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FOREWORD

Plant organic matter (biomass) impacts on man's activities with regard
to food, chemicals, feed and fuel production. Each of these applications
concomitantly generates major wastes - agricultural residues, domestic
garbage and also industrial effluents. The challenge exists to utilize such
wastes in optimal manner. Transformation of biomass by microorganisms is
broadly applicable to these endeavours.

The current programme was developed to aid member states for
implementing fermentative approaches in the utilization of biomass residues
for fuel and chemical feedstock production. These studies have been enhanced
by nuclear techniques which are particularly applicable to unravelling the
complexities of biomass transformations. This report reviews the variety and
diversity of such applications with focus on the development of microbial
processes to utilize agricultural wastes and by-products.

The value of nuclear techniques is manifestly demonstrated in the
production of efficient microbial mutants strains, in the tracing of
metabolic pathways, in the monitoring of lignin degradation and also of
fermenter operation.
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A. METHANOGENESIS

VOLATILE ORGANIC ACID TURNOVER
IN ANAEROBIC DIGESTION

D.R. BOONE
University of California,
Los Angeles, California,
United States of America

Abstract

Rate-limiting reactions of anaerobic digestors were demonstrated to be

hydrolytic reactions or methanogenic reactions, depending on operational

factors. Normally, the extent of polymer hydrolysis limits the quantity of

methane formed because hydrolysis products are stoichiometrically converted
to methane. We studied several anaerobic, cellulolytic bacteria and report

their characteristics. We also found that methanogenic and associated
syntrophic populations grow more slowly than cellulolytic and fermentative
organisms, so operational parameters must be manipulated to maintain these

bacteria as thriving populations; otherwise methanogenesis will cease. We
developed techniques for measuring turnover of volatile fatty acids, the

principal substrates for this group of organisms, in anaerobic digestors.
These include tracer methods for measurement of volatile organic acid
turnover when the concentrations of those acids are not constant. We also

demonstrated that propionate turnover should be measured with méthylène- or
methyl-labeled propionate rather than carboxyl-labeled propionate.

1. INTRODUCTION.

Anaerobic digestion is a complex series of reactions
accomplished by many distinct, interacting groups of or-
ganisms (Boone 1985) . Each of these groups performs a
necessary function without which methane would not be
produced. Because each group may have different requirements
for rapid growth, it was not clear how operational parameters
of anaerobic digestors should be manipulated in order to
maximize the overall reactions. This led us to study the
reactions of anaerobic digestors to determine which was rate-
limiting and then to determine characteristics of the
metabolic groups of microorganism which carry out those
reactions.



2. OBJECTIVES.

The studies described here were designed to determine
which reactions of anaerobic digestion limit the rate and
extent of methane production. When the limiting reactions
were identified, we attempted to determine ways to enhance
those reactions by studying the microorganisms which catalyze
them. The metabolic groups of bacteria examined included
anaerobic cellulolytic bacteria, propionate-oxidizing
bacteria, aceticlastic methanogens, and Hz-oxidizing methano-
gens .

3. MATERIALS AND METHODS.

A Multigen F-2000 fermenter (New Brunswick Scientific
Co., New Brunswick, N.J.) was used as an animal-waste
digestor (Boone 1982). Culture techniques of Hungate were
used to exclude Oz during isolation and cultivation of
bacteria. Details of methods may be found in the listed
publications.
4. RESULTS.
4.1. Rate-limiting Reactions of Anaerobic Digestion—Studies
at the Alberta Research Council. An anaerobic digestor
operated with animal waste as substrate was used as a model
system for the study of catabolic reactions of methano-
genesis. Most laboratory-scale digestors are operated by
daily batch-feeding, so I developed a method of operation
which eliminated the diurnal variations and allowed the
measurement of reactions by isotope dilution (Boone 1982). I
showed that acetate is a precursor of about two-thirds of the
CH4 produced in anaerobic digestion, and that the rest was
produced by CO 2 reduction with H2. Methodology for measure-
ment of propionate turnover was also developed (Boone,
1984a), and I showed that measurements may be complicated by
an exchange reaction between the carboxyl group of propionate
and dissolved CO 2 • Digestor studies also showed that when
acetate and propionate concentrations are normal (i.e. less
than about 10 mM) , conversions to CH4 of intermediates such
as acetate and Hz do not limit methanogenesis from digestor.
When I continuously added large amounts of these inter-
mediates, the digestor continued to degrade the animal waste
as completely as before, and as well converted essentially
all of the added Hz or acetate to CH«. Thus, under normal
circumstances, it is not methanogenic reactions but hydro-
lytic reactions (e.g. cellulose hydrolysis) which limit
methanogenesis from anaerobic digestors.

Based on reactions measured in this anaerobic digestor,
a mixed-, continuous-culture fermentor was developed in which
duplicated the digestor in the reactions measured (described
above), as well as environmental conditions such as pH,
temperature, and gas composition. Data presented in this
study (Boone, 1984b), including measurements obtained during
operation of this fermentor, suggested that a great deal of
the Hz produced during anaerobic digestion is formed within
micro-environments associated with particles, and that it may
be oxidized there by methanogens.
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4.2. Delignification of Aspen Poplar (Populus tremuloides) by
Phanaerochaeta sp.—Alberta Research Council. Another
research project was to examine wood wastes and potential
uses of infected aspen poplar. Results of this study were
published in an in-house document (Boone and Cyr, 1981).
4.3. Propionate Degradation in Anaerobic Digestion. Because
of its importance in anaerobic digestion, methanogenic
propionate degradation has been further studied. I used
enrichment culture techniques to determine what conditions
(such as pH, température, and nutrients) favor the growth of
propionate-oxidizing bacteria (Boone and Xun, 1987).
4.4. Ha-oxidizing Bacteria in Anaerobic Digestors. In part
because of their importance in allowing propionate oxidation
in digesters, we studied H2-oxidizing methanogens in diges-
tors. This has resulted in the naming of a new species of
coccoid methanogen (Ollivier et al. 1985) and the report of
another (Abstracts, Amer. Soc. Microbiol., Xun et al., 1987).
Non-methanogenic organisms were also studied (Ollivier et
al., 1985b). We also have several other new isolates which
we have characterized; the phylogenetic relationship of these
is being determined prior to publication of their descrip-
tions. This characterization includes DNA-DNA homology and
characterization of ribosomal proteins. We also isolated and
characterized one of the fastest growing methanogens reported
to date (Zhao et al, 1986).

4.5. Mass-culture Methods for Growth of Methanogens. The
studies of H2-oxidizing methanogens required the growth of
large amounts of cells, but suitable methods for such growth
were not available. We developed new method for growth of
such cultures in large fermentors which makes use of pH
control to automatically add gases and allow rapid and dense
growth of Hz-oxidizing methanogens (Boone et al. 1987).
4.6. Physiology and Morphology of Aceticlastic Methanosar-
cinae. We showed that Methanosarcina barker! 227 and
Methanosarcina tnazei S-6 produce Hz during growth on acetate
(confirming similar indications from another group, based on
different species)(Boone et al., 1987). We also showed that
the Ha produced did not substantially affect the stoichio-
metry of aceticlastic methanogenesis, even when Ha was
continuously removed (Boone et al., 1987), in contrast with
other reports. Further, we showed that maintenance of
various Hz concentrations within the ranges which might be
expected in anaerobic digesters had no effect on the rate of
growth or acetate catabolism by the strains tested.

We showed that Methanosarcina mazei species produce an
enzyme which causes the breakup of large aggregates into
individual, coccoid elements (Liu et al., 1985; Boone and
Mah, 1987). We isolated a new strain of M, mazei (strain
LYC) which catabolizes H2 but not acetate. We also showed
that the type strain of M. mazei (strain S-6) produces the
disaggregating enzyme when grown in medium with elevated
concentrations of calcium and magnesium (Boone and Mah,
1987). This enzyme may be used to control the settleability
of aceticlastic methanogens in digestors such as USAB or
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anaerobic filters. We also found that elevated concentra-
tions of calcium and magnesium enhance the growth rate of M,
mazei.

4.7. Taxonomy of Methanogens. The digestor studies and
related studies of the physiology of methanogens have led to
new insights on the classification of these archaebacteria.
This has led to a number of taxonomic publications (Boone,
1987; Boone and Bryant, 1987a; Boone and Bryant, 1987b;
Worakit et al., 1985; Ollivier et al., 1985; Boone and
Whitman, 1987; Boone et al., 1987; and 8 chapters in the
ninth edition of Bergey's manual "in press§).

5. DISCUSSION.
We showed that diurnal variation in digestor fermenta-

tion patterns can be eliminated by changes in the feeding
regime of digesters for several days prior to experiments.
In the past, such diurnal variations limited the application
of radio-tracer techniques to measurement of reactions in
anaerobic digesters. Exchange reactions took place between
the carboxyl group of propionate and dissolved species of
CO 2, complicating the measurement of propionate turnover.

We showed that bacterial consortia catalyzing volatile
organic acids are the slowest-growing organisms necessary for
anaerobic digestion. In completely mixed digestors these
bacteria limit the hydraulic retention time to values greater
than about 5 days, but neutral to slightly alkaline pH values
promote the most rapid growth of these bacteria. As a group,
they do not require, nor are they stimulated by, organic
growth factors.

