period of peak heating when the thermophilic
fungi had been suppressed. Chang (1967) in a subsequent
study of the biochemistry and physiology of the fungi isolated
from these composts revealed that some thermophiles notably

Chaetomium thermophile could rapidly utilise both cellulose

and hemicelluloses at a level and rate comparable with thé
total microbial population. The results of Chang (1967)
indicate that the thermophilic fungi may also occupy a major
role in the decomposition of cellulose in composts of

organic wastes.

The evidence presented gbove concerning the micro-
biology of composting indicates that the greater part of
decomposition is brought about by the activities of thermo-
philic actinomycetes or fungi or a cbmbination of both their

activities. Data comparing the cellulolytic capabilities
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of the thermophilic actinomycetes and fungi are scarce but .
it has been generally regarded that the actinomycetes
develop much less rapidly than the fungi and are, therefore,
rather ineffective competitors when nutrient levels are
high. Fergué (1969) compared the cellulolytic capabilities
of some twenty varieties of thermophilic fungi and ten
species of thermophilic actinomycetes and came to the
conclusion that the majority of the fungi had greater
cellulolytic capabilities than the actinomycetes. The
validity of the results obtained by Fergus (1969) can be
criticised because the cultural conditions used were the
.same for the actinomycetes and the fungi and were in fact

better suited to the fungi. Thermomonospora curvata was

one of the thermophilic actinomycetes examined by Fergus
(1969) but the cultural conditions he used differed sig-
nificantly from those found to be optimal for it by

Stutzenberger (1971).

From the evidence of previous research there is
little doubt that the thermophilic microbial populations of
composts bring about an enhanced rate of decomposition
compared with the mesophilic populations. Waksman, Cordon
and Hulpoi (1939), Webley (1947a, 1947b, 1948) Eastwood
(1952) , Chang and Hudson (1967), and Hayes (1969) all noted
the abundance of bacteria in composts especially during the
initial stages of thermogenesis and peak heating. Hayes
(1969) noted the utilisation of simple carbohydrates by the
bacteria and along ﬁith Burman {196i) thinks that they may

well be important in the initial stages of composting. The
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abundance of the thermophilic actinomycetes has been noted
by Waksman, Umbreit and Cordon (1939) and Hayes (1969) and
recent research by Stutzenberger, Kaufman and Lossin (1970)
and Stutzenberger (1971) has indicated that they could be
major cellulose decomposers in composts. The strong
cellulolytic nature and prevalence of some thermophilic fungi,
found throughout composts, has been reported by Waksman and
Cordon (1939) and Chang (1967) whereas other reports have
indicated only a limited growth of such fungi in composts
(Fergus, 1969; Burman, 1961). These references indicate an
absence of evidence concerning the relative importance of
the actinomycetes, bacteria and fungi in the composting
process. Certainly in the liferature there is a complete
absence of any meaningful references concerned with the
microbiological changes occurring during the composting of
refuse and if composting is to progress as a means of refuse

disposal it is an area where research must be carried out.

Consequently in the present investigation tﬁe
activities of the bacteria, actinomycetes and fungi in the
composting of refuse in a small experimental windrow have
been studied. References to the abilities of the thermo-
philic microbial populations in bringing about an enhanced
rate and degree of decomposition have been discussed and
accordingly extra attention was given to the activities

of such populations.

Materials and Methods

The refuse for the experimental windrow was again
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obtained from the composting plant at Chesterfield. The
refuse used had been pulverised, screened for ferrous
metals and sieved to remove any remaining pieces of refuse
larger than 1% inches diameter. The finely pulverised
refuse was collected as it was 'freshly' discharged from
the plant ready for windrowing. Before the experimental
windrow was constructed the moisture content of the refuse
was adjusted to 40 - 50 percent of the total weight, the
optimum level for composting, (A.P.W.A., 1961; Wylie, 1960;

Gray et al., 1971; Berkeley Report, 1953).

The experimental windrow was set up in the open and

it was approximately 4 feet.wide at the base, 2 feet wide

at the top, 5 feet long and 4 feet high in the centre,

see Figure 3.1. During the daylight hours the windrow

was left exposed, except when it was raining, and at night
when it was covered with a polythene sheet. In all other
aspects the composting process employed was completely
comparable with that used by Buhler Brothefs the designers

of the plant at Chesterfield.

The refuse was windrowed for fifty days being
turned once in this time. Previous workers studying the
biochemical and ecological changes in composts (Chapg and
Hudson, 1967; Chang, 1967; Mills, 1973) did not turn or
disturb their composts because they feared that this would
complicate and interrupt their studies. However, when
pulverised refuse is stacked as in a windrow then

compaction will quickly occur which has the effect of
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closing the interstitial air spaces, causing water logging
and generally promoting conditions of anaerobiosis: These
conditions are atypical because the composting of organic
wastes by windrowing is essentially an aerobic process and
so it was decided to turn the windrow at least once and

this was done on day 11, after the completion of the initial
heating phase. Hayes (1969) while studying the micro-
biological changes in the composting of mixtures of wheat
straw and horse manure turned his windrows three times
during the first ten days which did not appear to upset

the consistency of his results.

For the purposes of this study the windrow was
theoretically divided into two regions, the outermost 6
inches of the windrow were designated the 'outer region'
and the volume inside this 6 inch outer layer was desig-
nated the 'central region'. For the determination of the
microbiological changes within the wiqdrow, samples were
taken from four sites in each region. The samples were
removed with a pair of sterile forceps and a sterile
spatula and collected in a clean sterile beaker covered
with aluminium foil. Approximately 50 gms of compost
were femoved from each site at every sampling time giving
a total of 200 g. of compost for each region. The compost
from each region was thoroughly mixed to give a composite
and representative sample which was used to determine the
numbers of the microbial populations and the carbon and
nitrogen contents of the compost in each region. Samples
were taken at 2, 3, 4 or 5 day intervals over the period

of fifty days, the time between samples being increased



with the age of the windrow.

The micro-flora of the windrow was examined by

three methods:-

1% Warcup's soil plate method
b b The screened substrate tube
i iy The dilution plate method.

Warcup's soil plate method was used for the general
isolation of the fungi. A total of 40 Warcup isolation
plates were prepared at every sampling time for each region .
of the windrow, 20 with glucose-starch agar and 20 with
cellulose agar (Eggins and Pugh,_1962). Half of these
plates (10 cellulose and 10 glucose-starch) were incubated
at 50°C for the isolation of the thermophilic fungi and
actinomyceteé and the other half at 25°C for the isolation
of the mesophilic fungi and actinomycetes. Rose bengal at
a concentration of 1 part in 15,000 (0.066g/litre) was
added to both of the media to sﬁppress the growth of the
bacteria and also to limit the spread of fast growing
fungi over the whole plate thus giving the slower growing
fungi'a chance to develop (Smith and Dawson, 1944; Garrett,
1963; Ottow, 1972). 1In the preparation of the plates
approximately 0.2 - O0.3g of compost were used per plate
and the larger pieces of refuse such as paper and wood chips,
broken glass etc. were excluded from the isolation plates,
isolations being made from the smaller soil-like particles.

The plates were examined after 7 days incubation and the
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; percentage frequency of occurrence of a particular
species was determined by recording its presence or

absence on each of the plates.

The fungi and actinomycetes active in the windrow
were isolated by the screened substrate tube method of
Eggins and Lloyd (1968). This method is one of the more
recent developments of a series of techniques (Rossi, 1928;
Cholodny, 1930; Chesters, 1940; Thornton, 1952) designed
to isolate only the actively growing fungi present ip soils
and it successfully overcomes many of the criticisms
levelled at the earlier techniques by Garrett (1951) and
Chesters and Thornton (1956). The substrate used by
Eggins and Lloyd (1968) was. polythene coated 3.M.M.

Whatman chromatography paper. The main advantages of this
substrate are that it consists of a relatively undegraded
fibrous cellulose which is manufactured with the total
exclusion of extraneous soluble substances and secondly,

' the ease of handling facilitated by the inert polythene
backing aftér the cellulose has been degraded. In the
screened substrate tube the polythene backed chromatography
papers are installed in the soil wound around test tubes,
polythéne side innermost. Each strip is then covered with
glass fabric tape 2 inches wide by 0.003 inches thick which
is then fastened by an adhesive £ape of resin backed

glass fibre which is heat and water resistant. The
covering of glass fibre tape avoids direct contamination

of the substrate by soil particles yet easily allows

colonising growing hyphae to penetrate to the cellulosic
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substrate. The screened substrate tubes are sterilised
by autoclaving in covered beakers containing a few ml.

of water.

Allsopp and Eggins (1972), using cotton textile
strips, demonstrated the effectiveness of the glass fibre
fabric screen by comparing the colonisation of séreened
and unscreened strips. It was found that there was an
initial delay in the colonisation of the screened strips
and the fungi colonising them were predominantly cellulolytic
species. 1In comparison a greater variety of fungi were
isolated from the unscreened strips and the spectrum
obtained was similar to that obtained by the Warcup soil
plate technique. These results demonstrated the success
of tﬁe screened substrate tube in isolating only the

active mycoflora of a soil.

The screened substrate tube was chosen for use in
the present investigation because of:-
i the ease of construction and, therefore,
replication of the tubes,
ii. the easy handling of the substrate even
after colonisation and degradation have
taken. place,
1415 G 1 o ig not selective for fungi able to grow
rapidly under conditions of low oxygen tension
and iv. it has been shown to be selective for fungi

involved in the breakdown of cellulose which

is the major fraction of town refuse.
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The screened substrate tubes constructed for
burial in the windrow had two strips of chromatography
paper O.5cm wide and 5cm long attached as shown in
Figure 3.2. The tubes were autoclaved for 20 minutes at
a pressure of 15 lbs/sq. in. in the manner previously
described. The screened substrate tubes were buried in
four sites in the windrow, two sites in the central region
and two in the outer region, with 8 tubes being buried
at each site. The.tubes in the outer region were buried
to a depth of 4 - 6 inches. Two tubes were sacrificed
from each site at 2, 3, 4, or 5 day intervals, the time
between each sacrifice increasing with the age of the
windrow. Fresh sets of tubes were placed in the windrow

on day 1ll, after the windrow was turned, and on day 27.

After the tubes were removed from the windrow any
compost adhering to the outside of the glass fibre fabric
screen was carefully removed before the eventual removal
of the screen itself. The cellulose strips were removed
with sterile forceps and cut into four pieces with
scissors sterilised (by flaming with alcohol) between each
cut. The pieces from each strip were plated out, two
pieces'to each plate of (a) cellulose and (h).glucose-
starch agars. The plates prepared from one strip of a
tube were incubated at 50°C and the plates prepared from
the other strip, of the same tube, were incubated at 25°c.
By this method it was possible to compare the activities,
at a given time, of the mesophilic and thermophilic fungi
and actinomycetes in the windrow. The plates were
examinecl after 7 days of incubation ané the species present

recorded,
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The quantitative changes in the microbial popu-
lations in the windrow, i.e. the numbers of actinomycetes,
bacteria and fungi, were monitored by means of the dilution
plate technique. This technique was originally developed
for the estimation of the numbers of bacteria in soils
and Garrett (1963) reported that the method could be
used with some accuracy for this purpose and also for the
quantitative estimation of the aétinomycetes because the
bacteriai population consists of individual cells and the
hyphae of the actinomycetes will readily fragment to give
such individual cells. However, the dilution technique
has been extensiveiy criticised in regard to its use for
the quantitative estimation of fungus propagules within
the soil (Brierley, 1927; Chesters, 1948; Chesters and
Thornton, 1956; Garrett, 1951, 1963; Warcup, 1950, 1951,
1955) because of the advantage’it gives to abundantly sporing
species and the mycelium present more often than not remains
embedded in fragments of organic material which are left

behind in the suspension.

Meiklejohn (1957) found whilst making quantitative
estimations of bacte:ia and actinomycetes in soil with the
dilutibn plate technique that the more dilute the suspension
from which a plate count was made, the higher the estimate
of numbers obtained from the plates. This discrepancy
‘made it impossible to estimate which of the values had
any real meaning, thus restricting the usefulness of the
‘dilution plate to comparative purposes, similar to those

of the present investigation.
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The dilution plate technique has been successfully
used to monitor the quantitative changes in the microbial
populations of compost heaps of various materials. Two
of the more recent studies being by Hayes (1969) and Chang
and Hudson (1967) who worked with mushroom composts and
wheat straw composts respectively. Hayes (1969) concluded
that the dilution plate method'proved_to be a convenient
and workable method for comparative estimations of popu-
lations where only gross changes were considered to be of
significance. 1In composts the differences in abundance
and composition of microbial populations are more discernible
than in soils because of the rapid changes which occur in
both population and species composition (Hayes, 19695.

The dilution plate technique is, therefore, the most
practical and meaningful one to use in monitoring numerical

changes in the microbial populations of compost heaps.

In the present investigation the dilution plates
were prepared in accordance with the precautions outlined
by Collins and Lyme (1970). Approximately 10g., fresh
weight, of compost was weighed accurately and placed in
100 ml. of sterile distilled watef containing 0.1% yeast

extract and shaken for 20 minutes on a reciprocal shaker.*

*Footnote The 0.1% yeast extract was added to minimise

the loss in viability of the bacterial population (Straka

and Stokes, 1957) since it has been found (Nelson, Macquillan
and Campbelli 1957) that a répid and extensive loss in
viability Gcéurs in the comﬁbnly used diluting fluids with

as much as 40 - 60 percent of the entire population dying

within 20 miautes and 90 percent in 1 hour.
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Serial tenfold dilutions were prepared for the initial
dilutions from the samples from the central and outer

10 had been obtained.

regions until final dilutions of 1:10
The same dilutions were used for the estimation of the

actinomycetes, bacteria and fungi and in the preparation
of the plates 1lml. aliquots of the appropriate dilutions

were used.

Nutrient agar was used for the enumeration of the '
bacteria, counts of both the thermophilic and mesophilic
bacteria were carried out after 24 hours and checked after
48 hours of incubation. élates were counted which had

between 1 and 200 colonies, as recommended by Hayes (1969).

The actinomycetes, in £he.dilutions, were isolated
on half-strength nutrient agar (the concentration of agar
was made up to 2 percent by the addition of Oxoid Agar
No.3) containing 25 ug/ml of the antibiotic pimafucin, which
was added when the medium had cooled to below 50°C. Half-
‘strength nutrient agar had previously been used for the
isolation of mesophilic and thermophilic actinomycetes from
hay and wheat straw composts by Gregory and Lacey (1962),
and Chang and Hudson (1967) when used with the antibiotic
actidione. Actidione was, however, found not to be
effective at thermophilic temperatures by Latham (1969),
who in an assessment of the different isolation techniques
for thermophilic actinomycetes found that pimafucin was
easily the most effective antibiotic tested achieving

100 percent suppression of fungi on dilution plates when’
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incorporated into the medium at a concentration of 25 ug/ml.
Plates prepared in this investigation were counted after

48 hours and checked after 4 days of incubation, only those
plates having between 1 - 200 colonies per plate were

counted.

The dilution plates for the enumeration of the
fungi were prepared with potato-dextrose agar which was
found by Evans (1969) to isolate a general selection of
fungi not favouring any specific group. Plates were
counted with between 1 and 50 colonies, after 24 hours
of incubation for the thermophiles and after 48 hours for
the mesophiles; after these times spreading colonies made
counting impossible. James and Sutherland (1939) reported
that fifty colonies of fungi per plate was sufficient for
accurate quantitative estimations preventing interference
between developing colonies through .competition and

antagonism.

The remainder of the samples taken from the two
regions of the windrow were used for the determination of
moisture contents, carbon contents and nitrogen contents,
sampleé for the determination of the pH being taken
separately. The fresh samples were weighed, dried to
constant weight at 60°C, reweighed and the moisture
content calculated as a percentage of the original weighﬁ.
After drying the samples were reduced to a fibrous
powder by a high speed laboratory grinder. In this manner

it was possible to obtain samples of a representative
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nature suitable for use with the relatively small scale
analytical techniques required for the determination of

the carbon and nitrogen contents of the samples.

The carbon contents of the samples were estimated

from the percentage ash by the following equation:-

Percentage Carbon =(

This method, commonly known as the New Zealand Method, has
been reported to approximate more accurate methods within
2 - 10 percent and is recommended as sufficiently accurate
for practical composting (Berkeley Report, 1953). The ash
contents of the samples were determined by the method
outlined in Tappi Standard T15m-58 for the determination of
ash in wood. The samples were stored in a dessicator and
approximately 2g. of each sample were_accurately weighed
out into a crucible of known weight and then reduced to
ash in an electric muffle furnacelat a temperature of
575°C. The mean of two such determinations was used to

calculate the carbon content for each sample.

The total nitrogen contents of the samples were
determined by the micro-Kjeldahl method, as described by
Leggat-Bailey (1967), apart from the following exceptions.
The weight of sample used was 0.05 - 0.1lg. and the period
of refluxing after the digest had cleared was reduced from

eight to three hours and it was found that this reduction
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did not in any way affect the results obtained. The total
nitrogen content of each sample was estimated by taking
the mean of the resulté from three replicate samples. In
the past the micro-Kjeldahl method of estimating nitrogen
has been shown to give accurate and reproducible results
when used with finely divided soils, a material similar to

the finely ground compost (Bremner, 1960).

The pH of the central and outer regions of the
windrow were determined every two days. For each region
approximately 10 gms of fresh compost, taken from two or
three separate sites, were homogenised with 100 ml of
de-ionised water in a 'Waring-Blendor', the resulting
suspension being cleared by centrifugation and the pH of
the extract being taken with a Cambridge Model 78 pH

meter.

The temperature of the windrow was checked daily
for the first few weeks and from then on approximately every
2 days. The temperatures of the windrow were recorded at
depths of i%, 6 and 18 inches with a. long-reach mercury -
thermometer, the average of six readings from different
sites at each depth being recorded to the nearest degree.

At one stage, the readiﬁgs from the thermometer were

checked by thermocouple and found to be accurate.
Results

The temperature changes which took place within
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the windrow during the fifty days of composting are presented
~in Figure 3.3. Immediately after the construction of the
windrow the refuse had'a temperature of 28°C and during

the following 48 hours there was an extremely rapid and
large rise in temperature throughout the windrow. After

48 hours the temperature of the central region was 58°C,

at a depth of 6 inches it was 64°C and at a depth of 1%
inches it was 48°C but in the next few days only slight,
further increases were recorded. The maximum temperatures
recorded were, for the central region 63°C on day 8, at a
depth of 6 inches 66°C by day 4 and at a depth of 1% inches
50°C also by day 4. After the maximum temperatures had
been recorded, a drop in temperature was observed in all

regions until after the windrow had been turned on day 1ll.

Immediately after ''turning' the windrow, the
temperatures recorded on day 12 were, in the central region
46°C, at a depth of 6 inches 48°C and at a depth of 1% inches
27°%¢c. ‘Following this fall, there was, once more, a rapid
rise in temperature in all regions of the windrow. In the
central region a peak temperature of 60°C was reached on aay
22 and in this region the temperature remained above 50°C
for 18 days until day 34, after which it decreased ﬁowards
ambient, a temperature of 31%¢ being recorded on day 50
at the completion of composting. At a depth of 6 inches
a maximum temperature, after turning, of 56°C was reached
by day 14 and in this region the temperature on day 50

was 18°¢C only 4°c above the maximum air temperature.
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Throughout the 50 day composting period the air
temperatures remained fairly constant, showing only a slight
decline from start to finish. The maximum temperatures
recorded fluctuated between the limits of 14 and 24°C and
the minimum temperatures between 5 and 18°C. The lowest
air temperatures were recorded between days 25 and 36 and
this Qas reflected in the temperatures recorded in the
windrow, which dropped more rapidly than at any other

'stage, especially in the outer regions.

The pH changes which occurred within the two
regions of the windrow during thé composting period are
shown in Figure 3.4. The pH in the outer region rose very
quickly from pH 6.02 to 7.96 in 48 hours and by day 4 it
had risen still further to a peak of 8.13. After day 4 the
PH dropped until by day 10 it was 7.6 after which it again
rose until the windrow was turned on day ll. In the central
region the pH initially rose much more slowly, reaching a
first peak of 6.62 on day 4 after which it fell to pH 6.02
by day 8, only to increase, despite the turning of the
windrow, until it reached a maximum of 7.95 on day 31, after
which it remained almost constant until the completion of
composting. The pH of the outer region, after turning,
rose rapidly to a peak of 8.14 by day 19 and apart from
minor fluctuations remained at this level ﬁntil the
completion of composting.

The changes in the carbon, nitrogen and moisture

contents of the windrow are shown in Table 3.1. When a



pH

C:N RATIO

=170~

FIGURE 3.4 pH OF THE CENTRAL AND CUTER REGIONS OF THE WINDROW
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plot of the C:N ratios was made as shown in Figure 3.5

it became apparent that degradation had proceeded much
more rapidly in the oﬁter region and that in both regions
the maximum rate of degradation had occurred during the

first 12 - 15 days of composting.

Froﬁ Table 3.1 it can be seen that the moisture
content of the central region fell much more rapidly than
that of the outer region which at all times remained
approximately constant at 40 percent. In the first 11 days
of composting the moisture content of the central region
fell from 43.3 percent to 33.8 percent; after turning and
watering it rose to 39.7 percent but by the completion of

composting on day 50 it had fallen to 25.4 percent.

The guantitative changes in the thermophilic and
mesophilic microbial populations that occurred within the
central region are shown in Figures 3.6 and 3.7 respectively.
In this region the populations of both the thermophilic and
mesophilic fungi decreased during the first two days as the
temperature rose to 58°c. The poﬁulation of the mesophilic
fungi, was reduced to a very low level but persisted
througﬁout the period of peak heating and between days 23
and 28 there was a marked increase in their numbers which

continued until day 50.

The fungi isolated at 25°C from the, central
region of the windrow by Warcup's technique are listed in

Table 3.2 which shows that the refuse initially contained
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Table 3.2 (A) Percentage frequency of occurrence of fungl and actinomycetes isclated, from the central

region of the windrow, on cellulose agar at 25°C by Warcuvp's technigque

Days

(] 2 i 6 (RN e & S e SR e LT P S A 32 |36 40 |44 50
Species isolated
Arthrobotrys sp. [ 80 |100
Aspergillus sp.
Aspergillus fumigatus 90 | 100 | 100 | 100 ; 100 | 80 | 60 |100 [100 | 90 |10O | 90 | 90
Aepsrglilug Sumigacus 40 60 | 40 | 40 | 30 | 40 40 | 30 | 50
(orai.ge wvariant)
Cephalosporium sp. 20
Cerastomella sp.
Chaetomium aterrimum 50 20
Eurotium sp. 20
Fusarium sp. 90 70| 50 40 60 40 S0 50

Gliocladium roseum

Graphium sp.

Humicola insclens* 10

Humicola grisea 30 10

Monilia brunea 20 y ;
Mucor pusillus* 100 | 100| 70| 60 100 80 | 100 96 90 80 70 | 100 {100
Penicillium funiculosum 20 30 40 30 30

Penicillium sp. 100 80

Paecilomyces variotd - 20

Piptocephalis sp.

Sordari; fimicola 30

Sporotrichum sp. o

=tachybotrys a?r: 20 10

Stysanus sp. 80 . ! : 10

Trichoderma viride 10 10| 10| 10| 20 1

Ulocladium sp. 20

Veriicillium latecitium 40

act;nomycetoa 70| 30| 30 10| 40| 60 | 50| 70| 90 |100 | 100 | 90 | 90

* denotes thermopnile
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Table 3.2 (B) Percentage frequency of occurrence of fungi and actinomycetes isolated, from the central

region ci the windrow, on glucose-starch agar at 25°%¢ by Warcup's technique

Days
0 2 4 6 8 [11 |25 19 (23 127 |32 |36 (40 |44 50

Species isolated
Archrobotrys sp. 20 |
Aspergillus sp. 20
Aspergillus fumigatus 90 | 100 | 100 | 100 loo| 70| 50| 90| 100 | 100 | 100 | 100 | 90
?gﬁg;g;ﬁ‘;jé:ﬁg““s 30 50 20| 90 50| 70| so0 30| 70"
Cephalosporium sp. 50
Cerastomella sp. 30
Chaetom%um aterrimum 20
Eurotium sp. 20 8O
Fusarium sp. 60 30 40 20
Gliocladium roseum 20
Graphium sp. 20

Humicola insolens*
Humicola grisea 10
Monilia brunea

Mucor pusiilus* : %0 90 70 50 100 | 100 90 | 100 70 B8O 80 S0 90

fenicillium funiculosum 90 | 10 30| 50
Penicillium sp. . 20
Paecilomyces varioti 60
Piptocephalis sp. 10

Sordaria fimicola
Sporotrichum sp.
Stachybotrys atra
Stysanus Ssp. 30
Trichoderma viride 60 20
Ulocladium sp.
Verticillium lateritium

Actinomycetes 80 40 30 30 30 =0 60 BO o0 | 10C 70 70

* denotes thermophile
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a varied selection of fungi with 26 different species
being isolated from the initial sample of refuse. By day
4 the number of different species isolated, had been

reduced to 8 including: two variants of Aspergillus

fumigatus, Fusarium sp.,Mucor pusillus, Penicillium

funiculosum, Penicillium sp., Trichoderma viride and

several species of Actinomycetes. Of these fungi the two

varients of the thermotolerant Aspergillus fumigatus and

the thermophilic Mucor pusillus persisted, apart from the

period between days 8 and 11, with high percentage frequencies
of occurrence throughout the 50 days composting, these were
also the three fungi most frequently isolated by the dilution
technique. After the 'turning' of the windrow there was an
increase in the number of species isolated on day 15,

Chaetomium aterrimum, Humicola grisea, Stachybotrys atra

and Stysanus sp. all being isolated for the first time

since the construction of the windrow. These fungi did not
persist, however, and were not isolated again on day 19.

The mesophilic Actinomycetes in the central region persisted
throughout the composting period their frequency of

occurrence increasing in the later stages.

The mesophilic fungi isolated at 25°C, by the
screened substrate tube, from the central region are listed
in Table 3.3 which shows again that the three most active

fungi in this region were Mucor pusillus and the variants

of Aspergillus fumigatus. Trichoderma viride and the two

species of Penicillium were isolated in the initial stages

of composting but were not isolated by the screened substrate



Table 3.3 Mesophilic fungi and actinomycetes isolated by the screened substrate tube, from the central

region of the windrow, on cellulose :(C) and glucose-starch (GS) agar incubated at mwon for 7 days

Days 2 4 7 11 15 19 23 27 L 35 39 50
Species HmonﬂmmJIf!f!ff C|GS| C|GS |C|GS|C-|GS 0. GS|C|GS| C |GS] C|GS}|C|GS| Tl GS|:C| GECe | G3<}n s
Aspergillus fumigatus + | + + | + + + |+ +1 + + + | + + | + + +1 + + |+
westillE B + .l +
Aspergillus niger +
Chaetomium n:mhaov:wwm = 2| [ 7 + + o
WW Cladosporium sp. ° + i ‘ : S : ‘ e
(; Humicola insolens + A
Mucor pusillus + |+ & & + % A + S s
Penicillium funiculosum + |+
Penicillium sp. +
Trichoderma viride & +
Actinomycetes + | | _ +L. .+
ol First set of tubes Second set of tubes waiwﬂm set of tubes

r denotes presence on the screened substrate tube
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tube after day 7. Chaetomium thermophile and Humicola

insolens, both thermophiles, were isolated, at 25°C, on
day 31 from the third set of tubes, when the temperature

of the windrow was 50°C.

On day 8 when the temperature was 630C, the
maximum attained, in the central region, the numbers of
the ﬁhermophilic fungi present in this region were reduced
to zefo but they reappeared between days 10 and 15, most
probably sometime after the windrow had been turned on
day l1ll. However, the population of the thermophilic fungi
decreased again after day 15, as the temperature rose to a
second peak of 60°C on day 22. By day 25 the temperature
had fallen to 53°C and from this stage the population of
the thermophilic fungi increased, reaching a maximum on
day 36 when the temperature was 48°c. Table 3.4 lists the
thermophilic fungi and actinomycetes isolated from the central

region by Warcup's technique at 50°C. Humicola lanuginosa

was the most frequently isolated fungus both before and

after the turning of the windrow. Chaetomium thermophile

was isolated from the original refuse but did not appear in
the central region of the windrow until day 15 after the
windrow.had been turned but it then had a frequency of
occurrence of 100 percent which was maintained until the
completion of composting on day 50. The fungi most

frequently isolated from this region, by the dilution plate

technique were the thermophiles, Chaetomium thermophile,

Humicola lanuginosa, Mucor pusillus and the thermotolerant

Aspergillus fumigatus. The fuhgi and actinomycetes isolated
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Table 3.4 (A)

Percentage frequency of occurrence of the thermophilic fungi

and actinomycetes isolated,

from the central region of the windrow, on cellulose agar at

50°C by Warcup's technique

Days _
: o} 2 4 6 8 11 L5 1 19 23 28 32 36 40 44 50
Species isolated
Aspergillus fumigatus 50
Chaetomium thermophile 30 100 { 100 | 100 | 100 | 100 ; 100 | 100 | 100 | 100
Humicola insolens | 30 20 40
Humicola lanuginosa 100 60 | 100 | 100 100 | 100 | 100 { 100 | 100 | 100 | 100 | 100 | 100
Malbranchea pulchella 70 10 20| . 40 30 30 20 30
Mucor pusillus 50 40
Streptomyces thermovulgaris 10
Thermoactinomyces glaucus 80 | 100 | 100 30 40 50 60 40 | 100 90 50 50 60 30 20
emmmaoHOhOmUOﬂm curvata 60 70 | 100 40 90 | 100 50 60 90 80 | 100 80 70 60 50
HrmHBOEOSOmMOﬂm fusca 20
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Table 3.4 (B)

Percentage frequency of occurrence of the thermophilic fungi and actinomycetes isolated,

from the central region of the windrow, on glucose-starch agar at 50°c by Warcup's

Thermomonospora fusca

60

technique
Days _ : :
0 2 4 6 8 11 15 19 23 28 32 36 40 44 50
Species isolated
Aspergillus fumigatus 60 20
Chaetomium thermophile 10 100 HOO 100 | 100 | 100 80 | 100 | 100 | 100
Humicola insolens
Humicola lanuginosa 100 .mo 100 | 100 100 | 100 | 100 | 100 | 100 | 100 | 1GO | 100 | 100
Malbranchea pulchella |
Mucor pusillus 100 60 | 100 60 40 80 40 60 50 30 70 50
Streptomyces thermovulgaris ‘
- Thermoactinomyces glaucus 40| 80| 20| 10| 30| 40| 40 50| 50| 30| 40| 60| 1lOo| 20
Thermomonospora curvata 80 90 50 80 60 50 70 70 80 90 80 66 50
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at SOOC, by the screened substrate tube, from the central
region of the windrow are listed in Table 3.5. Humicola

lanuginosa and Chaetomium thermophile were again the most

common of the thermophilic fungi and Humicola lanuginosa

was the only thermophilic fungus to be isolated by this
‘method before the windrow was turned on day 1ll. After the
windrow had been turned and the temperature in this region
had fallen from its peak of 63°C several other fungi were
isolated by the screened substrate tube and in order of

appearance they were, Mucor pusillus, Thermoascus aurantiacus,

Aspergillus fumigatus, Malbranchea pulchella and the orange

variant of Aspergillus fumigatus.