Cellulose hydrolysis by anaerobic bacteria is poorly
understood, but we demonstrated which conditions promote
rapid growth of these bacteria. More work needs to be done
to determine what conditions stimulate cellulose hydrolysis
by these organisms.

6. CONCLUSIONS.
The best way to ensure stable operation in rural areas

is excess capacity of digestors so the growth rate of such
organisms do not limit the degradation rate of volatile
organic acids. When a digestor is stressed or operated near
its limits, moderate increases in temperature or pH may
stimulate the physiological microbial groups whose function
confers stability to digestors.
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PRODUCTION OF METHANE FROM AGRICULTURAL
WASTES - STUDIES OF PROPIONATE DEGRADATION

F. SINERIZ
Planta Pilote de Procesos

Industriales Microbiologicas,
Tucuman, Argentina

Abstract

"1 /iThe degradation of C-labelled propionate was studied under
methanogenic conditions at initial concentrations of 10 or 100 mM in a salt
solution with inoculum from a running industrial upflow anaerobic reactor.

The degradation was quite slow at 10 mM propionate, but very much faster
at 100 TOM, measured as doubling time of methane in the medium. The reason
for this big shift is not clear, being either the higher sodium or propionate
concentrations.

1. INTRODUCTION

The vinasses or stilläge are the main waste of the distilleries
utilizing sugar cane juice or molasses for the production of ethanol by
fermentation. This waste is highly concentrated with Chemical Oxygen Demands
in the order of 20,000 to 100,000 mg/L depending on whether the distilleries
ferment directly juice or molasses. Currently 15 of the 16 distilleries
operating in the Tucuman region use molasses. Our Institute has designed and
evaluated an Upflow Anaerobic Sludge Blanket (UASB) system which yields
between 75 to 80 % COD reduction with the most concentrated stilläge (l).
Based on these results a Pilot Plant of 30 cubic meters was built and will
start operation in this harvesting season (starting the end of May).
Although building the pilot plant was initiated two years ago, the assembling
has been delayed by causes beyond our control, and full studies with the
treated effluent have yet to be performed. The focus during this last
programme period was on the study of the microorganisms involved in the
methanogenic process.
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2. OBJECTIVES

The objective of the studies was to evaluate the fate of propionate in
the UASB reactor fed with stilläge.

3. MATERIALS AND METHODS

3.1. Propionate enrichments

The propionate enrichments were carried out utilizing a continuous
enrichment technique. For this purpose a chemostat was set under anaerobic
conditions maintaining a constant positive pressure of sterile nitrogen using
a low pressure regulator (Dragewerk, A.G., Luebeck, W. Germany). The initial
inoculum was taken from the bench scale UASB which has been kept running on
stilläge for the past 4 years.

The medium used is mineral based, buffered with carbonate and reduced
with sulfide, described by Widdel and Pfennig (2). The pH of the medium in
the reservoir was 3.5 and the pH of the enrichment culture was kept at pH 6.9
to 7.1 by automatic addition of 5 M NaOH. This scheme was used because the
complete degradation of propionate to methane could result in an increase of
the pH which could be corrected by the addition of new medium. The chemostat
was operated at 40 degrees C by means of water circulating in the jacket of
the vessel.

The working volume was of 230 ml and one twentieth of the medium was
replaced daily.

3.2. Labelling experiments

(1-14 C) Propionate of high specific activity (New England Nuclear, USA)
was used for some experiments. Radioactive methane and carbon dioxide were
determined by the method described by Zehnder et al. (3) using a liquid
scintillation counter. 1 ml samples were acidified with 0.1 ml 10 N formic
acid and chromatographed using a gas Chromatograph equipped with a flame
ionization detector. The combusted sample was collected on 10 N NaOH in

14coordination with the peaks' appearance in the recorded. The CO from
acetate and propionate peaks was then counted.
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4. RESULTS

4.1 Propionate enrichments

The first trials were carried out using 10 mM propionate in the feeding
medium. The behaviour of the culture was followed measuring the methane
concentration in the gas phase by means of a Gas Chromatograph equipped with
a thermal conductivity detector. The gas space over the culture (about 40
ml), was held at constant pressure (50 mbars) throughout the experiment. 0.2
ml Gas samples (0.2 ml) were withdrawn with a pressure-lock syringe and the
methane content determined.

The initial results over a period of several months were somewhat
discouraging (Fig. 1), the methane concentration in the gas phase increased
very slowly, but as propionate degraders seem to have a very low doubling
time (4), the experiments were continued. After about six months of
utilizing a variety of different feeding schemes, the concentration of
propionate was simply increased dramatically from 10 mM to 100 mM, increase
of the Na concentration used to neutralize the acid.

0.3.

0.01

Fig. 1. Methane concentration in the gas space of the 10 raM propionate
enrichment. Temperature 40 C and pH 6.8 - 7.2.
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In these drastically changed conditions, quite unexpectedly, the
production of methane started to increase and by this time most of the
colored material had been washed out.

The results are presented in Fig. 2. Samples were obtained and analysed
as explained before. The amount of methane produced was much higher than
with the 10 mM propionate feed and the slope was steeper. At the same time by
following the concentration of short chain fatty acids, a stoichiometric
conversion of propionate to acetate was observed. (The concentration of
propionate had decreased to 60 mM while the acetate concentration was 36 mM).

Microscopic observation showed non-fluorescent fat rods, usually in
pairs but also with individual rods, and two types of fluorescent bacteria:
Methanospirilium like and small cocci.

CD

Im

1 •

0.1
10 15 20 25 days

Fig. 2 Semilogarithmic plot of the methane concentration in the gas space
of the enrichment fed 100 mM propionate. Conditions as in Fig. 1.

20



4.2. Labelling experiments

The enrichment was transferred to serum bottles and experiments using
(1-14C) propionate were carried out. The preliminary experiments show that
the label appears in carbonate and in methane. Practically no label was
found in the acetate. (However there were problems in collecting the carbon
dioxide at the exit of the Chromatograph. HPLC analysis will be used for the
next experiments).

5. DISCUSSION

The experiments presented here would indicate that propionate is
metabolized to acetate, hydrogen and carbon dioxide. This result is not
unexpected since Koch et al., (5) have reported a similar degradation of
propionate in enrichments on 3.9 mM propionate. The interesting result on
this enrichment is that the metabolism of propionate proceeds at a higher
rate at high (100 mM) substrate concentrations and at high Na
concentrations. Furthermore, no Methanothrix soehnRenii type of cells were
found in the culture indicating that acetate conversion to methane does not
proceed under these conditions. This observation could explain the results
obtained previously (1) when the UASB reactor was fed pure stilläge (high
salts concentration). In that work it was observed that pure stilläge
produced instabilities and an increase in both acetate and propionate.
Stopping the feed, acetate increased and then decreased very slowly while
propionate decreased at a higher rate.

Recent analyses of methane production indicate that the propionate
oxidizing bacteria develop in a syntrophic association with methanogens and
that the acetate produced is not further oxidized to methane. The conversion
to methane would follow the equation:

4 Propionate + 3 H20——»4 Acetate + 3 CH^ + HC03+H+Go= -25.2 Kj/mol

The value of A Go was obtained from (6).

If it is assumed that methane is a growth related product, a doubling of
the methane concentration in the gas space would indicate a doubling in the
population of propionate oxydizing bacteria. If it can be seen that when the
enrichments are grown on 10 mM Propionate, the doubling time of the methane
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concentration is of about 20 days. When the concentration is increased to
100 mM, the doubling time becomes about 3 days.

It is also possible that as the growth rate of a syntrophic association
would be the growth rate of the slower growing member, at very low propionate
concentrations, in the absence of attachment between partners, the growth
rate of a methanogenic member would be influenced by the partial pressure of
hydrogen. The result would be an apparent low growth rate of the propionate
oxidizing bacterium. At higher concentrations or in the case of granule
formation, the partial pressure of hydrogen would increase and the apparent
growth rate would then increase.