Unlike the thermophilic fungi the population of
thermophilic actinomycetes in the central region increased
rapidly during the first two days of composting and then
increased steadily reaching a peak on day 28, following the
' second temperature peak, of 60°C in this region. The
increase in the population of thermophilic actinomycetes in
this region was closely watched by the increase in pH.
After day 28 Fhe population of the thermophilic actinomycetes
remained at a constant level until the temperature dropped
below 50°C on;day 36 after which there was a sharp decline
in their numbers. On the dilution plates, the dominant

thermophilic actinomycetes in the central region were

found to be Thermomonospora curvata and Streptomyces

thermovulgaris. Four species of thermophilic actinomycetes

were isolated by Warcup's technique and these were,

Thermomonospora curvata, Thermoactinomyces glaucus,

L
b



Table 3.5 Thermophilic fungi and actinomycetes izolated at 50°C from the screened substrate tubes from

the central region of the windrow on cellulose and glucose-starch agar (C and GS respectively)

Days 2 B 7 11 15 19 23 LT 31 _ 25 39 50
Species isolated -tcjeslcjesfc[Gslc[Gs|c[es[c][Gs|c]Gs]lcCc|Gs]cC|GS} C|GS|C]:GCE:Ci ]G5

rwmwmnmwwwcm fumigatus . +

Aspergillus fumigatus
(orange variant)

Chaetomiun thermophile + | + iy (R % 1 = i Lo S = ] + 1%
Humicola lanuginosa + | + e [ + | + + |+ LA it + | & o e TR g

Malbranchea pulchella + i 3
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Thermoascus aurantiacus + + -+

Streptcmyces thermo-
vulgaris

Thermoactinomyces
glaucus ; i

Thermomoncspora curvata 4+ + | + + + | + + |+ + A + | * + |+ + |+

Thermomonospora fusca +

L
Third set of tubes i

l
!
i - i
4
i

; First set of tubes | Second set of tubes
; i
i i

+ denotes presence on the screened substrate tube
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Thermomonospora fusca and Streptomyces thermowvulgaris. Of

these only Thermomonospora curvata and Thermoactinomyces

glaucus were isolated regularly both having an average
frequency of occurrence of over 50 percent. The thermophilic
actinomycete most frequently isolated by the screened

substrate tube was Thermomonospora curvata. In this investi-

gation the thermophilic actinomycetes were identified
according to the system of classification given by Waksman

(1961) .

During the first 8 days of composting the population
of the thermophilic bacteria in the central region increased
rapidly and then very gradually declined until the completion
of composting. In the first two days of composting the
numbers of mesophilic bacteria declined sharply and then
remained at a constant level until after the windrow was
turned on day 11 after which their numbers gradually increased
reaching a peak on day 23 at which stage their numbers
remained constant until the completion of composting. The
population of the mesophilic actinomycetes in the central
region also declined during the initial stages of composting
but between days 1l and 15, after 'turning' there was a
marked fise in their population which was halted by the
increase in temperature to 6Q°C by day 22. However after
day 23 there was a rapid fall in the temperature and the
populatién of the mesophilic actinomycetes increased

reaching a peak on day 40. .

The quantitative changes in the thermophilic and
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mesophilic microbial populations of the outer region of the

windrow are shown in Figures 3.8 and 3.9 respectively.

The rapid rise in the temperature of the outer
region of the windrow during the first two days of
~composting coincided with a drop in the population of the
thermophilic fungi. Between days 2 and 4 the population of
the thermophilic fungi increased rapidly despite the high
temperatures of 64 - 66°C at a depth of 6 inches. The
increase in population probably occurred because the ﬁaximum
temperature recorded at a depth of 1% inches during this
period was only 50°C. The increase in the population of
the thermophilic fungi continued until the windrow was
turned, after which a slight decline was observed until
day 15 and after this time the population remained constant
until the completion of composting. The fungi isolated on
the Warcup.plates at 50°C from the outer region of the
windrow are listed in Table 3.6. The most commonly occurring

fungi were Chaetomium thermophile, Humicola lanuginosa and

Mucor pusillus the same three fungi that were most prevalent

in the central region. The fungi appearing most frequently

‘on the dilution plates incubated at 50°C were Chaetomium

thermophile, Humicola lanuginosa, Mucor pusillus and

Aspergillus fumigatus. The fungi most frequently isolated

by the screened substrate tube at 50°C from tpe outer region

were again, Chaetomium thermophile, Humicola lanuginosa and

Mucor pusillus. In the later stages of composting Malbranchea

pulchella was also frequently isolated by this technique,

showing it to be active within the windrow, see Table 3.7.
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Table 3.6 (A) Ie."centage frecquancy of occurrence of tnermoplilic fungi and actinomycetes isolared, from

the outer region of the windrow, on cellulose agar at 50°C by Warcup's technique

(0] 2 4 6 8 11 15 19 23 28 32 36 40 44 52

Species isolated P

Aspergillus fumigatus RyEsonl.. 20 10 10
Chaetomium thermophile 30 | 80 |100 | 100 | 100| 100 | 100 | 100 100 | 100 | 100 | 100 | 100 | 100 | 100
Humicola insolens 60 90

Humicola lanuginosa 100 | 100 [100 | 100 | 100| 100 | 100 | 100| 70| 80| 100 | 100 | 100 | 100 | 100
Malbranchea pulchella 70 so| 70| 60| 8o| so| 8o
ucor pusillus 50 go| 10| 20| 70| ‘90| 100 | 90 |100| 88| 100

Streptomycz2s thermovulgaris 10
Thermoactinomyces glaucus 80 80 40 80 70 70 10

Thermomonospora curvata 60 | 40 20 70 40 80 50 | 100 80 | 100 90 50 40 40

-]
<

' Thermomonospora fusca 30 30| 70]|100] 50| 20| 30| 19} O] Vio | 20




Tabkle 3.6 (B) Percentage frequency of occurrence of the thermophilic fungi and actinomycetes isolated,

- 3 o
from the outer region of the windrow, on glucose-starch agar by Warcup's technique at 50 C

—-189=

Days
0 2 4 6 8 1 15 15 23 28 32 36 40 44 50
r wﬁmnmeIMmowmﬂmm.l

Aspergillus fumigatus 60| 60| 30 40 : =10 30
Chaetomium thermophile 10 50 | “ 60 70 80| 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
Humicola insolens
Humicola lanuginosa 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
{albranchea mawormwww. 20
Mucor pusillus 100 70 | 100 | 100 | 100 70 | 100 | 100 | 100 90 [ 100 | 100 | 70 | 100 | 100
Streptomyces thermovulgaris
Thermoactinocmyces glaucus 40| 40| 70 30| 60 40 20
Thermomonospora curvata 40 20 60 30 60 60 40 50 | 100 80 90 40 40 20
Thermomonospora fusca 40 10
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Table 3.7 Theracphilic funoi end actinomycetes isolated at 50°C from the screened substrate tubes from

the outer region of tle windrow, on cellulose (C) and glucose-starch (GS) agar
nnﬂfffffffff!f!r Days 2 4 7 HM._ 35 19 s 23 27 ||wH 35 39 50
Species isolated—__ G GS €] GS | €} GS GS|C|GS|C|GS| C|GS GS | C|GS Gs ‘GS - G8
Asperg:llus fumigatus
Chaetomium thermophile + bt + + | + + + |+ -+ ] M + = g
Humicola M:mowmsw + +
Humicola lanuginosa + 1 4 + + + |+ +| + + | + + + | + + + +
Malbranchea pulchella + + + +
Mucor pusillus + + + | + + | + + + + + .+ -
Streptomyces thermo- +
vulgaris
MMMMMananoamnmm +.5] = i s
Thermomecnospora curvata Wl -+ e > 401 =) =k + + 1 +

| First set of tubes tubes “

+ denotes presence on the screened substrate tube

Second set of

i Third set of tubes
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In the outer region the population of mesophilic
fungi remained constant until the windrow was turned after
which the population declined until day 19. Between days
19 and 28 the population again remained constant but it
increased from day 28 until the completion of composting
on day 50. 26 species of fungi were isolated at 25°C on
the Warcup isolation plates from the initial refuse, see

Table 3.8, including two thermophiles Mucor pusillus and

Humicola insolens and two variants of the thermotolerant

Aspergillus fumigatus. During composting, the fungi most

frequently isolated from the outer region at 25°¢ by the

Warcup technique were Aspergillus fumigatus, Fusarium sp.,

Mucor pusillus, Penicillium funiculosum and Penicillium sp.

After day 1l the nematode trapping fungus Arthrobotrys sp.

was regularly isolated, its appearance coinciding with the
presence of swarms of nematodes within this region. During

the first 6 days the thermophilic Humicola insolens was

regularly isolated at 25°C and it could also be observed
growing on the surface of the windrow producing wefts of

mycelium.

The fungi isolated at 25°C from the screened
substrate tubes from the outer region of the windrow are
listed in Table 3.9. The most frequently isoléted fungi

were Aspergillus fumigatus, Mucor pusillus and to a lesser

‘extent Fusarium sp., Chaetomium aterrimum, Aspergillus

fumigatus (0.V.) and Trichoderma viride.

During the first 4 days of composting an



Table 3.8 (A)
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Percentage frequency of occurrence of fungl and actinomycetes isolated, from the

outer

reuion of the windrow, on cellulose agar at 25% by Warcup's technique

Cays

v 0 2 4 6 gt 1 1219 Fxe |23 128 |32 36 | 40 |44 50
Species isolated
Arthrobotrys sp. 40 | 100 | 100 | 200 | 100 | 100 90 | 100 | 100 | 100
Aspergiilus sp. 10
Aspergillus fumigatus 90 | 100 | 100 | 100 | 100 90 | 100 90 70 | 100 | 100 | 100 | 100 90 | 100
?:g:;g;liziiﬁﬁﬁigat“§ 40| 20 20 Jo| 30| 40| 30| 40 40 | 30
Aspergillus niger
Cephalosporium sp. 20
Cerastomella sp.
Chaetomium aterrimum 50 40| 60| 80| 10| 60| 10| 20| 20| 40 30| 20| 10
Curotium sp. 20
Fusarium sp. 90| 60| 60| 60| 70| 60| 40 (100 | B8O | 70 | 50 60 70 80 60
Gliocladium roseum N
Graphium sp. 20 30 | 20 30
Humicola grisea 30 20
Humicola insolens* 10| 50| 60| 1O
Monilia brunea 20
Mucor pusillus* loo| 80| 60| 50| 70| 90| 70 | 40 | 100 | 90 | 80 70| 70 | 90 80
renicillium funiculosum 60 | 40 | 60| 50 60 60 | 50 B8O 50 50 60
Penicillium sp. lo| 70| 40| 40 70 40 | 50 60 | 60
Paecilomyces variotti 20
Piptocephalis sp.
Sordaria fimicola 30 10 40 10
Sporotrichum sp. 30
Stachybotrys atra 20
Stysanus sp. 80
Trichoderma viride 10 70 20 10 | 20 30| 50| 70| D
Ulocladium sp. 20
Verticillium lateritium 40
Actinomycetes 70 |100 (100 | 80 | 60 | 100 | 100 | 70 | 30 | 100 | 100 | 100 | 100 | 100 | 100

* denotes thermophile

s
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Table 3.8 (B) Percentage frequency of occurrence of fungi and actinomycetes isolated, rrom the outex

reqion of the windrow, on alucose-starch agar at 25% by Warcup's technique

Cays i

(¢] 2 4 6 8 |11 {15 19 |23 |28. |32 |36 |40 44 |50

Species 1solated
Arthrobotrys sp. . 20| 70 | 90| 60| 70| 60 | 80 | 70 | 50 | 80O
Aspergililus sp. 20 90 | 50 20 | 30 30 30 20 40 40
Aspergillus fumigatus 90 | 100 (100 | 90 |100 |100 |100 |[100 | 100 | 90 [l00 |100 | 90 | 90 |100
e i 30| 20| 10| 20| 20 1020 20| 10| 20| 10 10
Aspergillus niger 50 30
Cephalosporium sp. 50 |
Cerastomella sp. .] 30
Chaetomium aterrimum 20 30| 20
Curotium sp. 20
Fusarium sp. 60| 70 | 50 30 50| 60 30 30 40 10 30
Gliocladium roseum 20
Graphium sp. 20 10
Humicola grisea
Humicola insolens* ‘ 10 | 20
Monilia brunea
¥ucor pusillus* 90 | 100 | 30 | 50 (100 | 80 | 100 (100 | 70 |1po | 100 [100 | 80 | 100 | 100
Penicillium funiculosum 90 50| 60| 50| 50| so _.?0 60| 50| 60| 40| 60 | so
Penicillium sp. "| 20| 10| so| 40| 30 50 | 50 40 30
Paecilomyces varioti 60
Piptocephalis sp. 10
Sordaria fimicola
Sporotrichum sp.
ftachybotrys atra
Stysanus sp. 30
Trichoderma viride 60 30 20 20 40 30
Ulocladium sp.
Verticillium lateritium
Actinomycetes . A0 | 20 ! 20 | 30| 60 | 80 : 80| 6C| 60 | 70 | v0 | 100 | 8O | 90 ! 80

* denotes tlermophile

- - . 4
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extremely rapid and marked rise in the population of the

- thermophilic actinomycetes occurred in the outer region of
the windrow. This coincided with a rise in temperature, at

a depth of 6 inches, from 28°C to 66°C and a rise in pH

from 6.02 to 8.13. After day 4 both the temperature and the
pH fell and this was followed by a decline in the population
of the thermophilic actinomycetes until day 8 after which
time the population remained approximately constant until

the windrow was turned. Between days 11 and 19 the population
of thermophilic actinomycetes in the outer region gradually
increased reaching a second peak on day 19 and once again

the rise in population was accompanied by rises in both the
temperature and the pH. After day 19 the population declined
rapidly, until the completion of composting, following a
sharp fall in the temperature in this region. Four species
of thermophilic actinomycetes were isolated by Warcup's
technique, (see Table 3.6) at SOOC, from the outer region

and these were the same species which appeared in the central
region. The most frequently occurring of these thermophilic

actinomycetes was again Thermomonospora curvata although its

frequency of occurrence dropped in the later stages of
composting as the temperature fell below 4OOC. On the

dilution plates incubated at 50°C Thermomonospora curvata

and Streptomyces thermovulgaris were the most frequently

occurring actinomycetes. Thermomonospora curvata and

Thermoactinomyces glaucus were the only two species to be

regularly isolated by the screened substrate tubes from the

outer region of the windrow.
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The population of the mesophilic actinomycetes,
in the outer regidn, declined rapidly during the first four
days. of composting as the temperature rose to 66°C at a
depth of 6 inches. As the temperature fell from this peak,
between days 4 and 11, the population of mesophilic
actinomycetes increased rapidly. This rate of increase
slowed down once the windrow had been turned and the popu-

lation gradually increased until the cbmpletion of composting.

During the first two days of composting the popu-
lation of the thermophilic bacteria in the outer region
increased rapidly after which, apart from minor fluctuations,
it remained constant until the completion of composting. The
population of the mesophilic bacteria in this region

remained almost constant throughout the composting period.

Discussiorn

The final analysis of the compost, on day 50,
revealed that it had an average carbon content of 17.35
percent and a nitrogen content of 0.88 percent, giving a
final C:N ratio of 19.7:1. These values are typical of a
stable compost (Berkeley Project, 1953; H.M.S.0., 1971) and
coﬁpare favourably with the walues given by Chesterfield

. Rural District Council (see Appendix III) for their composts.

The temperature readings obtained from the small
experimental windrow are similar to those reported for

large windrows, consisting of many tons of refuse
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(Stutzenberger, Kaufman and Lossin, 1970) and are,
therefore, typical of the normal process of aerobic
thermophilic decomposition associated with the windrowing

of refuse.

The results obtained from the three isolation
techniques were generally consistent, the fungi most
frequently isolated by Warcup's technique also being
.isolated by the dilution technique and to a lesser extent
by the more selective screened substrate tube. This finding
indicates the validity of the dilution technique when it is

used for comparative purposes as in the present investigation.

With the small experimental windrow the rise in
temperature in both regions was very rapid being in the
region of 60°¢C throughout the windrow after 48 hours. The
maximum temperature for growth of most mesophilic micro-
organisms is generglly considered to be around 40°%¢c (Cochrane,
1958; Snell, 1960 and Chang and Hudson, 1967). Thus the
extremely rapid rise in the temperature of the windrow
meant that the mesophilic phase must have been extremely
rapid, that is less than 24 hours, or non-existent.

Within 48 hours after constructi@n of the windrow the popu-
lations_of mesophilic actinomycetes, bacteria and fungi in

" both regions of the windrow had either decreased or

remained constant, indicating that they were not active, to
any extent, and therefore unlikely to be the cause of
thermogenesis. The thermophilic populations of actinomycetes

and bacteria increased during the .first 48 hours of
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composting, the rise in the actinomycete population being
particularly noticeable, especially in the outer region where
in the first 4 days there was, approximately, a 10,000 fold
increase in the number of propagules detected. During

this period the populafion of the thermophilié fungi

declined in both regions.

On the consideration of rising populations it
would appear that the thermophilic bacﬁeria and actinomycetes
were responsible for thermogenesis within the windrow and
not the mesophilic populations as reported elsewhere
(A.P.W.A., 1961; Burman, 1961; White, 1965; Arditti,ll967).
‘This hypothesis is supported by the fact thét some thermo-
philic bacteria are known to be active from temperatures
of 25°% upwards and that thermophilic actinomycetés have
also been reported to be active at temperatures as low as
280C (Snell, 1960), which was the initial temperature of

the windrow.

During the thermophilic phase of the windrow, which
in the central region lasted until day 40, the thermophilic
actinomycetes were the dominant group of micro-organisms
throughout the windrow. The increase in the population
of the thermophilic actinomycetes was much more rapid in
the outer region and the white mycelium of these organisms
could, after phe first two days, be observed completely
covering the compost, below the surface, to a depth of
12 inches and this is illustrated in Photograph 3.1l. The

development of this population in the central region was
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PHOTOGRAPH 3.1 SECTION THROUGH THE EXPERIMENTAL WINDROW SHOWING
THE DEVELOPMENT OF THERMOPHILIC ACTINOMYCETES
IN THE OUTER LAYERS,
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greatly speeded up by turning the windrow on day 1ll. It

was after the turning of the windrow that the pH in this
region rose rapidly followed a day or two later by a
corresponding increase in the numbers of the thermophilic
actinomycetes. Jann, Howard and Salle (1959) demonstrated
that an alkaline pH is necessary before rapid aerobic
composting can occur; alkaline pH's are of course favourable
to the development of actinomycetes and the research of
Jann, Howard and Salle (1959) could indicate the importancé
of the thermophilic actinomycetes to the aerobic composting

of refuse.

The most frequently occurring species of thermophilic
actinomycetes, isolated by all three techniques, was

Thermomonospora curvata. Fergus (1964) found that this

thermophilic actinomycete was the most abundant species in
composts of horse manure and straw and, as previously stated,

Stutzenberger (1971) has implicated Thermomonospora curvata .

as a major cellulose decomposer in refuse domposts. There
now seems little doubt that some of the thermophilic actino-
mycetes are major cellulose decomposers in composts and evi-
dence which strongly supports this hypothesis has been

provided by Hayes (1969).

In the early stages of composting the populations of
the thermophilic fungi declined in both.regions of the
windrow because of Fhe rapid rise in temperature. The
thermophilic fungi in the central region were 'killed off'

by day 8 when the temperature had reached 639C and were
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next isolated in this region on day 15 after the windrow
had been turned and material from the cooler extremes of the
windrow containing viable propagules was introduced to the
region. The sensitivity of the thermophilic fungi to
temperaturés over 60°C was demonstrated by Fergus and
Amelung (1971) who found in an examination of the heat

- resistance of 15 species of thermophilic fungi, that only

Humicola lanuginosa remained viable for longer than 12 hours

at a temperature of 62°C. In the present investigation the
makimum development of the thermophilic fungi, in the central
region, occurred between days 24 and 40 when the temperature
was maintained between 45 and 55°C, a period which was

similar to the 'plateau' temperatures described by Chang

and Hudson (1967) for their wheat straw composts. The
population of the thermophilic fungi in the outer region was
not so severely affected by the extremes of temperature
because of the gradient which existed between the compost at

a depth of 6 inches and the outermost layers, for example

a peak temperature of 66°C was recorded at a depth of 6 inches_
on day 4 but the corresponding temperature at a depth of 1%
inches was SOOC, very nearly optimum for the growth of the
majority of the thermophilic fungi. The development of the
thermophilic fungi was much greater in the outer region, the
peak population being more than ten times the size of the
corresponding peak in the central region. Burman (1961) ahd

. Fergus (1964) reported that the devélopment of the thermo-
philic fungi in composts is mainly restricted to the outermost
layers, a fact which agrees with the findings of the present

investigation. .
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In both regions the most commonly occurring
thermophilic fungi, with all the isolation techniques used,

were in order of frequency, Humicola lanuginosa, Chaetomium

thermophile and Mucor pusillus. The thermotolerant

Aspergillus fumigatus was consistently isolated on the

dilution and Warcup isolation plates but it was isolated

infrequently from the screened substrate tubes. Aspergillus

fumigatus is known as an almost ubiquitous inhabitant of
composts (Raper and Fennell, 1965; Tansey, 1971) and the
thermotolerant strain is highly cellulolytic (Loginova and
Tashpulatov, 1964; Rogers, Coleman, Spino and Purcell, 1972;
Malik, 1970) and may therefore play a significant role in
 the decomposition of cellulose in composts during the post-

thermophilic phase. Chaetomium thermophile was the most

consistently isolated cellulolytic thermophilic fungus from
both regions of the windrow, in the central region it was
not isolated until after the windrow had been turned but
from this stage it was isolated with a high frequency of
occurrence and appeared on all the plates prepared from the
screened substrate tube showing it to be active in the
composting process. , In the outer region the frequency of

" occurrence of Chaetomium thermophile steadily . increased from

its relatively low level in the initial refuse until by

day 8 it had a frequency of ogcurrence of 100 .percent.

The highly cellulolytic nature of Chaetomium thermophile

has been well documented (Chang, ;967; Fergus, 1969; Malik,
1970 and Tansey, 1971), its presence in compoﬁts has been
frequently reported (Fergus, 1964; Chang and Hudson, 1967;

Mills, 1973) and the combination of these two factors
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indicate that Chaetomium thermophile could be one of the

major cellulose decomposers in composting.

The optimum pH for the growth of fungi is
usually stated to be between pH 5.5 and 6.5 whereas the pH

throughout the windrow. when Chaetomium thermophile became

prevalent was about pH 8 thus raising the question of
whether it could be cellulolytically active under such
conditions. Malik (1970) compared the cellulolytic abilities
of the thermophilic fungi at different pH values and found

that, although the optimum pH for Chaetomium thermophile

was between pH 6 and pH 7, its cellulolytic ability was only
slightly impaired at pH 8. A study of the effect of pH on
the ecology of cellulolytic thermophilic fungi (Malik and

Eggins, 1972) has shown that Chaetomiun thermophile can

maintain a high frequency of occurrence in the colonisation

of cellulosic substrates even at high pH values. Thus the

ability of Chaetomium thermophi;e to colonise and degrade
cellulosic substrates at pH 8, coupled with its frequent
occurrence in the experimental windrow, support the hypothesis
that it could be one of the major cellulose decomposers in

composting.

Humicola lanuginosa was nearly always isolated in

association with Chaetomium thermophile and on the isolation

plates the mycelium of Humicola laﬁuginosa could be seen

growing over and amongst the perithercia and mycelium of

Chaetomium thermophile and also over the mycelium of the

actinomycetes. A Chang (1969) reported that Humicola lanuginosa
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appeared to grow more vigorously in mixed cultures than alone
and its frequent association with cellulolytic organisms led

Chang (1967) to suggest that it is a secondary sugar fungus

as defined by Garrett (1951). Mucor pusillus was consistently
isolated throughout the composting period by the dilution-
plate and Warcup's technique but it was only occasionally
isolated from the screened substrate tube. Chang and Hudson

(1967) repérted that Mucor pusillus appeared only in the

initial stages of their wheat straw compost and accordingly

classified it as a saprophytic sugar fungus. However, in

the present investigation Mucor pusillus persisted throughout‘
the composting period and fulfilled the role of a secondary

fungus like Humicola lanuginosa.

Some interesting points arise ffom the behaviour
of the mesophilic fungi during the composting process. 1In
the central region the population of the mesophilic fungi
declined to a very low level during the first 48 hours of
composting but unlike the thermophilic fungi they were not
killed off and.persisted in low numbers until day 28, from
which time their numbers increased until the completion of
composting. Although some mesophilic fungi persisted through
the period of peak heating none were isolated by the screened
substrate tube between days 7 ;and 15 showing them to be
inactive. Whilst studying thg role of pure cultures of
mesophilic fungi in thermogengsis Norman (193?) discovered
that some fungi could raise the temperature of sterile straw
in Dewar flasks to temperatures well above their normal

growth range, even above theiq known thermal death points
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and viable cultures could still be isolated during the
period of peak heating. The results of Norman (1930) and
those of the present investigation, concerning the survival
of mesophilic fungi, indicate that in laboratdry conditions
on syntheéic media that an organism may behave differently
than it does in its natural environment. Recent research

has shown that some pathogens namely Salmonella paratyphi

and Escherichia coli can also survive the period of peak

heating produced in the windrowing of refuse (Parrakora,
Miller and Strauch, 1970) when theoretically they should be
killed off after an hour's exposure to a temperature of 55°%¢

(Berkeley Report, 1953).

In the central region three species of mesophilic

fungi Fusarium sp., Penicillium funiculosum and Trichoderma

viride survived the period of peak heating before the windrow
was turned on day ll. The number of species of fungi isolated
at 25°C from the central region was reduced from the 26 present
in the original refuse to only 8 by day 4. 1In the outer
region the mesophilic fungi were present in greater variety

and abundance.throughout the period of composting presumably
because‘of the cooler outer layers. In both regions of the
windrow the numbers of fungi isolated at ZSOQ increased in

the later stages of composting but in the central region

this was almost exclusively due to an increase in the

frequency of the two variants of Aspergillus fumigatus and

the thermophilic Mucor pusillus. It would therefore seem

L

unlikely that the mesophilic fungi could play a very important

role in the type of composting process studied in the

3
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present investigation.

Mesophilié actinomycetes consistently appeared
on the Warcup isolation plates prepared at 25°%¢ throughout
the 50 days of composting although they were only rarely
isolated by the screened substrate tube. During the later
stages of composting as the windrow coéled down their
numbers increased and in the past they have been linked with
the decomposition, in the cooling phase, of the more durable
of the components of the compost, such as lignin

(Burman, 1961).

The plot of the C:N ratips, Figure 3.5, revealed
that decomposition proceeded much more rapidly in the outer
regidn of the windrow. This almost certainly occurred
because the better aeration of the windrow in this region
probably promoted the much more rapid rises in the popula-
tions of the thermophilic actinomycetes and bacteria; than
those observed in the central region. 1In the outer region
and to a lesser extent the central region the maximum rate
of decomposition coincided with thé increases in the popula-
tions of the thermophilic actinomycetes. Although the C:N
ratio is a useful guide to the state of decomposition that
exists in composts of organic wastes it does not reveal
which constituents of the wastes have been degraded and
whether in this case the thermophilic actinomycetes had
degraded the cellulose content or utilised the more readily

available carbohydrates.
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With composts of wheat straw, Chang (1967) found
that the rate of decomposition of cellulose varied with the
age of the compost, the greatest losses occurring during the
~initial heating stages as the temperature rose to its peak
and also during the 'plateau period' after the temperature
had fallen from its peak to approximately 50°C. Chang
(1967) concluded, from these observations, that cellulose
might be important in thermogenesis. From the earlier
study on the ecology of these same composts, Chang and
Hudson (1967) had found that the thermophilic actinomycetes
were abundant in both the periods described by Chang (1967)
whereas the thermophilic fungi were abundant only in the
plateau period. This clearly links both these groups of

organisms with the decomposition of cellulose in composts.

In the present investigation the thermophilic
actinomycetes were most numerous in the outer region of the-
windrow during the first 3 weeks of composting and their
numbers only started to decline to any marked extent after
the first 5 weeks of composting when the temperature fell
below 50°C. The period of peak development of the thermophilic
actinomycetes in the experimental windrow coincides closely
with the periods of maximum cellulose decomposition recorded
by Stutzenberger, Kaufman and Lossin (1970) and Mills (1973),
both of whom found that at least 45 percent of the cellulose
was degraded during the first 6 weeks of the windrowing of
refuse. This. evidence strongly supports the hypothesis that

thermophilic actinomycetes such as Thermomonospora curvata
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are the most important organisms involved in the composting

of refuse.

When the increases in the populations of the
thermophilic fungi are compared with those of the popula-
tions of the thermophilic actinomycetes it appears that the
thermophilic fungi can only play a minor role in the
decomposition of cellulose. In both regions there was,
eventually, a 10,000 fold increase in the numbers of the
thermophilic actinomycetes compared with a 10 fold increase
in the central region and a 100 fold increase in the
outer region of the populations of thermophilic fungi.

Such evidence alone, is insufficient to decide the importance
of the relative activities of these two groups of micro-

organisms in composts of refuse. Chaetomium thermophile a

highly cellulolytic thermophilic fungus was consistently
isolated from both regions of the experimental windrow by

the screened substrate tube showing it to be active and this
could well mean that species of the thermophilic fungi

though not so-numerous as the thermophilic actinomycetes

may play a significant role in the decomposition of

cellulose in composts of refuse. This hypothesis can only

be pro&ed by further research on characterising the cellulases
present in composts of refuse and also those of the thermo-

philic fungi. . . 5
At the present time it can be stated that there
is very definite evidence that thermophilic actinomycetes

are major cellulose decomposers in composts of refuse and



_209_

that as cellulose decomposition is now the rate limiting
step in this process it could possibly be improved by

encouraging the development of thermophilic actinomycetes.
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Chapter 4

THE ANALYSIS OF THE NEWSPRINT USED
AND THE SELECTION OF FUNGI SUITABLE
FOR USE IN THE DEVELOPMENT OF PROCESSES
FOR _THE UPGRADING OF NEWSPRINT

f

Introduction

The recent estimates that world food production
would have to be trebled or even quadrupled by the year 2,000
(De Maeyer, 1968) stimulated research into the possible use
of micro-organisms as a potential source of food for man and
fodder for animals. The use of fungi as food is not new,
higher fungi in the form of mushrooms, boletes, morels and
truffles have been consumed as delicacies by man for centuries.
The cultivation of fungal mycelium as a possible food source,
particularly protein, has been a relatively recent develop-
ment. It has been reported (Litchfield; 1968) that the
idea of the microbidlogical conversion of inorganic nitrogen
and carbohydfate materials such as straw, sawdust or plant
residues to protein was first utilised by Pringsheim and
Lichtenstein in 1920 who reported the feeding of animals with

Aspergillus fumigatus grown on straw supplemented with in-

organic nitrogen fertiliser.

The literature concerned with the production of foods
and feeds from fungi has been reviewed by Thatcher (1954) and
the contribution that fungi cén make to the worlds protein
supply has been diséussed by Rose (1961), Bunker (1963, 1968),
Gray (1966) and Litchfield (1968).. Thatcher (1954) points
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out that the basis of commercial food synthesis by fungi is
the high degree of efficiency of these organisms in using
energy from cheap cz.irbohydrates to convert elementary nut-
rients into proteins, vitaminsand fat. Gray (1962)

assessed the world's food situation and found that proteins
were in short supply whereas there was an adequate supply of
fats and an excess of carbohydrates. Consequently he sug-

. gested that the excess of carbohydrates be converted by
micro-organisms to protein to meet the deficit in the world's
supply. Gray, Och and Abou-El-Seoud (1965) proposed that the
Fungi Imperfecti could be used to convert the excess of
carbohydrates to a potential source of edible protein. The
Fungi Imperfecti were thought (Gray, 1962; Gray, Och and
Abou-El-Seoud, 1965) to be suitable agents of biosynthesis
because of their ubiquity, the large numbers of different
forms and their fast growing mould-like habit. In sub-
sequent screening programmes Gray: and associates (1966-67)
rpresented evidence that cheap carbohydrates such as sweet
potatoes, manioc, sugar beet, rice and sugar cane juice
could be used as substrates by the Fungi Imperfecti for the

production of protein.