When the concentration is increased to 100 mM, the doubling time is
about 3 days. As the growth rate of a syntrophic association is the growth
rate of the slower growing partner, it could be concluded that, either
propionate concentration or the ionic strength of the medium (due to the
amount of NaOH needed to neutralise the acid) or both, result in a dramatic
increase of the growth rate of the association. The partial pressure of the
system would influence the growth rate of the methanogens that serve as
hydrogen sink. In the absence of attachment between partners (as in a
granule), low propionate would result in a low partial pressure of hydrogen,
diminishing the growth rate of the methanogen and resulting in an apparent
low growth rate of the propionate oxidiser. Higher propionate (and/or salt)
concentration would increase the partial pressure of hydrogen or diminish the
distance between partners and the apparent growth rate would increase as
observed.
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B. CELLULOLYSIS

PURIFICATION AND CHARACTERIZATION OF
CELLULOLYTIC ENZYMES FROM Aspergillus ustus M35
AND Trichoderma harzianum MS

B. MAORIS, M. PASPALIARI-PALAIODIMOPOULOU
Institute of Biology,
Democritos Nuclear Research Center,
Athens, Greece

Abstract

A number of methods mere applied in an effort to purify the
cellulolytic enzymes of Asperoillus ustus M35 and Trichoderma
harzianum MS.These mutant were induced by gamma radiation and
excreted elevated levels of cellulase and p-glucosidase uhen
grotun an different cellulasic substrates. Acetone and ammo-
nium sulfate precipitation, high performance liquid chromato-
graphy and ion exchange chromatcgraphy mere applied. The lat-
ter method gave the best results and involved the use of ani-
on exhange resins Accell QMA, riono Q and Sepharose Q. Mono Q
was part of a fast protein liquid chromatography apparatus.
The application of Accell QMA revealed the existence of at
least two carboxymethylcellulase, tuio ß-glucosidase and one
eellobiohydrolase forms in both mutants. Purification of A.
ustus M35 with Sepharose Q resulted in the isolation of tua
p-glucosidase, one carboxymethylcellulase and a mixture of
cellulase and ß-glucosidase forms. Further purification of
the mixture with Mono D resulted in the isolation of one cel-
lobiohydrolase form. Certain kinetic characteristics of A.
ustus M35 purified enzymic forms showed optimum pH values at
3.8, 4.2 and 5.0 for CMCase and (3-glucosidase I and II forms
respectively. The respective temperature optima uiere 65, 65
and 45oC. Further purification of cellulalytic systems of
bath mutants is under investigation.

1. INTRODUCTION

The gamma radiation mutants AsperaI11us ustus M35 and
Trichoderma harzianum M5 have been reported by flacrisClSBH:,
13B5") to excrete elevated levels of cellulase and p-glucosi-
dase when grown on different cellulasic substrates. The mu-
mutants produced a cellulase system, capable of hydrolyzing
crystalline cellulase ta reducing sugars.
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It is well known that cellulase and ß-glucosidase excreted by
certain Fungal species hydralyze highly ordered crystalline
cellulose to glucose. This hydrolytic action is affected by
mixtures of exo-, endocellulase and p-glucosidase. Although
sequential action between these enzymes is almost a feature
to hydralyze crystalline cellulose to glucose, factors af-
fecting the interaction between these three main enzymes are
not well understood.

E. OBJECTIVES

The purpose of this work was to purify the cellulolytic sys-
tems of A_._ î stus 1135 and J_. harzianum MS and study certain
kinetics characteristics of cellulose hydrolysis by the crude
and purified enzymic forms of these fungal mutants.

3. MATERIALS AND METHODS

3.1. Organism. The microorganisms used in this work were iso-
lated from a sample collected from the Kenya National Park
CAmbosBli) as described by Macns and Galiotou-Panayotou
C1SBEO .

3.E. Growth and growth media. Both growth media composition
and conditions of growth were desnbed by Macns and Galio-
tou-Panayotou C1986^.

3.3. Induction of mutants. The mutants were induced by gamma
radiation as described previously by Macns C19B4D and Macris
and Galiotou-Panayotou C13BS).

3.4. Enzume purification. Solid ammonium sulfate was added to
clarified culture fluid to obtain E0% saturation. After cent-
rifugation CIO,000 x g for 10 mm) the sediment was separa-
ted and ammonium sulfate was added to the supernatant to 40%
saturation. Following centrifugation as above, the same pro-
cedure was repeated for BO and 80% ammonium sulfate satura-
tion .
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Enzymes were Further purified by high performance liquid
chromatagraphy CHPLCD. The HPLC apparatus was equipped with a
gel filtration column system consisting of a Bio-Sil CBIORAD5
precolumn and a Bio-Sil CBIORADI) main chromatagraphy column
operating under louj pressure Cnot measurable} conditions.

Ion exchange chromatography was carried out using Acell QMA
CUJATERS5 , Sepharose Q CFARMACIA3 anion exchange resins and a
fast protein liquid chromatography CFFLC3 apparatus CFARMA-
CIA3, equipped with a Mono Q anion sxcange column. Before
application, ammonium sulfate purified preparations wsre de-
salted by passing through a PD-10 gel Filtration prepacked
column CFARMACIA) .

3.5. Enzume assaus and analutical methods. Cellobiohydrolase
Cl,4-ß-D-glucan cellobiohydrolase, EC 3.B.I.315 Cavicelase}
and endoglucanase C1,4-C1,3;1,4)-ß-D-glucan 4 gluconohydro-
lase, EC 3.5.1.4H Ccarboxymethylcellulase or CMCase3 were as-
sayed by measuring the reducing sugars as D-glucose by the
3,5-dinitrosalicy1ic method as described by Whelan C13E4D
and modified by Herr C1S73). The reaction mixture in the case
of cellobiohydrolase contained 0.1 ml clarified culture fluid
and 0.4 ml l";Cui/v) Avicel suspension in 0.1 (1 sodium acetate
buffer, pH 4. In the case of CMCase, the reaction mixture
contained 0.01 ml properly diluted clarified culture fluid
made up to 0.5 ml uiith E? .5?iCw/v) low viscosity carboxymethy 1-
cellulose solution in 0.1 H sodium acetate bufferCpH 4). Fal-
lowing incubation at 50oC for 50 and 10 min for cellobiohyd-
rolase and CMCase respectively, the unhydrolyzed Avicel was
filtered oFF and the reaction uias stopped by the addition oF
0.5 ml 3,5-dinitrosalicylic acid. The tubes were then heated
For 5 min in a boiling uater bath and cooled for 5 min under
running water; 2 ml water was added and the absorbance was
measured at 546 nm. The sugar value was read from a D-glucose
calibration curve. Una unit CUD of cellobiohydrolase or CMCa-
se activity was defined as the amount of enzyme required to
liberate one microequivalent oF reducing sugars per minute.

ß-D-Glucosidase Cß-D-glucoside glucohydrolase, EC 3.E.I.213
was measured by using 4-nitrophenyl-ß-D-glucopyranosideC4NPG)
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as the substrate as described by Herr C1973?. The reaction
mixture contained 0.01 ml of properly diluted clarified cul-
ture Fluid made up to 1 ml with 2 mM 4NPB solution in 0.1 M
sodium acetate buffer, pH 4. The tubes were incubated at 50oC
for 5 min, and the reaction mixture was stopped by the addi-
tion of 2 ml l n NaC03 solution. One unit CID of ß-glucosida-
se activity was defined as the amount of enzyme required to
liberate one micramole of 4-nitraphenol per minute.

D-Glucose urns determined enzymatically with a glucose-oxidase
-chromogen reagent CISTU Sclava, Divisiane Diagnostic!, Sien-
na, Italy} .

Protein tuas determined by the method of Lowry et al. C1351?1.

4. RESULTS

4'1- Production g_f_ cellulase and e-glucosidase. Maximum
yields of cellobiohydrolase, CflCase and ß-glucosidase excre-
ted by as. ustus M35 and J_._ harzianum H5 appear in Table I .
Except for the low ß-glucosidase activities observed in T ,.
harzianum H5 culture fluids, the yields of CflCase and, parti-
cularly, that of cellobiohydrolase were among the highest re-
ported for fungi excreting high levels of cellulolytic enzy-
enzymes.

Table I . C e l l o b i o h v d r o l a s s , CflCase and B-glucosidase y ie lds oroduced
by fl^ ustus Î135 and T._ hamanua H5.

E n r y n e a c t i v i t y !u''al)"
Oroanis i i Ce l lab . CMCase 8-Slucos. R e f e r e n c e

K ustus Kl 1.0 S9.0 19.: «a:ns and G â î i D t o u l l 9 B 6 »

T. harnar.-ja H5 1.0 33.5 2.S Macr is and 5ahatou(l?86)

• H a x j M » va lues are giver.

4.5. Acetone and ammonium sulfate precipitation, ft. ustus M35
and T. harzianum MS culture filtrates containing the cellulo-
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lytic enzymes were treated with cold acetone C-EOoC) at con-
centration 0, EO, 40, 60 and GO^i. Also, ammonium sulfate pre-
cipitation, at saturation levels of 0, EO, 40, BO and BQ'<ï, was
applied to the culture filtrates at room temperature. The re-
sults appear in Table II and show that in A. ustus M35 prot-
ein precipitated in the range of 40-EO^i acetone concentration
contained most of the activity of p-glucosidase and approxi-
mately half of the cellulase activity. Ammonium sulfate pun-
purification of the same culture fluid showed that most of
enzyme activities were recovered at O-40% saturation level .

Table !I. Flaw sheet for acetone and aaaoniurc sulfate aur;fi:ation at A. ustus K55 and T. harz;am»
115 cell cd chvcYoi äse

Fraction

(Cell

Vciur.eU:)
Cel CMC 6-cl

. CHCase (C^Cli and

A:tivitv|j/al>
Cel CMC 8-51

E-gljccsidäSB !?-Eî).

3p,
Cel

, activity«
C1C 8-51

A. us t us M'

Acetrne
Crude
20"
40X
60".
m
Awn lu«
CrudeTOÏ
40"
60V.so*

Acetone
Crude
207.
W
60V.
80V.