' The advantages of the micro-fungi, such as the Fungi
Imperfecti, over the yeasts and bacteria as agents of bio-
synthesis for protein have been discussed by Spicer (1971).
Fungi, generally, possess a better protein profile than many
species of bacteria or yeast, essential amino acids such as
methionine and cystine can be presented in greater .concen-
trations, up to 4% of the total protein which is nearly

twice the quantity in yeast or bacteria. Micro-fungi are
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already accepted in many parts of the world, notably Japan,
Indonesia and other Asian countries, as a staple ingredient
of the daily diet. Miso, tempeh and ontjom are examples of
this type of diet eaten in various parts of Asia; it has

been calculated that the average Indonesian man eats 154gm

per day of Rhizopus sp. mycelium (Spicer, 1971). 1In the

western hemisphere fungi are consumed in mould fermented
foods such as Stilton, Camembert and other cheeses. Yeasﬁs
have a high nucleic acid content which can result in the
production of a feedstuff with an extremely bitter taste

and the production in the body of high levels of uric acid
which can cause damage to the kidneys (Bunker, 1963). The
net protein utilisation of yeasts has been reported as be@ng
around 35 - 40% requiring supplementation with 0.3 - 0.5%
methionine to raise it to 70 - 75%. Species of micro-

fungi have been found which do not suffer from the limita-
tions described for yeast and with the supplementation of
0.2% methionine.products equalling the standard of egg
protein have been obtained. Unlike yeasts some fungi can be
used to completely replace conventional proteins in feed-
stuffs. It has been found that the addition of yeasts to
feedstuffs in concentrations of greater than 10% of the

total weight depresses the growth rates of animals.

Burt (1972), stated that if the rate in increase of
the human population is restricted to 1.77% compound per
annum and if the average patterns of human food consumption
per capita remain aé they were in 1959-61 then the world
supply of concentrate feeds for animal production will be in

substantial deficit by the end of this century. If the
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available supply of such feeds were used to support pig and
poultry production, equivalent to the éstimated requirements
of the expected human pOpuiation, production of ruminant
meat would in theory become zero and milk production would
be less than half of:the estimated requirement. Assuming
.these estimates by Burt (1972) to be valid the deficit in
feeds will have to be made up By improving the utilisation
of raw materials used in concentrate feeds and by upgrading
others presently considered to be unsuitable. The upgrading
of waste cellulose to a palatable, easily digestible and
nutritious- feedstuff would reduce this deficit. Chahal,
Munshi and Cheema (1969) pointed out that the oniy carbo-
hydrate waste available in abundance in many of the develop-
ing countries, such as India where protein malnutrition is
especially acute is cellulose. It has already been reported
in this thesis that in industrial nations such as the U.K.
and the U.S.A. the disposal of cellulose in the form of
waste paper presents a serious problem. Cellulose would
therefore appear to be the cheapest carbohydrate which is
readily available, in many areas of the world, for use in

the production of a protein and vitamin enriched feedstuff.

The use of cellulose, hemicelluloses or lignin as
substrates for the production of feedstuffs by fermentation
has not been widely considered because it has been believed
that fermentations designed to utilise these substrates
could be specialised and of long duration and therefore may
well not be economically feasible. The development of an
economically feasible process of cellulose fermentation

(upgrading) requires the selection of a micro-organism
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capable of causing the rapid breakdown of the components
present in a cellulosic substrate such as newsprint. The
micro-fungi have been shown to possess many advantages over
the bacteria and yeasts (Spicer, 1971) for the production of
feedstuffs and many species are also known to be celluloly-
tic. In the present investigation an analysis of the news-
print used is undertaken and the use of this newsprint in

a selective isolation technique and a linear growth test
for the selection of cellulolytic fungi suitable for use in
‘the development of processes for upgrading newsprint are

described.

Materials and Methods

(i) Analysis of the newsprint

In the initial stages of the project it became
apparent that a standard form of waste newsprint would be
needed for the consistency required by'all experimental
purposes. The newsﬁrint used for such purposes throughout
the present investigation was all obtained, in an ink-free.
condition, from the tail-end of one roll supplied by a
local newspaper. Obtaining the newsprint from one roll
minimised any possible variation in its composition as it
would almost certainly have been made from the same batch
of wood pulp. It has previously been mentioned that news-
print consists of ground and pulped softwoods having
essentially the same composition as woods of this type i.e.
40-50% cellulose, 15-35% lignin and 25-35% hemi-celluloses
(Wenzl, 1970). These figures include a wide variation an&

it was thought necessary to accurafely ascertain at least

the hemi-celluloses, cellulose and lignin contents of the
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newsprint used and accordingly analyses were made of these

fractions.

The isolation of cellulose from wood or other plant
materials requires its separation from extractives (readily
soluble materials), lignin and other non-cellulose compo-
nents. In the methods most frequently used for the iso-
lation and determination of cellulose the other constituents
must be removed as completely as possible by procedures of
extraction or solubilisation leaving behind a residue which
is largely cellulose. The major step in all such procedures
is the removal of lignin and therefore the isolation of
cellulose becomes primarily a delignification procedure
(Browning, 1967). Some delignification procedures remove
a portion of the hemi-celluloses along with the lignin
leaving with the cellulose variable amounts of the hemi-~-
celluloses depending on the nature of the delignification
process. It is, however, desirable to isolate the cellulose
by the removal of the lignin without loss of any of the
polysaccharides, that is the hemi-cellulose fraction, Iso-
lation methods which can successfully achieve this aim have
been developed and they yield a product known as holo-
celluloée-which includes both the cellulose and hemicellu-

loses originally present in wood.

Delignification of wood was achieved as early as
1868 by treating it with chlorine water (Browning, 1967).
In 1880 the application of chlorine gas by Cross and Bevan
first demonstrated the utility of halogenation and their

procedure has remained for many years one of the classical
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methods of wood chemistry and is now the basis of the method
used for the determination of cellulose in wood materials
given by the T.A.P.P.I. standard 17-m55. This process in-
volves the use of gaseous chlorine which reacts with the
lignin to form substitution and oxidation products which

are soluble in alcohol, aqueous alkaline solutions andlboil-
ing sodium sulphite solution. The original method of Cross
and Bevan involved a pre-treatment of the wood samples by
boiling in a solution of dilute alkali usually 1% sodium
hydroxide before chlorination took place. This procedure
was found to give variable results because although the
alkali pre-treatment is advantageous in expediting the re-
moval of lignin it is undesirable in that the hemicelluloses
may be partly attacked and suffer loss, lowering the yield
obtained. Dean and Tower (1907) modified the original
method by missing out the alkali pre-treatment and obtained
consistent results. Chlorine gas is an objectionable reagent
to have in most laboratories and methohs of delignification
were developed by Ross, Davidson and Houghton (1929); and
Norman and Jenkins (1933) which although using the principlé
of chlorination did not require the presence of chlorine gas
in large quantities. Both these methods involve the use of
hypochlorite solutions with the addition of a dilute acid for
the generation of chlorine in solution, the sample for
analysis is present in the solution and so the method
basically becomes one of chlorination. The substitution

and oxidaéion products produced from the lignin were removed
by boiling the sample in sodium sulphite solution. In the
present investigation the method of Norman and Jenkins

(1933) was used with reference to the amended and
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concise account of it, given by Browning (1967).

The newsprint was prepared for analysis by grinding
small pieces of it in a laboratory scale Culatti 75watt
hammermill to produce a finely divided flour. The paper
which after grindiné would pass through a sieve of 80 mesh
but which was retained by a sieve of 60 mesh was used for
analysis. The material for analysis was dried to constant
weight at 80°C and approximately 2gms were accuratelyf
weighed out and extracted with a mixture of 33 volumé; of
95% ethanol and 67 volumes of benzene in a Soxhlet appartus
for 6 hours. After extraction the material was dried, re-
weighed, placed in a beaker and treated with 100ml. of 3%
sodium sulphite solution. The mixture was brought to the
boil after which the material was separated from the sodium
sulphite solution by centrifugation and then carefully
washed with distilled water The material was then trans-
ferred back to the beaker made up to 100ml. with distilled
water, to this mixture was added 5ml. of sodium hypochlorite
solution containing 15% available chlorine (available
chlorine refers to the chlorine liberated by the action of
dilute acids and is expressed as a percentage by weight
of the éolution or bleaching powder), the mixture was al-
lowed to stand at room temperature. for 10 minutes after
which time the solid material was separated out by centri-
fugation and washed with distilled water. The material was
transferred to a beaker with 50ml. of distilled water and
50ml. of 6% sodium sulphite solution. The mixture was boiled
for 20 minutes, the solid material then being separated out

by centrifugation and washed again. The treatments with the
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15% sodium hypochlorite solution and the 6% sodium sulphite
solution were repeated once more after which the material
was suspended in 50ml. of distilled water, 5ml. of sodium
hypochlorite solution, containing 3% available chlorine and
2ml of sulphuric acid at a concentration of 20%; the mixture
was allowed to stand for 10 minutes after which time the
residual material was separated out, washed and suspended in
50ml of distilled water and 50ml of 6% sodium sulphite
solution. On addition of the sodium sulphite solution an
intense purple colouration developed which gradually dis-
appeared on heating, the material becoming orange to brown

in colour. This colouration is kﬁown as the Maule reaction
which is a reaction between the sodium sulphite and the
chlorinated lignin and it serves to indicate the presence

of lignin in the sample being analysed. The alternate
treatments with the acid hypochlorite and the sodium sulphite
were repeated until the purple colouration no longer deve-
loped. Finally fhefsolid material was separated out, washed
thoroughly with hot water, dried at 100°C and reweighed.

The final product consisted of a cream to white coloured powder.

Throughout the whole exberimental procedure great
care waé taken to avoid any loss of the solid material
during transfers between various receptacles and also to
prevent bumping in the beaker when the material was being
heated with solutions of sodium sulphite. Determinations

were made with five replicate samples.

The stock solution of sodium hypochlorite was ob-

tained from the supplier with an available chlorine content
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of between 15-177%. The available chlorine contents of the
solutions used were determined by the following procedure

of volumetric analysis described b& Vogel (1951). A volume
of 5ml of the stock solution of sodium hypochlorite was
pippetted into a 250ml conical flask, 25ml of distilled
waster was added followed by 2gm of iodate free potassium
iodide and 1Oml of glacial acetic acid. The liberated

iodine was titrated against standard OIN sodium thiosulphatef
2ml of starch solution (lgm of starch in 10Oml of water) was
added when the solution had turned pale yellow, the titration
was then continued until the blue colour formed on addition
of the starch solution had just disappeared. The availag-
bility of the chlorine in the hypochlorite solution was

then calculated on the basis of:-

Once the available chlorine content of the hypochlorite
solution had been determined it was possible to make up the
solutions of the required strength for the estimation of the

cellulose in the newsprint.

* Sadium thiosulphate is usually obtained as Na., S, 0., .
5H,0 which exists in a state of high purity but becauge ng
ungertainty as to the exact water content due to its ef-
florescent nature the substance is unsuitable for use as a
primary standard and thewfore must be standardised before
use. In the present investigation an approximately 0.IN
solution was prepared by dissolving 25gm of the A.R. crystal-
lised sodium thiosulphate in water and accurately standar-
dising it by an iodometric procedure with potassium iodate
outlined by Vogel (1951). The normality of sodium thio-
sulphate could be calculated from the fact that:-
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Norman and Jenkins (1933) stated that the hemi-
celluloses (they described them as cellulosans or poly-
saccharides) which are very intimately associated with pure
cellulose in nearly all natural celluloses should remain
intact in any method of cellulose estimation and were of
the 6pin10n that their method, as described above did not
extensively remove the hemicelluloses. The final product
of this extraction process therefore, consists of cellulose
and the hemicellulose and is similar to the holocellulose
described by Browning (1967) but is usually known as 'Cross
and Bevan' cellulose. An analysis of the product, obtained
by this extraction process from thé treatment of softwoods
by Norman and Jenkins (1933), revealed that the residual
lignin content was as low as 0.1-0.5% on the basis of the

cellulose.

The hemicellulose fraction of the newsprint was
determined using newsprint as the starting point for the
analysis. Approximately 2gm of oven dried 60-80 mesh
powdered newsprint was accurately weighed and then extracted
with 80% ethanol in a Soxhlet apparatus until it was free
of sugars when tested with fresh anthrone reagent (0.2%
anthrone in concentrated sulphuric acid). The material was
then dried, weighed and the ethanol soluble fraction deter-
mined. The starch dextrins and glycogenwere removed by the
method of Weinmam (1947) as follows, approximately 2gm of
the dried ethanol extracted material were weighed out ac-
curately into a conical flask and 1lOml water added. The
flask was covered with a glass funnel and the mixture heated

for 30 minutes on a boiling water bath to gelatinise the
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starch content. The mixture was cooled to room temperature
and 10ml. of an acetate buffer (3 vol. 0.2N acetic acid plus
2 vols. 0.2N sodium acetate) pH 4.45 were added with 1Oml.
of 0.5% diastase solution. The flask was tightly stoppered
and incubated ét 37°C for 2 days after which time the
residue was filtered, washed, oven dried at 80°C and re-
weighed. A known weight of this residue was taken and the
hemicelluloses extracted from it using a one step extraction
(Chang, 1967) to remove both the hemicelluloses designated
A and B (Browning, 1967) with 247 potasium hydroxide
solution.’' The material was allowed to stand in the potassium
hydroxide solution for 4 hours at a temperature of 25°C
after which time the residue was filtered, washed with
dilute hydrochloric acid and distilled water and then dried,
reweighed and the hemicellulose fraction determined. The
residue remaining consisted of cellulose and lignin, and
analytical methods do exist for determining the composition
of such materials. The most freqﬁently used technique is to
hydrolyse the polysaccharides with cold 72% sulphuric acid
and then diluting the acid and boiling the mixture. The process
yields a product kn9wn as 'Klason Lignin' and in the past it
has been widely used. This method suffers from one serious
drawback because it was found that lignin like material
could be produced by prolonged exposure of the cellulose,
hemicelluloses and other polﬁsaécharides to 727% sulphuric
acid (Norman and Jenkins, 1933; Schubert, 1956; Browning,
1967). This obviously gives 'a false impression of the
lignin content and in the present investigation it was
thought necessary to use a separate method such as the hy-
pochlorite process for the estimation of the cellulose and

lignin contents.



-222-

(ii) Selective isolation technique

The selective isolation technique used was essen-=
tially the same as that used in Chapter 2 for the isolation
of the thermophilic and mesophilic fungi from the amended
samples of refuse and compost. In this case thermophilic
and mesophilic fungi were isolated from a soil amended with
powdered newsprint. The soil used was obtained from a
pastureland in Clent, near Stourbridge, Worcestershire,
which has not been treated with any fertiliser or herbicide
for the past forty years. The top layers of the soil down
to a depth of 6-7 inches consist of é dark reddish-brown
clay loam and only this portion of the soil was collected
for use in this investigation. This soil had previously
been used for various aspects oflmycological research and
was found to contain a-large number of fungal species in-
cluding many of the confirmed thermophilic fungi (Eggins

" and Malik, 19693 Malik, 1970).

The newsprint used was reduced to a very fine powder
by first passing lengths of it through a document shredder
and secondly by ball-milling this shredded paper, in a
dry state, for 72 hours. The resulting powdered newsprint
was used for the amendment of the pastureland soil and was
added so that it amounted to 4% of the wet weight of the
soil. The moisture content of the soil was determined and
adjusted to 25% of its dry weight, the final pH of the soil
was between pH66 and pH68. The amended soil was divided
intb 11 equal portions each of which was placed in a set of
10 sterile Petri dishes. All the sets of the Petri dishes

were incubated at 50°C in a high humidity incubator. One
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set of 10 Petri dishes were sacrificed at a time and
standard Warcup (1951) soil plates were prepared from the
amended soil after Ohr., l2hrs., 1 day and 2, 3, 4, 6, 8,
10, 12 and 14 days of incubation. The soil from each Petri
dish in each soil was uséd to incubate a total of 9 plates
which consisted of 3 cellulose agar plates, 3 glucose-
starch agar plates, as previously described in Chapter2,and
3 plates of newsprint agar which consisted of the mineral
salts agar used by Eggins and Pugh, (1962) plus a 1% sus-
pension of newsprint ball-milled for 72 hours to produce a
very finely divided suspension. The plates were incubated
at 50°C and after 7 days the fungal species were recorded
and where possible isolated into pure culture. After the
procedure had been completed at 50°C it was repeated with
an incubation temperature of 25°C for the isolation of
mesophilic fungi with the ability to degrade newsprint.

In both cases the frequency of occurrence of a species was
determined by recording its presence or absence in each

- sample, a fungus being given a positive record if it ap-

peared on any of the three replicate plates.

(iii) Linear growth tests

" The fungi selected on the basis of the elective
isolation technique described above and also on the basis
of reports in the literature, concerning their cellulolytic
ability were subjected to a linear growth test. The fungi
selected for this growth test are listed in the results

section of this chapter.

A widely used method of measuring the linear growth

of the fungi is the measurement of the colony diameter.  The
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diameter of the fungal colony has been proposed by Brancato
and Golding (1953) as a reliable measure of growth.
Brancato and Golding (1953) found that the diameter of the
colony lent itself satisfactorily to the measurement of the
growth rate because in such a situation they reported that
there was no acceleration of the growth rate with time.
Within a short time of germination many fungi attain a
characteristic radial growth rate and Brancato and Golding
(1953) found that this rate of growth was maintained over

a period of time varying with fhe organism and the medium;
they also found thaf the difference in the growth rates of

a fungus on two different media was significant.

In these experiments two different media were used
to assess the growth rate of the test species, these were
the cellulose and newsprint agars used in the elective
isolation technique. Three replicate p.lates were used for
each species with each medium, inoculation of the plates and
the measurement of the colony diameter was carried out
exactly as described in Chapter 2. Prior to inoculation the
fungi had been cultured on cellulose and newsprint agars and
the newsprint agar plates were inoculated with mycelium
grown on newsprint agar and the cellulose plates with
mycelium grown on cellulose agar. The cultures of the
thermophilic fungi were incubated at 48°C and those of the
mesophilic fungi at 25°C:" The colony diameterswere measured

every 24 hours.
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Results

(i) Analysis of the newsprint

The results of the analysis, by the method of Norman
and Jenkins (1933), to determine the cellulose and lignin

contents of the newsprint are given in table 4.1 below. -

Table 4.1 Results of the hypochlorite analysis for the
cellulose and lignin contents of the news-
print.

Cross and Bevan Cellulose L
t Lignin Content
Replicate Content :
Sample (Percentage Weight (Perceztagg Weight
Remaining) S
1 67.81% s 32 19%
4 69.95% 30.05%
3 74 .39% 25.61%
4 67 .60% 32.40%
3 67 .65% 32.35%
Averages 69.477% 30.53%

Thus the lignin content of the newsprint was taken to be
30.53% of the dry weight and the Cross and Bevan cellulose
content as 69.47% of the dry weight. The close agreement
of the results obtained.for the five replicate samples, a
maximum variation of 7% for all the samples and just over
2% for four of the samples indicated the reliability of

‘this technique.

The hemicelluloses and ethanol soluble and diastase
soluble fractions of the newsprint are given in table 4.2.

The ethanol soluble fraction consisted of simple sugars,
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glucosides, essential oils, colouring matter and resinous
materials and the diastase soluble fraction consisted of

starch, dextrins and glycogen.

Table 4.2 The hemicellulose, ethanol soluble and
diastase soluble fraction of the newsprint.

% * %

Replicate Ethanol Diastase :
Sample [Soluble Fraction|Soluble Fraction HeREGe LIuLgses

i 3.10% 7 .467 14.52%

2 3.44% 7.41% 14.62%

3 3.25% 7.42% 14.60%

4 3.38% 7.44% 14.57%

5 3. 16% 7.41% 14 .59%
Averages 3.27% 7 +43% 14.58%

* Figures given have been corrected for the percentage dry

weight of the total composition of the newsprint.

The total dry weight of the newsprint removed by
the successive extraction of the ethanol solubles, diastase
solubles and hemicelluloses amounted to 3.27 + 7.43 + 14.58
- = 25.28%. The removal of these three fractions left a resi-
due of cellulose and lignin consisting of 74.72% of the dry
weight of the newsprint, The lignin content of the newsprint
as determined by the hypochlorite extraction amounted to
30.53% of the dry weight. The cellulose content of the news-
print was therefore calculated as 74.72 - 30.53 = 44.19%
of the total dry weight. The composition of the newsprint
obtained for the experimental purposes of the present inves-
tigation can be stated as having the composition given in

table 4.3.
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Table 4.3 Composition of the newsprint used in all

experimental purposes.

Percentage of
Dry Weight
Ethanol Solubles 3.27%
(sugars, glucosides, oils,
colouring and resinous materials)
Diastase Solubles 7.43%
(Starches, Dextrins and Glycogens)
Hemicelluloses 14.58%
Cellulose 44.19%
Lignin 30.53%
Total 100

(ii) Selective isolation technique

The frequencies of the fungi isolated at 50°C from
the amended and incubated soil samples on-the newsprint
(NPA), cellulose (CA) and glucose-starch (GS) agars are
presented in tables 4.4, 4.5 and 4.6 respectively. All of
the thermophilic fungi listed by Cooney and Emerson (1964)

were isolated plus Talaromyces emersonii Stolk, a second

variety of Sporotrichum thermophile and the thermotolerant

Aspergiilus fumigatus.

The most frequently isolated fungi from the initial
(Ohrs of incubation) soil samples, at SOOC, on the news-

print agar were Chaetomium thermophile, Aspergillus fumigatus,

Humicola lanuginosa and the thermophilic actinomycetes.

After 12 hours incubation of the newsprint enriched soil the

frequencies of occurrence of these fungi and the actinomycetes
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all increased on the newsprint agar. In the following days

of incubation, Chaetomium thermophile, Humicola lanuginosa

and species of the thermophilic actinomycetes became
dominant on the newsprint agar all averaging percentage
frequencies of occurrence of very nearly 100. The percen-

tage frequency of occurrence of Aspergillus fumigatus

increased from 40 to 90% in 2 days then decreased to 20%
after 10 days of incubation and finally increased to 90%
at the end of the 14 day incubation period for the news-
print enriched soil. The frequencies of occurrence of

Humicola grisea and Sporotrichum thermophile var 2 were

initially very low but after 6-8 days of incubation their
frequencies of occurrence substantially increased only to
decline again in the later stages; of incubation. Sporo-

trichum thermophile var 1 maintained its initial low fre-

quency of occurrence until the fourth day of incubation

after which time it was not isolated again. Humicola

insolens, Malbranchea pulchella var sulfurea, Talaromyces

duponti and Thermoascus aurantiacus were only isolated

during the first 24 hours of incubation. Mucor pusillus

and Talaromyces emersonii were only occasionally isolated

during the fourteen days incubation of the newsprint en-

riched soil.

Inoculations of the cellulose agar, Table 4.5, with
the newspgint enriched soil produced similar results to
those obtained with the newsprint.agar. The fungi most
frequently isolated from the soil samples which were not

incubated were again, Aspergillus fumigatus, Chaetomium

thermophile, Humicola lanuginosa and the thermophilic
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actinomycetes. Throughout the 14 day period of incubation

Chaetomium thermophile, Humicola lanuginosa, were the

dominant fungi being consistently isolated with frequencies
of occurrence averaging nearly 100%. The isolation of

Aspergillus fﬁmigatus followed a similar pattern to that

shown on the newsprint agar with an initial increase after
2-3 days of incubation of the soil followed by a decline
until day 12 after which time its frequency of occurrence

increased sharply. Cephalosporium sp. and Sporotrichum

thermophile var 2 were consistently isolated throughéut the

peribd of incubation with percentage frequencies of occur-
rence averaging over 50. In both cases this represented a
substantial increase over the frequencies of occurrence

obtained on the newspfint agar. The pattern of isolation

of Sporotrichum thermophile var 1 on cellulose agar was also

similar to that displayed on the newsprint agar being con-
sistently isolated with a low frequency of occurrence during
the first 4 days of incubation of the soil. Humicola
insolens was also isolated with a low frequency of.occurrence

during the first 3 days of incubation. Thermoascus auran-

tiacus and Talaromyces emersonii were only isolated occa-

sionally, and Torula thermophila was isolated only from the

initial sample of the soil, it was the only time that this

fungus was isolated from the newsprint enriched soil.

Inoculation of the glucose-starch agar with the news-
print enriched soil gave a completely different picture of
isolations. 1Initially, the most frequently isolated organisms

were Cephalosporium sp. and Thermoascus aurantiacus. 'Both

of these fungi persisted throughout the 14 day incubation
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period with the frequency of occurrence of Cephalosporium

sp. reaching a maximum of 1007 after 3 ‘days declining to
50% on days 8 and 10 but increasing to a maximum of 100 once
more after 12 days of incubation. After 3 days of incuba-

tion the frequency of occurrence of Thermoascus aurantiacus

gradually decreased. Aspergillus fumigatus and Humicola

lanuginosa initially had low frequencies of occurrence but

these steadily increased and both fungi were isolated

throughout the period of incubation. Chaetomium thermophile

was not isolated until after 24 hours of incubation of the
soil and by day 3 it had obtained a frequency of occurrence
of 1007%. However, its frequency of occurrence after this

time dropped very quickly and it was not isolated after the

tenth day of incubation of the soil. Humicola grisea,

Humicola insolens, Malbranchea pulchella, Mucor pusillus,

Sporotrichum thermophile var 1 and Talaromyces duponti were

infrequently isolated on the glucose=-starch agar. Between

days 2 and 14 Talaromyces emersonii was frequently isolated.

The thermophilic actinomycetes were isolated throughout the
incubation period reaching a maximum percentage frequency

of occurrence of 90% on day 10. Usually the frequency of
occurrence of the thermophilic actinomycetes was much lower

on the_glucose-starch agar than on the newsprint and cellulose

agars.

The results of the isolations made on the newsprint
and cellulose agars showed a close similarity, with cellu-

lolytic fungi such as Aspergillus fumigatus, Chaetomium

thermophile, Humicola grisea, Sporotrichum thermophile var 2

and the thermophilic actinomycetes all being isolated with
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increasing frequencies of occurrence during the 14 day in-

cubation period of the enriched soil. Humicola lanuginosa
which is known not to be cellulolytic (Pugh, Blakeman and
Morgan-Jones, 1964; Chang, 1967) was frequently isolated
on both the newsprint and cellulose agars and was always

found in close association with Chaetomium thermophile and

the thermophilic cellulolytic actinomycetes acting in the
role of a secondary sugar fungus as defined by Garrett
(1963). The main differences between the results obtained
on the newsprint and cellulose agar were the frequent iso-

lations of Cephalosporium sp. and to a lesser extent Humicola

insolens on the cellulose agar but not on the newsprint
agar and the more frequent isolation of the thermophilic
actinomycetes on the newsprint agar. On the glucose-starch
agar there was generally a greater frequency of occurrence
of the non-cellulolytic or weakly.cellulolytic fungi such

as Cephalosporium sp., Talaromyces emersonii and Thermoascus

~aurantiacus and a lesser frequency of occurrence of the

strongly cellulolytic and secondary sugar fungi.

The two varieties of Sporotrichum thermophile iso-

lated from this soil on the cellulose and newsprint agars
were quite distinct. The first variety isolated was cream
to white in colour at all temperatures of incubation, it
grew well at temperatures as low és 25°C but would not grow
above 55°C and its optimum temperéture for growth was be-

tween .45 and 50°C. It grew well én YPSS agar but on the
cellulose and newsprint agars the aerial mycelium'produced
was very sparse and sporulation rare. On YPSS agar the

conidia produced were usually within the range of 3-6 u x
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2-4 m and were oval to pyriform in shape. This variety was
characterised by the production of apupplish green pigment
at incubation temperatures greater than 50°C. The second

variety of Sporotrichum thermophile also had cream coloured

mycelium and spores at temperatures of incubation above 487G,
Below 48°C the mycelium always became cinammon to dark
orange in colour. On both YPSS and the cellulose and news-

print agars Sporotrichum thermophile var 2 always sporulated

heavily. The conidia were again oval to pyriform in shape
and were usually within the range S-Qfax 2-Lu. At tempera-
tures above 48°C the second variety was characterised by

the production of a very bright yellow pigment and a 'woolly'
mycelium the colour and texture of sheepskin. This isolate
grew well at temperatures as low as 25°¢ covering a cellu-
lose agar plate within 7 days and also producing zones of
clearing. It would not however, grow at temperatures above
5500, its optimum temperature for growth was betweeﬁ 45 and
48°C. This second variety closely resembles the asexual

stages of Thielavia thermophila as described by Hedger and

Hudson (1970) but at no time during the course of the pre-

sent investigation were any cleistothecia produced.

The frequencies of occurrence of the fungi isolated
at 25°C from the amended and incubated soil samples on the
newsprint, cellulose and glucose-starch agars are presented

in tables 4.7, 4.8 and 4.9 respectively.

Initially on the newsprint agar the most frequently

occurring fungi were Fusarium solani, Mucor globosus,

Sordaria fimicola, Zygorhyncus moelleri and Trichoderma
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viride. Of these fungi both Fusarium solani and Trichoderma

viride were consistently isolated with near maximum fre-
quencies of occurrence throughout the 14 days of incubation.

Mucor globosus was also consistently isolated during this

period but with a much lower frequency of occurrence and

Zygorhyncus moelleri was only infrequently isolated after

the sixth day of incubation of the soil. Gliocladium roseum,

Paecilomyces varioti and Penicillium sp.l were frequently

isolated throughout, the incubation period. Humicola grisea

and Penicillium sp.2 were rarely isolated in the initial

stages but were both consistently,isolated in the later
stages of incubation. The remaining species isolated ap-
- peared sporadically and a pattern of isolation could not be

discerned.

On the cellulose agar plates, Fusarium solani,

Gliocladium roseum, Humicola grisea, Sordaria fimicola,

Trichoderma viride and Zygorhyncus moelleri were the fungi

most frequently isolated from the initial soil samples.

Fusarium solani, Giocladium roseum and Trichoderma viride
were isolated with near maximum frequencies of occurrence

throughout the incubation period while Humicola grisea was

consisténtly isolated from each soil sample with lower
frequencies of occurrence. Once again the frequencies of

occurrence of Sordaria fimicola and Zygorhyncus moelleri

decreased during the later stages of the period of incu-

bation. The frequencies of occurrence of Penicillium sp.l

and Paecilomyces varioti although initially low increased
after 24 hours of incubation and remained high above 50%

for the duration of the incubation period. Penicillium sp.2
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was again frequently isolated in the later stage of in-

cubation.

On the glucose-starch plates the fungi most fre-

quently isolated from the initial samples were Fusarium

solani, Mucor globosus and Trichoderma viride. These three

fungi remained prevalent during the 14 day incubation period
of the soil. After the first 12 hours of incubation Penicil-
lium sp.l and 2 were also isolated with high frequencies of

occurrence throughout the incubation period. Eurotium sp.,

Gliocladium roseum and Paecilomyces varioti were isolated

sporadically during the incubation period. Zygorhyncus

moelleri and Sordaria fimicola once again only appeared in

the initial stages of incubation.