AMor.:un
Crude
202
40Ï
60V,
80Ï

100
10
10
10
10

su! fats
100
10
10
10
10

100
10
10
10
10

suif its
100
10
10
10
10

100
•0
10
10
10

100
10
10
10
10

100
10
10
10
10

100
10
10
10
10

100
10
10
10
10

100
10
10
10
10

100
10
10
10
10

100
10
10
10
10

0.4
0
0.2:.7
0

0.4
0
2.3
0.1
0

0.3
0
0.2
1.2
0

0.4
0
1.7
0.1
0

25.7
0
I". 3
97.6
0

25,7
0

239.2
6.4
0

T

21.'
0
5.°

51.3o

21.3
0

146.'
4.2
0

4.5
0

16.8
"~̂

0

4.5
0

41.3
0.4
0

. h

2.5
0
0

12.6
0

n c

0
19.'
0.1
0

0.2
0
0.1
0.6
0

0.2
0
1.7
0.1
0

? r z i

0.2
0
0.2i.e
0

0.7
0
0.4
0.1
0

13.4
0
6.1?

72.5
0

13.4
0

61.3
20.4
0

35

2.4
0
i
7.6
0

2.4
0

10.7
1.4
0

Yield T,:)
Ce! C1C 8-51

100
0
5.4

44."
0

100
0

59.7
1
0

100
0
•'.•'

35
0

100
0

95.4
2.5
0

100
0

37.7
51.4
O

100
ti

93.6
1
0

Furifi
Cel

1
0
0.3
2. E
0

1
0
7.9
0.5
0

c. -factor
CXC 8-51

1
0
0.5
2.4
0

1
0
4.6
1.5
0

l
0
2.5
3.2
0

1
0
1.4
0.6
0

-3 n u m M 5

9.1
0
6.9

90.2o

o <
0

31.5
15.2
0

1.1
0
0
19. 7
0

t i
0
1.2
0.4
0

100
0
4.6

32."
0

100
0

49.4
0.9
0

100
0
2. B

24.1
0

:oo
0
6"
i
0

100
0
0
4?. B
0

100
0

78.2
0.2
0

1
0
1.3

IB
0

i
0
ni.
0.5
0

1
0
0.8
B.E
0

.
0
3.5;,7
0

1
0
0

18.2
0

i
4

0
3.?
0.4
0

•Exoressed as units af enzvae activity per ag af protein
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In this level, almost the entire activity of ß-glucosidase
and CflCase and high yields of cellobiohydrolase mere recove-
red. Higher degree of enzyme inactivation was observed when
crude preparations of T. harzianum MS were treated with cold
acetone CTable III). In the range of maximum acetone precipi-
tation C40-605Ï) the degree of inactivation was higher than
50?i in all enzymes. However, the purification factor of both
cellulases and ß-glucosidase was higher than that observed in
A . ustus H35 treated with cold acetone. Purification with am-
monium sulfate resulted in high yields of all T . harzianum 115
enzymes at the saturation level of 0-40̂ ; . For this reason,
the range of 0-HtOïi ammonium sulfate saturation was chosen for
the preparation of partially purified enzyme batches in the
subsequent work .

4. 3. Purification with HPLC . Following ammonium sulfate preci-
pitation the enzymes were further purified by applying high

S

20 JO
Fraction No

M
•a

u

B

20 30
Fraction No

O.MJ;

1

E
10 3

u
Su

Fig. 1. HPLC chramatagram aF A. ysti^g ri35Mand:T. harzianum
n5lB)cBllulases and ß-glucosidase. Symbols: Protein CAB80D
C----!>, CnCase C • 3 and ß-glucosidase Co 3.

performance liquid chromatography C H P L C 3 . The results of ft.
ustus M35 and Jj. harzianum MS appear in Figures 1ft and IB
respectively. Two peaks of ß-glucosidase and two peaks of
CMCase corresponding to two molecular forms of each enzyme
were obtained with ft. ustus 1135. In the same chromatogramme,
no cBllobiohydrolase activity was observed. Less satisfactory
results were obtained when HPLC was used for the purifica-
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tion of T . harzianum f15 cellulolytic enzymes. Two ß-g
sidase and one CMCase molecular Forms were observed in the
were observed in the HPLC chromatogramme of the latter Fungal
mutant, whereas no cellobiohydrolase activity was detected
during purification .

4.4. Ion exchange chromatoaraphu . Anion exchange chromatogra-
hy , using Accell QMA, was applied For the purification oF
cellulolytic enzymes of A. ustus f135 and T. harzianum M5 . The
results appear in Fig. B and Fig. 3 respectively. At least
two ß-glucosidase, two CMCase and one cellobiohydlase forms
were detected in the culture fluids of ft. ustus f135, purified
with Accell DMA. Similarly, the extracellular cellulolytic
enzymes of T . harzianum M5 were composed of least two ß-glu-
cosidase, two CMCase and one cellobiohydrolase forms.

3oceo
ao OP8

U)
OuD-Jai

3O 4O 8O
FRACTION No

Fig. B.Purification of Aj. uatuq M35 cellulases and p-glucosi-
dase an a column of anion exchange resin Accell OMA. The co-
lumnClxEScm) uas equilibrated with 0.02 n Tris-HCl buffer,
pH-7.5. The enzyme C40ÎS satd.CNHD4S04 fraction] was diluted
in the same buffer, adjusted to pH-7.5 and a volume of O.H ml
containing 10 mg protein CAEQOD was applied on the column
which was, then, elutsd with a linear gradient of 0 to 0.5 M
NaCl in the same buffer. Fractions were collected and assayed
for protein CAEBO) C----D, cellobiohydrolase C A }, CMCase
C • D and p-glucosidase CO D .
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Fig. 3. Purification af T. harzianum f15 cellulasas and ß-glu-
cosidase on a column of anion exchange resin Accell QUA. The
column ClxSScnO was equilibrated with O.OE n Tris-HCl buffer,
pH-7.5. The enzyme C40* satd.CNH4)2S04 fraction] was diluted
in the same buffer, adjusted to pH-7.5 and a volume of O.E ml
containing 10 mg protein CA880) was applied on the column
which was, then, eluted with a linear gradient of 0 to 0.5 n
NaCl in the same buffer. Fractions C2 mlD were collected and
assayed for protein C— — -3, cellobiohydrolase C A ), CMCase
C « 3 and p-glucosidase Co } .

Further purification of ft_A. ustus M35 urns attempted using the
anion exchange resin Sepharose Q. The results appear in Fig.
4 and show the existence of three ß-glucosidase, two carboxy-
methylcellulase and one cellobiohydrolase forms. During this
separation, it was possible to isolate in a relatively high
purity level Chigher than SS^D two ß-glucosidase and one CMC-
ase forms. The mixture of cellulase and p-glucosidase contai-
ned in the fractions 30 to 33 CFig. 53 were further purified
in a FPLC apparatus equipped with an anion exchange column
containing flono Q resin. The results appear in Fig. 5
and show that it was possible to isolate one callobiohydrola-
se form while activities of cellobiohydrolase, CflCase and ß-
glucosidase were assayed in the fractions from 5 to 20.

4.5. Kinetic characteristics. The effect of pH and temperatu-
re on certain enzymic forms, isolated during purification of
ft. ustus n35 cellulolytic systems, were investigated. The re-
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2O 40
Fraction No

Fig. 4. Purification of ft. ustus IÏ35 cellulases and ß-glucosi-
dase on a column of anion exchange resin Sepharose Q. The co-
lumn Clxl4 cm3 was equilibrated with 0.02 M Tris-HCl buffer,
pH-7.5. The enzyme C40* satd. CNH43ES04 fraction} was diluted
in the same buffer, adjusted to pH-7.5, deionized through a
PD-10 gel filtration prepacked column CFARMACIA3 and a volume
of 0.7 ml containing 40 mg protein CA2803 was applied on the
column which was, then, eluted with a linear gradient of 0 to
0.75 NaCl in the same buffer. Fractions were collected and as-
sayed for protein C—- —3, callobiohydralase C A3, CMCass
C • 3 and ß-glucosidase C O 3 .

2r 8r 02

E
X.
3

o
£
Ü

L- O1-

<X2 -I 1

OtoZ

60U J 0

Fraction No

Fig. 5. FPLC purification of cellulases and ß-glucosidase of
ft. ustus H35. Conditions: sample 1.S5 mg of protein CA2B03
disolved in 0.5 ml of 0.01 n Tris-HCl buffer, pH 7.5; column
Mono Q; buffer A, 0.01 M HC1
buffer ft; gradient; 0-5 min

pH 7.5; buffer B, IM NaCl in
5-1O min, 0.25 M0-O.B5 n NaCl;

NaCl; 10-1B min, O.E5-0.28 M NaCl; 18-23 min, 0.28 M NaCl;
23-55 min, 0.2B-0.32 M NaCl; 55-50 min, 0.32-1.0 n NaCl; SO-
GS min, 1-0 M NaCl. Flow rate l ml/min; fraction volume l ml.
Protein C-----D, cellobiohydrolase ( A 3 , CMCase C • ), ß~
glucosidase COD evnd Na£l (——).
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results appear in Figures B and 7 and show considerable dif-
férences in the optimum values of crude and purified forms,
flost important, marked differences were observed in pH amd
temperature maxima between the isolated two ß-glucosidase
forms.