The mesophilic fungi had a similar pattern of iso-
lation on the newsprint and cellulose agars with cellulolytic

species such as Fusarium solani, Trichoderma wviride,

Paecilomyces varioti, Penicillium sp.l and Sordaria fimicola

(in the early stages) being consistently isolated though-
out the period of incubation with high frequencies of occur-

rence. Gliocladium roseum and Humiala grisea both celluloly=-

tic fungi were consistently isolated on,the newsprint and
cellulose agars but appeared on the cellulose agar with
much higher frequencies of occurrence. Of the sugar fungi

Zygorhyncus moelleri was frequently isolated during the

earlier stages of incubation but not in the later stages
showing it to fit into the category of saprophytic fungi
(Garrett, 1951) which utilise and deplete the more readily

degradable simple carbon substrates. The ?attern of iso-
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lation on the glucose-starch plates was again much different
to that obtained on the cellulose and newsprint agars.
Fewer cellulolytic fungi, with the exceptions of Fusarium

solani, Penicillium sp. 1 and 2 and Trichoderma viride,

being isolated with high frequencies of occurrence through-
out the period of incubation. Of the sugar fungi only |

Mucor globosus was isolated with a high frequency of occur-

rence on the glucose-starch agar.
From the results of the selective isolation technique
carried out at 50°C the following thermophilic fungi were

isolated for the linear growth test:-

Cephalosporium sp.

Chaetomium thermophile var coprophile

Chaetomium thermophile var disstum

Humicola grisea var thermoidea

Humicola insolens

Malbranchea pulchella

Sporotrichum thermophile var 1

Sporotrichum thermophile var 2

Torula thermophila

These are all thermophilic cellulolytic fungi which had been
isolated from the enriched and incubated soil samples and .
also from samples of refuse and compost. The ability to
clear cellulose agar had been observed with all of the ther-
mophilic isolated above. In tables 4.4, 4.5 and 4.6 the

varieties of Chaetomium thermophile were not identified

separately as they are difficult to distinguish on isolation
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plates. The main difference between the two varieties is
the manner of the distribution of perithecia. The perithecia

of Chaetomium thermophile var coprophile are usually gre-

garious and those of Chaetomium thermophile var dissitum

are rarely gregarious (Cooney and Emerson, 1964). An ad-
ditional species of the thermophilic fungi, Thielavia

thermophila, was added to the above list of those fungi iso-

lated from the soil. Thielavia thermophila had been reported

by Mills '(1973) to have cellulolytic ability.

From the results of the selective isolation technique
carried out at 25°C the following fungi were selected for the

linear growth test:-

Fusarium solani Penicillium sp.l
Gliocladium roseum Penicillium sp.2
Humicola grisea Sordaria fimicola

Paecilomyces varioti Trichoderma viride

Many species of mesophilic cellulolytic fungi were isolated
- from the samples of refuse and compost and from the experi-
mental windrow and the following fungi were selected from
these isolates on the basis of their ability to clear cel-

lulose agar in pure cultures.

Alternaria sp. Ulocladium sp.

Chaetomium globosum Verticillium lateritium

Gliomastix sp. Verticillium sp.

Stysanus: sp.
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Detailed accounts of the microbiological degradation of cel-
lulose have been presented by Siu (1951) and Gascoigne and
Gascoigne (1960) and from their classification of the cellu-
lolytic abilities of individual species and genera of the
fungi the following species were selected for tﬁe linear

growth test:-

Chaetomium affine

Chaetomium indicum

Myrothecium verrucaria

Cladosporium cladosporiodes

Chahal and Gray (1971) reported that two species of the

Mycelia Sterilia, Rhizoctonia solani and Sclerotium rolfsii

produced moderate to good growth on wood pulp and cultures
of these organisms were acquired for the screening programme.

Myrothecium verrucaria reported by Siu (1951) to be strongly

cellulolytic has been reported by Updegraff (1971) to give
very good growth on suspensions.of ball-milled newsprint.

Two species of Basidiomycetes, Coprinus sp. and Lentinus

tigrinus, and a blue staining fungus Scytalidium lignicola

were also used in the screening programme. The strong
celluloiytic ability of species of Coprinus isolated from
straw composts has been noted by Eastwood (1952) and Chang

(1967). Lentinus tigrinus a white rot was listed by Siu

(1951) as having lignolytic ability and Scytalidium lignicola

was reported by King (1972) to have strong cellulolytic

ability.

The results of the linear growth tests for these

fungi are presented in Fig. 4.1 for the thermophiles and Fig.
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FPIGURE 4.1 LINEAR GROWTH OF SOME OF THE THERMOPHILIC FUNGT
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FIGURE 4.1 continued.
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FIGURE 4.1 continued.
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4.2 for the mesophiles. From the graphs presented in these
figures it can be seen that the fastest growing thermophilic

fungi were the two varieties of Chaetomium thermophile,

coprophile and dissitum. Both these fungi attained the

maximum possible colony diameter (8.5cm) in 3 days on the
cellulose agaf and 4 days on the newsprint agar. Humicola

insolens, Sporotrichum thermophile var 2 and Torula

thermophila, were the next fastest growing fungi covering

the cellulose plates within 4 days and the newsprint plates
in 7, & and 5 days respectively. Only two of the thermophilic
fungi tested failed to cover the entire area of the cellulose

and newsprint plates within 7 days, these were Cephalosporium

sp. and Malbranchea pulchella. Malbranchea pulchella was

also the only thermophilic fungus to have a faster growth
rate on the newsprint agar than on the cellulose agar, the
remaining thermophilic fungi, with the exception of

Sporotrichum thermophile var 1 which had identical growth

rates on both media, grew substantially quicker on the
cellulose agar. Not one of the thermophilic fungi tested
could produce a complete clearing of the newsprint agaf.
However, when the plates were examined carefully a partial
clearing of the newsprint agar could be observed in all

cases.

The fastest growing mesophilic funguswas Trichoderma

viride which covered the cellulose plates in 3 days and the
newsprint plates in 4 days equalling the growth rate attained
by the fastest growing thermophilic fungi. The only other
mesophilic fungus, from the 22 tested, to equal the growth

rates of even the slower growing thermophilic, fungi (with

1
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FIGURE 4.2 LINEAR GROWTH OF SOME MESQPHILIC FUNGT ON CELIULOSE
AND NEWSPRINT AGARS AT 25 C,
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FIGURE 4.2 continued.
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FIGURE 4.2 continued.
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FPIGURE 4.2 continued.
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PIGURE 4.2 continued.
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the exception of Cephalosporium sp. and Malbranchea pulchella)

were in order of growth rates, Sordaria fimicola,

Chaetomium affine, Rhizoctonia solani, Sclerotium rolfsii,

Chaetomium globosum, Scytalidium lignicola, Fusarium solani

and Coprinus sp. The remaining mesophilic fungi tested

failed to cover the total area of the cellulose and news-

print agar plates after 7 days of incubation. Alternaria sp.,

Chaetomium globosum, Cladosporium cladosporiodes, Humicola

grisea, Sclerotium rolfsii, Stysanus sp. and Ulocladium sp.

were the only mesophilic fungi to exhibit faster growth rates
on the newsprint agar. The difference between the growth
rates of the mesophilic fungi on the cellulose and newsprint
agars was usually marginal unlike that displayed by the
therﬁophilic fungi. All of the mesophilic fungi, with the

exception of Lentinus tigrinus produced clearing of the

cellulose agar. The mycelium produced by Lentinus tigrinus

was very sparse and appeared unable to utilise the cellulose
or newsprint cérbon sources. Not one of the mesophilic fungi
tested could completely clear the newsprint agar although
partial clearings were produced by all of the fungi except

Lentinus tigrinus. Particularly noticeable were the extent

of the zones of partial clearings produced by.Chaetomium

affine, Coprinus sp., Rhizoctonia solani and Trichoderma

viride. These clearings matched in extent the ones produced

by the most vigorous of the thermophilic fungi.

Discussion

The composition of the newsprint revealed by the

] e =g 2 :
analyses employed is in close agreement with those given by
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Wenzl (1970) and Updegraff (1971) thus showing these tech-

niques to be accurate.

The enrichment technique used was successful in the
selection of a number of highly cellulolytic fungi which were
then screened on the basis of linear growth rates. The dif-
ference in the growth rates exhibited by the majority of the
fungi on the cellulose and newsprint agars supports the
opinion of Brancato and Golding (1953) that the difference
in the growth rates of a fungus on different substrates could
be assessed on the criterion of colony diameter produced on
~an agar medium. However, it must also be observed that the
fungi which grew rapidly on one medium also grew rapdily

~on the other medium i.e. in no case-did a fungus grow

slowly on one medium and very rapidly on the other. This
finding agrees with those of King (1972) who examined the
growth rates of many of the blue-staining fungi on cellulose
pectih and starch agars and found that although variations
existed between the growth rates of a fungus grown on these
three substrates, the fungi which grew fast on one substrate
tended to grow fast, with some variation, on the other sub-
strates. Cochrane (1958) has expressed the opinion that |
the critérion of linear growth must be used with caution in
nutritional studies and suggests that the burden of proof
that fungal spread on agar is a fair index of growth rests
on the investigator who chooses to use the method. 1In the
present investigation only one thermophilic fungus and
seven mesophilic fungi,out of the thirty-two tested, grew
faster on the newsprint agar than on the cellulose agar.

Although the difference in growth rates on the ;two media was
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only marginal with many of the mesophilic fungi, it is clear
that the majority of the fungi grew faster on the cellulose
agar indicating the existence of a factor retarding the

growth of the fungi on the newsprint agar.

The failure of any of the thermophilic or mesophilic
fungi to produce a complete clearing of the newsprint agar
indicated the incomplete utilisation of all the available
constituents of the newsprint. Razzell (1971) stated that
the problem of degrading newsprint is mainly a problem of
lignin decomposition and that lignin in quantities as small
as 5% of the total weight of the cellulose fibres decreases
the breakdown of that cellulose by as much as 25% when com-
pared with the breakdown of fully delignified fibres. Olson,
Peterson and Sherrard (1937) have shown that as the lignin
content of sawdust is lowered then its fermentability in-
creases and therefore to obtain a good fermentation (with
the thermophilic bacteria) the lignin content should be be-
low 2%. The lignin content of thelnewsprint used in the
present investigation was estimated to be 30.53%, by weight,
and this could .account for the slower growth of the majority
of the fungi on the newsprint agar and the incomplete‘ util=-
isation of the newsprint, thus_resultiﬁg in the partial

clearing observed in that agar.

The faster growth rates of most of the thermophilic
fungi on the newsprint and cellulose agars and the reports
in the literature of the enhanced cellulolytic, activity of
these fungi were the decisive factors in reaching the con-

clusion to use only thermophilic fungi in the development of
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a process for the upgrading of waste hewsprint. The eight
thermophilic fungiselected for additional screening were: -

Chaetomium thermophile var coprophile, Chaetomium thermophile

" var dissitum, Humicola grisea, Humicola insolens, Sporotrichum

thermophile var 1, Sporotrichum thermophile var 2, Thielavia

thermophila and Torula thermophila. The additional screening

was carried out with shake-flask cultures on suspensions of
ball-milled newsprint; the effects of two different nitrogen

sources were also evaluated.
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THE GROWTH OF THERMOPHILIC CELLULOLYTIC
FUNGI IN SHAKE-FLASK CULTURES AND A SYSTEM
OF SUBMERGED FERMENTATION ON SUSPENSIONS
OF BALL-MILLED NEWSPRINT

Introduction

Initially the biodegradation of cellulose was attri-
buted to a single enzyme (Whitaker,. 1953) or to a component
known as Cl which was thought to produce shorter chains for
more conventional hydrolysis by a Cx cellulase (Reese, Siu
and Levinson, 1950). Thus a controversy existed over the
number of enzymes involved in the degradation of fibrous
cellulose, not only over the existence of the Cl and Cx

factors but also over the number of Cx factors which existed.

Working with the cellulase system of Myrothecium verrucaria,

Selby, Maitland and Thompson (1963) reported the possible
existence of two components, a carboxymethyl cellulase and

the labile C, component essential for attack on fibrous

1
cotton. The existence of these two components was later

confirmed by Selby and Maitland (1965). The existence of a

C, factor was reported independently by Mandels and Reese

1
(1964) working with the cellulose systems of Trichoderma

viride. 1In spite of the confirmation of the existence of
the G and Cx factors the exact role of the C, component re-
mained, until very recently, something of a mystery. The C1
component appeared to have all the characteristics of an
enzyme except that its precise function could not be iden-

_ tified (Selby, 1968). With most cellulolytic fungi C, is
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always absent from the culture medium; the very rapid adsorp-
tion of this component by hydrocellulose has been reported

by Selby (1968). Proposals which have been put forward to
explain the role of Cqy include, the theory that C, aids the
adsorption of Cx on cellulose. It was thought that this
could possibly occur because of the supra-molecular struc-
tural arrangement of cellulose which in the cotton fibre
consists of completely crystalline elementary fibrils each
containing about 100 cellulose chains. The regular array of
molecular chains is thus disturbed at intervals by the occur-
rence of chain ends which results in an accompanying dis-
turbance of hydrogen bonding between chains in the vicinity
of the chain ends which although insufficient to enable Cx
working alone to remove soluble sugars could possibly lead to
a single bond rupture by Cx possibly aided by Cl followed by
the absorption of C,. It has been postulated by Selby (1968)
that such a system could produce a highly localised distur-
bance of bonding and consequent loosening of a short length
of surface chain which would then be more susceptible to
extensive attack by Cx. King and Vessal (1969) reported that
the C, component was a hydrolase enzyme attacking crystalline
cellulose and producing cellobiose as 97% of the product.
Recent évidence presented by Halliwell, Griffin and Vincent
(1972) has confirmed the hypothesis of King and Vessal (1969)
by demoﬁstrating that component C,, acting as a cellobiohy-
drolase, hydrolysed native cellulose to cellobiose iﬁ a
solubilising reaction promoted by the presence of thé enzyme

cellobiase.
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Thus as currently understood the cellulase complex

contains the following components (in order of attack):-

i)

ii)

111

C, a cellobiohydrolase which in the presence of

cellobiase attacks crystalline cellulose to yield

cellobiose.

The glucanase (Cx) components which are hydroly-
tic and have the capacity to attack amorphous
or soluble cellulose derivatives sﬁch as car-
boxymethyl cellulose. There are two types of
glucanase, the endo-B-l-4-glucanase which has
the dominant role of initiating the attack on
amorphous cellulose yielding mainly cellodex-

trins and a trace of glucose by a random attack

on internal linkages and the exo-B-l-4-glucanase

which successively removes singleglucose units
from the non-reducing end of the cellulose chain

completing the hydrolysis of the products from

- the endo B-l-4-glucanase.

The B-glucosidases involved in the breakdown of
cellulose are active on the B dimers of glucose
including cellobiose. The B glucosidases and the
exo-B-1-4 glucanases share common substrates,
cellobiose to cellohexaose, the small oligomers
being more rapidly hydrolysed by the B-glucosi-

dases.