100

8O

. 60

oIB

NCLU 2O

O - l

PH
« 4O SO 6O 7O

Temperature °C
80

Fig. 6. Effect of pH and temperature an crude C A ) and puri-
fied ß-glucasidase I C • D and"ß-glusosidase II C o D activi-
ties of ft. ustus M35.

too

80

.t: GO
u
<0
V

>tN£

40

20

3 4 !S 6 4O SO 6O 7O 8O
pH Temperature °C

Fig. 7. Effect of pH and temperature on crude C A ) and puri-
fied CnCase C o D activities o f f t . ustLj? M35.

34



5. DISCUSSION

In previous investigations by riacris et al. C1385) and tlacris
and Panayotoy (1386} it was found that the gamma radiation
mutants ft. ustus M35 and T. harzianum f15 produced elevated
levels of cellobiohydrolase, CUCase and ß-glucosidase when
grown on straw or crystallilne cellulose. Furthermore, ft. us-
tus has been reported by Shamala and Sreekantial C1SB5) to
produce the highest ß-glucosidase and xylanase yields among
other cellulolytic fungi cultivated on straw in a solid state
fermentation. While cellobiohydrolase yields produced by the
above mutants were among the highest reported, nacris et al .
(1365) demonstrated the existence of a cross-synergistic ac-
tion between crude cellulolytic enzymes of these mutants upon
hydrolysis of crysatlline cellulose. For better understanding
the mechanism of both cellulolytic and synergistic action of
these enzymes purification studies were initiated.

Starting with acetone and ammonium sulfate purification it
was found that the latter treatment gave better results as
far as recovery of enzyme activity was although higher
purification factors were obtained with aceton precipitation.
HacrisC 19BH-) reported high CUCase and p-glucosidase recovery
using ammonium sulfate purification in ftlternana alternata
n~? culture fluids.

Further purification of the cellulolytic systems of both mu-
tants with an HPLC apparatus, equipped with B gel filtration
column, gave no satisfactory results. The literature on cel-
lulase purification by HPLC is limited. Fliess and Schuegert
C1383) separated Tnchoderma reesei cellulolytic system into
five components, e.g. three CflCase, one with filter paper
activity and one p-glucosidase.

Anion exchange chromatography gave better results compared to
those obtained with HPLC gel filtration. Regardless of the
type of anion exchanger used separation was significantly
better and could be markently improved by the facilities and
automation provided by FPLC systems. Purification of cellula-
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se and p-glucosidase by ion exchange chromatography has been
applied by different investigators and the obtained results
were similar to those found in this work. Gong et al. C1373)
found that endoglucanase and cellobiase appeared together
after ion exhange chomatographic separation. Peterson et al.
C13BO) separated cellulolytic enzymes with similar techniques
and found three peaks, all of them exhibiting mixed activity.
Wood and flcCrae (1380) reported that upon purification of p-
glucosidase from the cellulolytic system of Tnchoderma
koningii with DEAE-Sepharose a preparation with mixed CMCase
and ß-glucosidase activity was obtained.

While separation efforts are being continued, the results ob-
tained so far show that distinct differences in certain kine-
tic characteristics exist between the separated enzymic
forms. Thus, different pH profiles of crude and I and II
forms of purified ß-glucosidase of ft. ustus M35 were obtained
and marked differences were also oserved in temperature pro-
Files of the same enzymic forms. Crude and purified form of
CMCase exhibited different pH and temperature maxima. It is
worth noting that the purified CHCase form showed higher pH
stability and temperature optima than the crude enzyme prepa-
ration. The same observation is noted for temperature optima
of p-glucosidase I. Similar results were reported for cel-
lulolytic systems of other microorganisms. McHale and Cough-
lan C13B1) isolated three ß-glucosidase forms from Talaro-
muces emsrsomi exhibiting marked differences in their kine-
tic properties.

6. CONCLUSIONS

In conclusion, the cellulolytic systems of gamma radiation
mutants £_._ ustus N35 and T. harzianum MS contained different
forms of cellobiohydrolase, CMCase and p-glucosidase. Of the
isolated forms, some exhibited better kinetic characteristics
than the crude enzymic system. Further studies of these forms
will help in understanding certain aspects of their interac-
tion and synergistic action upon cellulose hydrolysis to glu-
cose .
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Abstract

r* r*Two hypersecreting cel lulolyt ic mutants (BIStr and 7Rf ) of

Cellulomonas biazotea NIAB 442 showing large blackening zones on
esculin-ferric-ammonium citrate agar plates were isolated after gamma

ray-induced mutagenesis . The mutants showed 2.2 times enhanced production of
beta-D-glucoside glucohydrolase (beta-glucosidase EC 3 .2 .1 .21 ) and
beta-xylosidase (EC 3 . 2 . 1 . 3 7 ) . The activity of endo-1,4- beta-D-glucanase
(CMCase EC 3 . 2 . 1 . 4 ) was marginally altered. Subsequent chemical mutagenesis

(nitrosomethyl urea ( N M U ) , ethyl methane sulphonate (EMS) or
l-methyl-3-nitro-l-nitrosoguanidine (MNNG) yielded a variety of further

mutants, EMS being the most effective mutagen. Mutants from EMS included a

one copper resistant mutant (Cu-1), penici l l in resistant mutant (AVIS) and
several consti tut ive mutants for hypersécrétion of beta-glucosidase, from NMU

a hypersecreting mutant (M-NMUI with 2.7-3fold increase in beta-glucosidase

and beta-xylosidase) and also a hypersecretive mutant (BG—4) which also
hyperproduced (5 fold) beta-glucosidase and beta-xylosidase (2.8 fold) by

using MNNG. The mutants showed improved saccharification of Leptochloa fusea.

(L) Kunth (Kallar grass).

1. INTRODUCTION

The use of l ignocel lulosic biomass (LC) as a source of liquid or

gaseous fuels requires its hydrolys is to hexoses and pentoses. Enzymatic
hydrolysis is one approach and in this regard the Trichoderma-cellulase
system has received the greatest s tudy. Development of screening methods to

identify hypersecretive mutants in Trichoderma reesi has significantly
contributed to a better understanding of cellulase secretion in fungi (Cuskey

et a l . , 1983). Commercial extracellular Trichoderma-ce 1 lu läse preparations
contain high amounts of exo- and endo-glucanases. Many such preparations
have relatively lower amounts of beta-glucosidase (Khan et al., 1985;
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Sternberg, et al., 1977), and when they are employed, this can lead to the
accummulation of inhibitory amounts of cellobiose. Addition of
beta-glucosidase hydrolyses the cellobiose and improves accharification (Khan
et al., 1985). Our previous studies (Rajoka and Malik, 1985) indicated that
up to 30 % of sugars produced by the action of the Cellulomonas biazotea
cellulase complex on Kallar grass remain unconverted in a methane digestor.
The cellulolytic complex including beta-glucosidase of such organisms needs
improvement in order to more effectively gain monomeric sugars (Gilkes et
al,, 1984, Montenecourt and Eveleigh, 1977). This report illustrates such an
approach with C biazotea in the selection and characterization of
hyper-productive and hyper-secreting cellulolytic mutants.

2. MATERIALS AMD METHODS

2.1. Organisms : Cellulomonas biazotea NIAB 442 and its mutant
derivatives were used throughout these studies. The strains were maintained
on Dubos salts-CMC (0.7 % carboxymethyl cellulose - Na salt, low viscosity)
slants as described earlier (Rajoka and Malik, 1984, 1986).

2.2. Growth media: C. biazotea was grown in a cellobiose salt medium
supplemented with 0.2 % yeast extract (CSYE medium). The pH of the medium
was adjusted to 7.3 with HCl. In other growth studies, the cellobiose was
replaced by other carbon sources, mentioned in the text and tables.

2.3. Substrate preparation: Alkali treated LC biomass was prepared as
described earlier (Rajoka and Malik, 1984).

g2.4. Isolation of Mutants^ Actively growing C. biazotea cells (2 x 10
cells/ml) were exposed to a range of doses of gamma radiation in a Co-60
gamma cell. To prepare a cell survival curve following irradiation, the
cells were serially diluted in biological saline supplemented with 0.1 %
yeast extract, plated on nutrient agar plates and colonies counted after 72
hr. The survivors from 30, 40, 50 Krad were allowed to express in CSTE
medium and expressed cells were treated as follows:

2.4.1. To isolate (a) Str resistant (Str) mutants, cells were plated on a
medium containing 40^9/ml streptomycin (Str). (b) To isolate Rfr mutants
20/jg/ml rifampicin (Rf) was used. The selected cells were serially diluted
and plated on esculin selection plates to select for beta-glucosidase mutants
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(Choi et a l . , 1978; Montenecourt and Eveleigh, 1977), containing either (a)
Str or (b) Rf. The colonies were counted and re-plated to prepare master

plates containing approximately 600 colonies/plate. Mutants showing

hyperproduction of beta—glucosidase were selected.

2 . 4 . 2 . The expressed cells at the absorbance of 0.6, were plated on (a)

CMC, (b) CMC + glucose (c) Sigmacel 100 (d) Sigmacel 100 + glucose.

(a) The colonies were used to prepare master plates and assayed
for hyprproduction of endoglucanase by the size of the

clearing zone evidenced by the congo red staining technique

(Gilkes et al, 1984a) (b). The master plates with Sigmacel,

were used for selecting hyper-producing mutants that
potentially produced exo-glucanase (Sigmacelase) as evidenced

by greater size of the clearing zone.