The multi-enzymic cellulase system as described above

achieves a maximum rate of attack on native cellulose such
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as cotton fibre and a maximum completeness of conversion to
glucose. The cellulose in wood and woody materials such as
newsprint has been shown by analysis to make up only about
40% of the total wood, (excluding hemicelluloses), being
either chemically bound or physically intermixed with the
more resistant lignin which in turn confer 'a similar resis-
tance on the cellulose (Siu and Reese, 1953). The ligno-
cellulosic substance of wood cells is reported to be more
resistant to degradation by micro-organisms than most other
types of plant tissue (Scheffer and Cowling, 1966). 'The
effects of lignin on the decay of cellulose were briefly
mentioned in the previous chapter when it was stated that

the problem of upgrading newsprint was not primarily a
problem of cellulose decomposition but of lignin decomposi-
tion because lignification of wood cell walls is by far the
most important non-toxic factor that contributes to the
natural resistance of sapwood and heartwood to microbial &e-'
terioration. Many virulently cellulolytic micro-organisms
including fungi and rumen bacteria are prevented from de-
grading wood by the intimate nature of the association be-
tween lignin and the wood polysaccharides (Scheffer and
Cowling, 1966). It is thought that the lignin acts as a
physicai barrier preventing the cellulases of many micro-
organisms from reaching a sufficient number of glycosidic
bonds in the polysaccharides to permit significant hydrolfsis.
This means that all micro-organisms that degrade wood cell
walls (the structural elements of newsprint) possess the
necessary enzymes not only to degfade wood polysaccharides
but also to depolymerise lignin or at least disrupt its as=-\

sociation with the polysaccharides.
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Previous attempts to ferment the cellulose of wood
have usualiy tried to disrupt its association with lignin
either by grinding or hydrolysis before attempting the fer-
mentation stage. Research with thermophilic cellulolytic
bacteria grown on finely ground wood pulp has shown that an
appreciable part of its cellulose can be fermented, the finer
the grinding the higher the percentage of cellulose fermented,
(Virtanen, Koistinen . and Kiuru, 1938). These results were
thought to indicate that cellulose is not chemically bound
with lignin in wood. Olson, Peterson and Sherrard (1937)
examined the effect of the presence of lignin in wood pulp
and similar products on the fermentation of cellulose by
thermophilic enrichment cultures and found that in order to
obtain extensive fermentation the lignin content had to be
less than 1%. The presence of 2-4% lignin in pulps reduced
the amount of cellulose fermented to 50-60%, the addition of
isolated lignin or lignin containing materials such as
groundwood did not interfere with the fermentation of pure
cellulose. dson, Peterson and Sherrard (1937) concluded
that the effect produced by the presence of lignin is not
physical but due to a chemical union between lignin and
cellulose. Fuller and Norman (1943) state that ball-mill
grinding'would not change the micro-structure of wood or
alter the fact that lignin and cellulose are interpenetrating
systems and they are of the opinion that the conclusions
about a chemical union between cellulose and lignin are not
justified because physical contact between the cellulose and
the lignin even after ball-milling would prevent complete
contact with the extracellular enzymes of a micro-organism.

The explanation of the effect of lignin on cellulose availa-
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bility given by Fuller and Norman (1943) was primarily a

physical one because ball-milling breaks the ligno-cellulose
matrix into such fine particles that a large amount, but not
all, of the polysaccharide surface is exposed and freed of
its protective association with lignin and rendered suscep-

tible to enzymatic dissolution.

One of the first attempts to utilise cellulose wastes
such as wood for the production of feedstuffs was the produc-

tion of Candida utilis and Candida arborea grown on wood

hydrolysates (Rose, 1961). Such methods of fermentation
have so far failed to find any application in an open
economy but the recent upsurge of interest in the disposal
of large quantities of cellulose wastes and the worldwide
shortage of protein rich feedstuffs has led to increased
interest in these types of ferméntation. Attempts have been

made to ferment alkaline hydrolysed bagasse by Cellulomonas

sp. and it has been claimed that the product obtained was
competitive with more conventional proteins (Dunlap, 1969;
Dunlap and Callihan, 1969;Han ,Dunlap & Callihan,1969).A process
for the hydrolysis of the waste paper and vegetable wastes

in refuse for the production of glucose for fermentation with

Candida utilis has been described (Meller, 1969), but at the

present time it is not thought to be economically wviable.
Other processes for the acid hydrolysis of cellulose wastes
to fermentable sugars have been described by Padilla and
'Hoskins (1968) and Kobayashi (1971). More recently attempts
have been made to achieve continuous enzymatic saccharifica-
tion of cellulose with the cellulase enzymes extracted from

the culture filtrates of Trichoderma viride (Anon, 1969;
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Chose, 1969). The enzymatic hydrolysis of bagasse with the

cellulases of Chaetomium globosum has also been attempted and

was found to be at least 60% as efficient as acid hydrolysis
(Agarwal and Rastog, 1967). Other préetreatments of cellulose
substrates to increase the rate of fermentation for the
production of microbial protein have included electron
irradiation and photochemical treatment. Rogers, Coleman,
Spino and Purcell (1972) found that photochemical treatment
of cellulose was a more effective form of ﬁretreatment than
either acid/alkaline hydrolysis or electron irradiation for

producing fungal protein in the form of Aspergillus fumigatus.

Attempts have also been made to ferment cellulose
substrates directly without the need for any form of pre-
treatment or saccharification. Stranks (1957) has reported
the fermentation of cellulose by rumen micro-organisms, 84%
of a 4% cellulose suspension being fermented in 72 hours at
40°C. This method of fermentatioa was proposed as a means
of utilisation for low forms of wood waste. Stranks (1968)

also studied the growth of Aureobasidium pullulans on ball-

milled Aspen and proposed that it could be used where low
grade forage material is to be upgraded for consumption as

fodder. Aureobasidium pullulans, however, could only'utilise

the hemicellulose fraction of the wood and only produced a
limited amount of breakdown of the Aspen. 'Updegraff (1971)

employed Myrothecium verrucaria to breakdown suspensions of

ball-milled newsprint and synthesise fungal protéin in a
system of submerged fermentation. Updegraff (1971) conclu-
ded, because of the low yields and production rate of his

isolate that feed material could not be produced at a com-
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petitive price in this manner. Chahal and Gray (1969, 1970)
and Chahal, Munshi and Cheema (1969) investigated the pos-
sibility of producing fungal protein from delignified wood
pulp. They used only mesophilic fungi and found that four

species, Myrothecium verrucaria, Chaetomium globosum,

Rhizoctonia solani and Trichoderma sp. were able to grow well

on this substrate. Of these fungi Rhizoctonia solani achieved

the best growth, one variety was reported to produce a pro-
duct after 4 days incubation in a shake-flask culture with
23.2% of protein containing 21 of the 22 amino acids.

Chahal and Gray (1969) and Jones and Irvine (1972) found that
for fungal growth and protein synthesis urea was the best of
the nitrogen sources tested, these included nitrate and

ammoniumy nitrogen.

Chahal and Gray (1969) have also reported that

cellulolytic fungi such as Myrothecium verrucaria require

different types of media for growth and synthesis of fungal
protein than those which have been used to measure celluloly-
tic activity and loss in tensile strength of fabric des-
cribed by Greathouse, Klemme and Barker (1942), and Derby

and Mandels (1954). Comnsequently in the present investiga-
tion a éecondary screening of the eight thermophilic fungi
selected by the linear growth test was undertaken in shake-
flask cultures with two cheap and feadily available nitrogen
sources, ammonium sulphate and urea, using suspensions of ball~
milled newsprint as the substrate. The most wvigourously
growing fungi in the shake-flask cultures were selected for
further investigations which were carried out in -the more
optimum conditions provided by a laboratory scale 1 litre

tower fermenter.
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Materials and Methods

(i) Shake-flask cultures

A further screening of the eight species of thermo-
philic fungi selected on the basis of the linear growth test
was carried out using shake flask cultures. The substrate
used in the shake-flask cultures was the ball-milled sus-
pension of newsprint as used in the newsprint agar. The
mineral salts solution used in the present investigation
was basically the one developed by Chahal and Gray (1969)
for growing cellulolytic fungi on wood pulp. The basal
synthetic medium developed by Chahal and Gray (1969) was

devised by comparing the growth of Myrothecium verrucaria

and the weight loss in wood pulp caused by this fungus on
different media used by other investigators. The composi-

tion of this basal synthetic medium is given below.

Basal synthetic medium developed by Chahal and Gray (1969):-

Nitrogen source . . 400mg N.

Potassium di-hydrogen phosphate 2.5gm

Crystalline magnesium sulphate 1.25gm

Dextrose lgm

Vitamin solution }_ These solutions were replaced by
using 0.5gm of Oxoid yeast extract

Trace elements solution
Zinc éulphate solution (44gm/litre) 1ml
: Ferric chloride solution (1.92gm/litre) 1ml
Make up to 1 litre with a 1% suspension of ball-milled news-

print.

The basal synthetic medium has a pH of 5.6 to 5.8, approxi-
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mately the same as the pH of the mineral salts of Eggins and
Pugh's (1962) cellulose medium. This pH was considered
suitable for the growth of the thermophilic fungi on a
cellulosic substrate such asnewsprint. Lilly and Barnett
(1951) reported that an initial pH of 5 to 6 is considered
satisfactory for the growth of the majority of the fungi and
Malik (1970) found that for the majority of the thermophilic
fungi the optimum pH for maximum cellulolytic activity was

between 5 and 7.

Twenty-five ml. portions of the medium were dispensed
into 100 ml. conical flasks which were sealed with cotton-
wool plugs and autoclaved at 15 lb. p.s.i. for 20 minutes.
The effect of two different nitrogen sources, ammonium
sulphate and urea on the growth of the fungi was examined.
The required amount of ammonium sulphate to give a nitrogen
content of 400mg per litre was added to the medium which was
then dispensed and autoclaved in the normal way. The medium
with urea as a nitrogen source was autoclaved before the
addition of the urea. A solution of urea, of known concen-
tration, was prepared and sterilised by filtration through
a Millipore bacterial filter. The required volume of sterile
urea soiution was then added aseptically to each flask to
give a nitrogen content equivalent to 400mg N/litre. Two
concentrations of ball-milled newsprint suspensions were
used, 1% and 2%, with the 2% suspensiéns the quantities of
the mineral salts per unit volume were doubled with the ex~
ceptions of the nitrogen sources, i.é. ammonium sulphate,
urea and yeast extract. The medium containing a 1% suspen-

sion of ball-milled newsprint .thus had a C:N ratio of ap-
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proximately13:1 and the medium with the 2% suspension a
C:N ratio of 26:1, (the carbon content of the newsprint was
determined as 52.92% by the 'ashing' method described in

Chapter 3).

The shake-flasks were inoculated by the addition of
one 8mm agar plug taken from a 7 day old culture of the
desired fungus grown on newsprint agar. The inoculated
flasks were incubated at 48°C in a Gallenkamp shaking reac-
tion incubator type lH 350 set to give a stroke of 1.75
inches at a speed of 100 strokes per minute. This was the
maximum speed and hence aeration rate which could be safely
used without the contents of the flask splashing against the
cotton-wool plug. Two replicate shake-flasks were sacrificed
every 12 hours, i.e. after 12, 24, 36 and 48 hours. The
contents from each flask, consisting of the residual sus-
pension and fungal mycelium, were harvested on dried and
weighed filter papers in a Buchner funnel, washed thoroughly,
oven-dried at 60°C overnight, placed in a dessicator for 24

hours and weighed.

The growth of the fungi was measured in terms of
crude pfotein synthesised and by weight loss produced in the
suspeﬁsion by the fungus. The weight loss was determined by
the difference in weights between the contents obtained from
the experimental flasks and the control flasks, which had
received the same treatment as the experimental flasks except
for inoculation. Control flasks were set up for every new
batch of medium prepared and the weight losses in the experi-

mental flasks were expressed as percentages of the total
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weight of the suspension obtained from the control flésks.
The nitrogen contents of the products obtained from the
shake flasks were determined by the method of micro-Kjeldahl
(detailed in Chapter 3) and the protein contents were esti-
mated by employing the conversion factor (6.25 x N) as the
nitrogen content of most proteins has been estimated at
16.0% (Foster, 1949). Samples of the contents of the shake
flasks were obtained for. .the micro-Kjeldahls by carefully
teasing the dried residue away from the filter paper, in

most cases no difficulty was experienced in clearily separa-

ting the residue from the filter paper.

For each of the eight species of thermophilic fungi
a series of shake-flask cultures were set up for the two
concentrations of ball-milled newsprint with each of the

two nitrogen sources used.

(ii) Submerged fermentation

Studies of the submerged‘fermentation of suspensions
of ball-milled newsprint were undertaken, using the two most
vigorously growing thermophilic fungi from the shake-flask

cultures, in a laboratory scale tower fermenter.

The tower or tubular fermenter can be described as
an elongated non-mechanically stirred fermenter with an as-
pect ratio (height to diameter) of at least 6:1 on the tubu-
lar section or 10:1 overall, through which there is a uni-
directional flow of medium or gases. (Greenshields and
Smith, 1971; Greenshields, Morris, Daunter, Alagaratnam and
Imrie, 1971). The tower fermenter used in this study, shown

in Fig 5.1, had an operating volume of 1 litre and was fitted
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with a water jacket for the purpose of temperatﬁre regula-
tion. Aeration was provided by pumping.air through the
glass sinter and inEO the fermentation medium. It was the
air pressure behind the sinter which supported the column
of liquid above the sinter and prevented the liquid from
passing through the pores of the sinter. As the air passed
through the sinter into the fermentation liquid mahy air
bubbles were formed and as these bubbles rose from the
bottom to the top of the tubular section of the tower they
served to provide an efficient form of agitation. Aeration
was provided by a Gallenkamp A.F.410 air pump and the rate
of aeration was monitored by a rotameter connected to the
exhaust of the tower. The rate of aeration was maintained
at 1 vol./vol./min. which was found by Greenshieldset al.,

(1971) to be adequate for tower fermenters of this size.

In the present investigation the temperature of the
fermentation mediumwas maintained at 4800, the optimum
temperature for growth of the two thermophilic fungi used.
The air was pre-heated by bubbling it through a water bottle
at 48°C and sterilised by filtration through a glass-wool
filter. The pre-heating of the air reduced the rate of
evaporaﬁion from the fermentation liquid to a minimum. The
rate of evaporation was measured by placing a condenser be-

tween the exhaust of the tower and the rotameter.

The fermenter was sterilised by passing live steam
through the sampling tube into the tubular section of the
tower for at least two hours. , After the completion of

steaming the sampling tube was sealed with a clamp and a
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steady stream of sterile air was passed through fhé fermen~-
ter to prevent contaminants being drawn into the fermenter
through the exhaust as it cooled down. After the tower had
cooled and the temperature of the water passing through the
water jacket of the tower had stabilised at 48°C the inocu-
. lated fermentation medium was carefully poured into the top
of the tower after the removal of the exhaust bung, aseptic
precautions were taken during this procedure. During the
early stages of the fermentation the rate of flow of air
through the fermenter was found to fluctuate extensively and
constant adjustments of the pump were required. However,
after an hour or so the reading on the rotameter became
steady and the rate of aeration could be accamately set for

the remainder of the fermentation period.

The fermentation medium used was the one described
for the shake-flask cultures developed by Chahal and Gray
(1969), with a 1% suspension of ball-milled newsprint as
the substrate and urea as the main nitrogen source. The
medium with the exception of urea was sterilised by auto-
claving, the sterile urea solution being aseptically added
later. The fermentation medium was inoculated with the
myceliuﬁ produced in 4 of the shake-flasks after 48 hours
of incubation. Gundersen (1962) found that uniformity in
amount and physiological age of the inocula of fungi was of
ma jor importance for obtaining reproducible results and so
in this study the same method of preparing the inoculum was
used for all the tower fermentations carried out. The
mycelium from the 4 shake-flasks was homogenised, in a steri-

lised stainless steel attachment of a Waring blender with a
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measured amount of the fermentation medium, and then added
to the main body of the fermentation medium. It has been
feported (Foster, 1949) that this system of inoculation
stérts the new culture with a greatly reduced lag phase
since growth starts from each viable particle regardless of
how small it is. One of the most common faults that has .
been reported in the submerged cultivation of fungi is the
use of teco small an inoculum which.delays the development
of the culture. The best results are usually obtained when
the fermentation medium is inoculated with 5-10% of its
volume with either a heavy pre-germinated culture or with
the same amount of a fully grown vegetative submerged
culture (Foster, 1949). 1In the present investigation the
total volume of vegetative mycelium taken from the 4 shake=-
flasks was 100ml and this was added 