2.5. Chemical mutagenesis : The hypersecretive mutants were subsequently

mutated with NMU (140 ug/ml) (EMS (160 ug/ml) or MNWG (200 ug/ml)

for about 1 hr yielding a 90 % k i l l . Fig. 1 illustrates the
geneology of the mutant selections.

2 .5 .1 Selection of constitutive mutants for hyperproduction of

beta-glucosidase: the mutated and expressed cells were plated on 1

% glucose-agar medium, and subsequently the colonies were then

overlayed with esculin medium in 0.5 % agar. The colonies showing

earlier and larger zones of blackening were picked, and then
re-screened in plate tests to confirm hyper-glucosidase
production. The selected strains were stored at 4 C for further

studies.

2 .6 . Fermentation Studies: The parent, C. biazotea and its mutant
derivatives were grown in liquid salt medium containing the growth
substrate. The cells were processed, as described previously

(Rickard et al. , 1981), to gain extracellular and cellular

fractions, The latter were washed, whole cell sonicates.

Exo-glucanase, endo-glucanase, beta-glucosidase and beta-xylosidase
were determined (Rajoka and Mal ik , 1986).
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C. biazotea

EMS NMU MNNG

V \ \AVIS (M-Cu-1) (M-WMU1) BG-4

7 Rf

EMS

CM-AB-1, CM-AB 3, CM-AB 8

Fig. 1 Geneology of Cellulomonas biazotea mutants

2.7 . Saccharification Studies: Portions of 0.5 g of Kallar grass straw

were dispensed into 50 ml conical flasks to which 3 ml of phosphate

buffer 7.0 pH 0.05 M were added. They were incubated with 7 ml of

crude enzyme preparation obtained after growth of the test

organisms on 1 % Kallar grass straw. Studies were at 40 C in

shaking water bath incubator, and duplicate flasks were

periodically removed and to measure reducing sugars using the

dinitrosalicylie acid method.

3. RESULTS AND DISCUSSIONS

The sensitivity of C. biazotea to gamma-radiation and a survival
curve is illustrated in Fig. 2.

The survivors following radiation at 30, 40 and 50 Krad were
allowed to express and were processed as described in Materials and Methods

r*for isolation of Str and Rf mutants. 600 colonies were plated for
selection of mutants with the ability to hyper-produce endo-glucanase studies
as evidenced via the congo red plate selection procedure (Gilkes et al.,
1984a,b).
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Fig. 2 Survival curve of C. biazotea after exposure to gamma radiation.

C. biazotea cells at an absorbance of 0.6 were exposed to various
doses of gamma irradiation. The cell suspension was serially
diluted and plated in nutrient agar plates. The survivors were
counted as colony forming units/ml (N) and the survival curve
prepared.

fc~ V«

Four Str mutants and 3 RF mutants were selected (Figure 1 and Table
r* r*I), Str and Rf mutants were also evaluated for hyper-production of

r rbeta-glucosidase (Table II). 51 Str and 7 Rf were selected as

hyper-beta-glucosidase producers. Fig. 3 and 4 illustrate the glycosidase

activities of the parent and its mutant derivatives after growth in salicin

(0.25 % W/V) . Substantial improvement in biosynthesis of beta—glucosidase

and beta-xylosidase was found especially in 51 Str and 7 Rf (3 fold

increase). The effect of Kallar grass on the production of beta-glucosidase
r Pwas also studied in all the strains. 51 Str and 7 Rf mutants along

with the parent were grown on Kallar grass straw-liquid culture to observe

production of the above mentioned latter two glycosidases. Figures 5 and 6

illustrate the time course production of beta-glucosidase and
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TABLE I: Screening for enhanced endo-glucanase production by C.biazotea and
its mutant derivatives after growth in CMC solid medium

STRAIN

Parent
5 Strr

10 Strr

51 Strr

52 Str r2

5 Rfr

7 R f r

44 R fr

Enzyme production
after 24 hours

11 mm
12.1

12.3
12.0
12.5
11.6
12.0
11.5

48 hours

15 mm
16.3

16.0
16.0
17.0
16.0
16.0
16.0

The cells were allowed to grow in esculin solid medium contianing ferric
ammonium citrate (0.05 %). The enzyme reacted with esculin to release
esculetin which, in turn, reacted with ferric ions to produce black
precipitate. The diameter of the black zones in millimeters was taken
as measurement of secreted beta-glucosidase production.

TABLE II: Plate tests of ß-glucosidase production by C. biazotea and
its mutant derivatives.

ß-glucosidase production after an incubation time of

STRAIN
Parent
5 Strr
10 Strr
51 Strr
52 Strr2
5 Rfr

7 R fr
44 Rfr

24 hrs
7 .2 mm
10
10
10
10
11
11
10

48 hrs
16 mm
19
16.5
17.5
19
19
19
18

68
17
20
17
22
21.
20
22
21

hrs

mm

5

The cells were allowed to grown in CMC solid culture. After specified
time intervals, the cell plates were stained with congo red and fixed by
l N NaCl and l N HCL. the diameter of the zones of hydrolysis was
measured in millimeters to determine secreted endo-glucanase production.
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Fig.3. Production of $-glucosidase from
salicin using £. biazotea and
its mutant derivatives.
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TIME OF INCUBATION (HOURS)

Fig.4. Production of J5-xylosidase from
salicin using £. biazotea and its
mutant derivatives.

beta-xylosidase. All studies were carried out at 30 C with an initial pH
of 7.3. The cells were removed by centrifugation, resuspended in buffer and
sonicated. The whole cell preparations were assayed. It was observed that
2.2. fold yield in the production of these activities occurred (Figs. 5 and 6)
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1.0 GROWTH SU BSTRATE,
KALLAR GRASS.

0-8

0.6

0.4

0.2

20 40 60 80
TIME OF INCUBATION (HOURS)

100

Fig.5. Production of ß-glucosidase from kallar
grass using £. biazotea and its mutant
derivatives.
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Fig.6. Production of {i-xylosidase from kallar
grass using £. biazotea and its mutant
derivatives.
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Chemical mutagencsis:

Mutant M-NMUI was selected using NMU, mutant AVIS and copper
resistant mutant M-CU1 were selected using EMS, and BG-4 with MIUIMG from 600
variants, based on producing larger zones of blackening in combined
esculin-deoxyglucose medium. These four mutants were grown in Dubos liquid
medium containing 1% pretreated Kallar grass straw, and periodically assays
were carried out for intracellular (total cell homogenates) and extracellular
beta-glucosidase, beta—xylosidase, CMCase activities (Table III). The former
two activities were produced mainly associated with the cell while the CMCase
was extracellular. There was no change in the biosynthesis of Sigmacelase
and xylanase. Mutant AVIS (a penicillin resistant mutant (1.25x) and BG-4
improved with respect to beta-glucosidase, beta-xylosidase and CMCase

••"•production over the wild parent and mutant parent 51 Str .

Constitutive mutants:

10Actively growing cells of 7 Rf were mutated with EMS and
expressed cells were plated on Dubos Salts-glucose medium. The colonies were
overlayed with esculin-ferric ammonium citrate agar medium. The colonies
showing faster and larger blackening zones were picked, and tested in plate
tests to confirm constitutive beta-glucosidase production. Three mutants
(CM-AB-I, CM-AB-3 and CM-AB-8) proved stable and were grown at different
glucose concentrations and levels of cell associated beta-glucosidase
production were assayed to find the optimum substrate concentration for
production (Table IV). 1 % glucose was optimal for CM-AB-3, the best
strain. Time course studies of constitutive production of beta-glucosidase
is illustrated in Table V. The enhanced yields of beta-glucosidase and
beta-xylosidase by the CM-AB mutant series is quite evident. Yields (1.8
U/mg) are a 4-5 fold improvement over the best mutant of Cellulomonas
selected by Haggett et al. (1978).

Saccharification studies:

Strains were grown on Kallar grass-liquid medium for 3 days and the
whole cultures assayed for enzymes of the cellulase complex. Enzyme
preparation were diluted in 0.5 M citrate buffer to equivalent levels of
CMcase and then Kallar grass saccharified with these enzyme preparations and
reducing sugars produced were measured (Table VI). Although equal amounts of
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Table III: Time course study to produce CMCase.ß-glucosidase and B-xylosidase after growth on 1 %
Kalla r grass straw.

CMCaledU/mg protein) at day

Wild

M-7R fr

M-AVIS

M-CU-1

M-NMU 1

CM-AB-3

M-BG-4

1

0.43

0.98

0.5

1.50

0.7

0.78

1.20

0.97

2

2.10

3.82

2.45

3.94

3.85

3.4

4.0

3.5

3

3.5

4.3

3.65

6.2

5.6

5.4

5.0

4.40

4

2.96

4.13

3.5

5.0

4.3

5.0

5.2

4.3

5

2.3

3.2

3.0

4.3

3.4

4.5

6.0

3,3

E-Glucosid3%1b(IU/mg protem)at day Ç-Xylosida*ëfe at ( l U / m g protem)at day

1

0.17

0.32

0.28

0.34

0.34

0.40

0.50

0.52

2

0.18

0.42

0.51

0.64

0.45

0.50

0.62

0.82

3

0.40

0.95

0.98

1.25

0.95

1.2

1.30

2.1

4

0 .20

0.85

0.69

1.0

1.02

1.1

1.5

1.60

5

0.2

0.78

0.68

0.90

1.20

0.90

1.52

1.50

1

0.5

0.05

0.96

1.25

0.75

1.10

1.45

1.5

2

0.69

1.25

1.10

1.75

1.3

1.75

1.90

2.0

3

0.71

1.43

1.53

2.0

1.5

1.9

2.1

2.1

4

0.59

1.39

1.79

1.7

1.51

1.45

1.8

2.0

5

0.50

1.25

1.26

1.50

1.60

1.30

2.1

1.9

* CMCase was mainly extracellular.
** p-glucosidase and 0-xylosidase were cell associated.



Table IV: Effect of different glucose concentrations on constitutive
production (a) of ß-glucosidase and ß-xylosidase after
3 day growth.

Glucose p-Glucosidase specific actvity ß-Xylosidase specific activity
concent- ( ID/mg protein)_________ ( l U / m g protein)
ration (%)

0.25 %

0.50

0.75

1.00

1.25

Wt.

0.0

0.0

0.0

0.06

0.03

7Rf

0.0

0.0

0.0

0.06

0.03

CM-AB-3

0.30

0.62

0.93

1.82

1.10

Wt.

0.0

0.0

0.0

0.01

0.01

7Rf

0.0

0.0

0.0

0.01

0.01

CM-AB-3

0.08

0.08

0.08

0.02

0.20

(a) The t est organisms were grown on glucose in shake f l a s k cultures for
3 days and cellular activities were determined on sonicated cells
(see Materials and Methods).

Table V: Constitutive production of glycosidases af ter growth on 1 % glucose.

Beta-Glucosidase(IU/mg

1 2

Wild 0.07 0.07
parent.

Mutant 0.07 0.04
parent 7Rf

CM-AB-1 1.15 1.28

CM-AB-3 1.56 1.68

CM-AB-8 0.87 1.53

protein) at day Beta-Xylosidase(IU/mg protem)at day

3 1 2 3

0.06 0.0 0.0 0.03

0.05 0.0 0.0 0.03

1.68 0 .23 0.21 0.19

1.84 0.23 0.16 0.15

1.76 0.05 0.05 0.035

The test organism were grown on 1 % glucose in shake flasks cultures. The
cells were harvested and the total cells assayed for glycosidase activities.
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TABLE VI: Comparison of enzymes of C. biazotea and mutan t
+

derivatives in the sacchanfication of Kal lar grass

Wild parent

Mutan t parent 51 Str

Mutant parent 7 Rf r

AVIS

AB-3

BG-4

5 h

10

11.3

11.3

11.8

11.4

12.5

(27)

(30)

(30)

(32)

(30)

(33)

20 h

20.8

24.0

23.8

26.2

24.2

26.2

(56)

(64)

(64)

(70)

(65)

(70)

25 h

20.8

26.4

26.0

28.4

26.4

27.0

(56)

(70)

(70)

(76)

(70)

(72)

* Kallar grass (5 %) [75 % sugar)
Sugar measured as mg /ml

5 h, 20 h, 25 h, - Incubation time

Values in parentheses indicate % sacchanfication.

CMcase were used, the total cellulase activity varied between preparations.

Some mutants (AVIS &BG 4) showed up to 1.4 fold improvement over wild parent

in the saccharification of Kallar grass.

CONCLUSIONS

Gamma ray-induced mutation has yielded some mutants which hyper

produce of endo-glucanase and beta-glucosidase. One significant anomaly was

that though the plate screening for beta-glucosidase was based on the size of

the blackening zone around the colony, the mutants in liquid culture only

produced a cell-associated enzyme. Hyper-enzyme production was also

obtained when these mutants were grown on salicin and Kallar grass straw.

These strains were chemically mutated yielding some useful inducible and

constitutive mutants. Some of the mutants showed improved cellulolysis of

Kallar grass which had been produced on saline lands in Pakistan.
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Abstract

The mutation of Aspergillus niger by gamma irradiation and MNNG
treatment for gaining hyperenzyme producing strains was
continued. Potentially useful mutants were evaluated in
fermentation tests for enhanced hydrolytic activities and also
improved technological properties e.g. improved filtration.
Enhanced cellulase activities (endoglucanase, FP activity,
aryl-beta-glucosidase) were found, ftmylolytic and pectolytic
activities also increased. Trichoderma sp. was mutated by gamma
rays and MNNG. Mutants were screened for their cellulolytic
activities and more active mutants tested in fermentation tests.
The selected ft. niqer and Trichoderma sp. mutants were used
together in mixed culture and certain improvements of the
bioconversion of apple distillery waste gained.

1. INTRODUCTION

Some years ago a research programme was organized with the goal
to study the possibilities of bioconversion of waste material
remaining after apple brandy production by means of different
fungal strains, fin Aspergillus niger strain (ft 98) was chosen as
the being the most convenient having promising fermentation
characteristics, especially filtration time improvement and
reduction of the chemical oxygen demand (1). The raw protein
content of the dry filter cake increased to 22 % and in the
filtrate good yields of cellulolytic enzymes were detected.
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In 1980 a research programme supported by the IAEA started, with

the aim to enhance cellulolytic activities of A.niger (strain A

98) using gamma rays. Later the chemical mutagen MNNG was
additionally used. Mutants were screened to obtain strains
having improved hydrolytic activities. Selected mutants were
tested in fermentation tests using apple distillery waste as
substrate.

The results of the subsequent treatment of the parent strain

with gamma rays and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
was reported at the 2nd FAO/IAEA Joint Meeting in Padova, 1985
and published (2).

2. MATERIAL AND METHODS

2.1. Fungal strains used:

Aspergillus niger (ATCC 6275, A 98) mutants M3A.5 and M4B.3J

were used as parent strains for further mutation treatment.
Trichoderma species (wild strains: B 206 and B 207) was mutated

by gamma rays and MNNG.

For comparison of hydrolytic activities the following strains

were used: Aspergillus niger (ATCC 15475, A78) - amylolytic

strain, Aspergillus niger (ATCC 11414, A60) - citric acid
strain, Aspergillus niger (A121) selected as pectolytic strain.

All cultures were kept on wort agar slants. After selection the
mutants were incubated at JO°C for seven days and then stored at

4°C until use. For long term storage, the mutants were freeze
dried.

2.2. Mutation treatment:

As a mutagen,gamma rays (Co ) were used. The irradiation was
carried out at the Jozef Stefan Institute in Ljubljana.
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Mutant M46-33 ivas remutated by a dose of 1000 C kg~ (3). The
mortality was 80 %. Mutant M3A.5 was remutated with gamma rays.
The irradiation dose was higher (1.300 C kg~ ) and the mortality
was 95 %.

Trichoderma sp. strain B 206 was mutated as follows:

- with gamma rays - 2.000 C kg~ : mutants 1 D.l-1 D.4, mortality
was 99,9 %,

- with gamma rays - 1.000 C kg~ : mutants l.D 5 - l D.9,
mortality was 80 %,

- with MNNG (40 min at 28°C (4) - mutants 1C.1 - 1C.24,
mortality was 50 %. In all cases a spore suspension (5.10 -
7.10 spores/ml).

2.3. Screening
Treated conidia were plated on screening plates. For screening,
a variety of media were used. The method of Montenecourt and
Eveleigh (5) was modified taking carboxymethylcellulose (CMC)
and sugar (to find mutants resistant to catabolic repression) as
carbon sources (6). The prepared agar plates were inoculated
with treated conidia. After three days of incubation at room
temperature, plus 16 hr at 50°C and 48 hours at 4°C, the
clearing zones around the colonies were observed. Colonies with
the widest clearing zones were isolated.

The second screening test used was based on 2 - deoxy - D -
glucose (2 DG) and cellobiose in the substrate (7,8). For this
method a long incubation period (10 days) and rescreening of the
mutants on esculin plates are required.

The third screening method was the selection on test tubes with
cellulose - Azure where screening of the most promising mutants
selected from CMC and 2 DG plates was done. The method is based
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on the fact that after the consumption of cellulose by the
enzymes the dye in released into the agar and the length of the
dyed agar is measured.

2.4. Fermentation tests

Fermentation tests were made just in the apple slop substrate
(Aspergillus mutants) or in a chemically defined medium and
apple slop substrate (Trichoderma mutants).

Apple slop substrate
The apple slop represents a semi solid waste material remaining
after the production of apple brandy and is consisted of
dissolved substances (fruit acids, sugars, glycerol) and
suspended solis (debris of peels, yeast cells, stems and
kernels).

The potentially useful mutants were tested in fermentation tests
on an apple slop substrate.

The apple distillery slop contained 5,96 % of dry matter and was
of the following composition:

Crude protein 3,5 %
ADF 47,44 %
Lignin 15,22 %
Cellulose 33,05 %
Hemicellulose 9,53 %
Pectin 3,02 %
Sugar 9,40 %
COD of the slop 13250 mg02/l
COD of the substrate 7820 mgOJl

The medium for the induction of amylolytic activity was of the
following composition:
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soy bean meal 5 %, KH2P04 0,5 %, MgS0^.7H20 0.25 % in tap water,
pH=5

The medium for inducing pectolytic activity included:

defatted peanut meal 2 %, NH^NO^ 0,2 %, Na2S04 0,05 %, pectin 2 %,
saccharose 2 %, in tap water, pH=4.

The fermentation substrate was prepared by mixing and diluting
the apple slop with an equal volume of a Mandels-Weber mineral

salt solution (7,9). The pH was adjusted to 5,0 and 100 ml of

the substrate in 500 ml erlenmeyer flasks were autoclaved for 35

min at 121°C. The cooled medium was inoculated with 2 ml of a
conidial suspension (approx. 10 conidia/ml) and the culture

incubated on a rotary shaker (100 rpm) at 30°C for 3-4 days.

Chemically defined substrate (CDS)
The following substrate was used:
Avicel PH 101 0,75 %

Pepton 0,2 %

Mineral salts (NH^t^O^, MgS04, m^O^, CaCl2,
Urea
Tween 80.
Tests tvere carried out in shaken flasks (250 rpm) at 30°C.

2.5. Analytical methods
The filtrability of the fermentation broth was determined by
measuring the time necessary to filter 100 ml of substrate under
vacuum of approx. 9 kPa through a filter (Filtrak-CDR 388).

The amount of dry matter was determined by drying the filter
cake (DFC) for 24 hrs at 105°C. The raw protein content of the
filter cake (RFC) was measured as total Kjeldahl nitrogen
multiplied by 6,25 and the acid detergent fibers (fiDF) (10),
cellulose and lignin contents were also determined (11).
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The sugar content was measured according to Fehling 's method.

In the filtrate the following enzymatic acitivities were
determined:

- FP activity (filter paper Whatman No. 1, 60 min., 50°C), (12)

- endoglucanase activity (EG) (carboxymethyl cellulose, Hercules

France S.A., Blanose Refined CMC Type 7L2C1, 30 min.,50°C) (12)

- aryl-beta-glucosidase activity (f\rß ) (salicin, JO min., 50°C)

- amyloglucosidase activity (soluble starch, 1 %, JO min., 45°Cj

(14)

- alpha amylase activity (o<fl) - modified S.K.B. method, (15)

- pectolytic activity (PE) was determined by viscosity reduction

of apple pectin (Fluka)

The reducing sugars produced by cellulolytic enzymes were
determined by Lever's method (17) and the enzymes expressed as
IU, i.e. jj moles of glucose released per min.

J. RESULTS

3.J. Testing mutants of parent strains MJ/1.5 and M4B.JJ

The mutation treatment of the previous years was continued
according to the following scheme: (Fig.l).

mutants were obtained by gamma treatment.

3.1.1. Mutants of strain MJ/1.5

The selected mutants were tested in three fermentation tests.

Two mutants having the highest enzymatic activities were chosen
for further experiments.
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1983

1984

1985

1986

1987

A 98
•^— -

(0,33) (0;037)

M 1.27
--__—"

(0,50) (0,15)

p > / \ 'j(0,61) (0.11)

MNNG

M 3 A - 5
^__^

(0,74 ) ( 0.15)

ri-
1MNNG

MNNG

Î12B-21

(0,684) (0.16)

I**
CM 3B • 14
V__^
(0,90) (0,17)

iMNNG

(2,77) (0,3 )

I-
5BJ»,

(23,9) (1,6)

.M6BT
(28,7)(1,65)

FIG.1. Genealogy of A. niger mutants.
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Table 1: Some characteristics of selected mutants (3 rd fer-
mentation day)

Strain

M3A. 5 ("parent")
M4A.10
M4A.16

EG FP /lr/3 Filtration ti
(FT)

1.8 0.15 - 35
15.38 0.63 0.19 oo
10.21 0.41 0.05 oo

me pH

5,3
4,2
3.6

oo - more than 15 min

3.1.2. Mutants of strain M4B.33

Evaluation of selected mutants from fifteen previously screened
gamma mutants are given in Table 2.

Table 2: Some characteristics of selected mutants (3 rd fer-
mentation day)

Strain

M4B.

M5B.

M5B.

33 ("parent")

5

9

EG

5.2

16.24

19.43

FP

0.

0.

0.

25

27

31

fir ft Filtration time pH

0.
0.

0.

17

23

24

(FT)

240 5.01

90 5.04

-

3.1.3. Comparative hydrolytic activities of mutant J^.niger M5B.9
with some enzymatically active A.niger strains

It was interesting to compare the enzymatic activities of gamma
mutated A. niner strain M5B.9 with well-known A.niqer strains:
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A60 - citric acid strain, ft78 - amylolytic strain, A121 -
pectolytic strain, A98 - cellulolytic strain.

The enzymatic activities were followed daily for 7 days. The
results are presented in Table 3.

From Table 3 it can be seen, that strain A60 and mutant M5B.9
did not have any alpha amylase activity, even when grown in an
amylase promoting substrate. For amyloglucosidase, the mutant
M5B.9 was less active than strain A78 at the beginning, on the 5
th and 6th day the activities were similar and fairly high,
though at the end of the fermentation it was less active.

For pectolytic activity, strain A121 reduced the viscosity of
the substrate by 74 - 84 % during the fermentation time, strain
M5B.9 by 70 - 74 % and A60 40 - 70 %. The pectolytic activity of
strain A121 increased throughout the fermentation time, while
strains M5B.9 and A60 had the highest activities on the 4th
fermentation day. Later the activities slowly decreased.

Strain A121 had a relatively high pectolytic activity, while by
the 3rd day strain M5B.9 showed nearly equivalent levels. The
activities of strain A60 were relatively low.

Strain A98 had high amyloglucosidase activity, whereas its
pectolytic activity was very low.

3.2. Mutation treatment of Trichoderma species

3.2.1. Fermentation test on chemically defined substrate
(CDS)

Two Trichoderma spp. strains (wild isolates) were tested for
their cellulolytic ability to choose an appropriate parent
strain for subsequent development via mutation treatment.
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Table 3: A comparison of enzymatic activities of mutant M5.B.9 with well known enzyme producing
A.niger strains

Strain

A 78

A 60
A 121
A 98

M5.8.9

3 rd day
**• ec PE <A
7,9 - - lu, 3
0 - 60.8 0

7 3 . 7

0

0 - 74 .5

4 th day
AC PE xfl

à. 8 - 20.1
0.1 55.3 0

- 70. 5

7.2 7 .5
3.4 75.0 -

5 th day 6 th day 7 th day
AC PE odA AC PE <*A AC PE

3.5 - 26.2 3.6 - 30.7 3.7
1.0 69.3 0 ul.7 0 1.7

- 81.1 - - 84.6 -
- - - _ _ _

3.4 73.2 0 a.Q 69.3 0 2.9

= alpha amylase in S.K.B. units
AC = amyloglucosidase in g glucose/1
PE = pectolytic activity measured as viscosity reduction in %
- = no measurement carried out
0 .- no activity determined



FP activities and aryl beta glucosidase activities were
determined during fermentation in chemically defined medium
(CDS) based on Avicel cellulose (Table A).

Table 4: Cellulolytic activities of wild Trichoderma spp. during
fermentation in CDS

Strain 4 th day 7 th day of fermentation

B 206

B 207

FP

0.512

0.625

Arß

0.140

0.068

Fp

0.517

0.479

Arß

0.160

0.061

The activities of strains B206 and B207 peaked by day 4
remained at nearly the same level during the whole fermentation
period.

Strain B206 was taken as "parent" strain for further
development.

It was mutated by MNNG and by gamma rays in two experimental
series.

Among the screened and selected MNNG mutants strains 1C. 17 was
the best one (according to both FP and aryl-beta-glucosidase
activities). The best mutant of the gamma mutation series proved
to be mutant ID.4. A summary of the results obtained is given in
Table 5.

The best mutant of all was 1C. 17 (chemical mutagenesis) which
had the highest aryl beta glucosidase activity, and equivalent
FP activity as mutants ID.4 and ID.9. We took strains B206 and
6207 as well as the mutants 10.4, ID.9 and 1C.17 and tested them
in a fermentation test using apple distillery waste substrate
(ADS).

63



Table 5: Summary of results of Trichoderma sp.: parent strain
B206, its mutants and strain 8207 (fermentation test
in CDS)

Strain

B206
B207
1C. 17
ID. 4
ID. 9

Treatment

-
-

MNNG 3206
gamma B206
gamma B206

4 th

FP

0.512
0.625
0.840
1.000
1.000

day

^
0.140
0.068
1.780
1.290
1.010

7 th

FP

0.517
0.479
0.900
0.860
0.820

day

*rp
0.160
0.061
2.200
1.860
1.530

3.2 .2 . Fermentation tests on apple distillery waste
substrate (ADS)

The apple distillery waste substrate is substantially different
from the substrate based on cellulose. The former is composed
among others of fibers, sugars, pectin etc., and therefore
different results could be expected. Some results are
illustrated in Table 6.

Table 6: Summary of hydrolytic activities of Trichoderma sp.
strains and mutants in fermentation tests in apple
distillery waste medium (ADS)

Strain Treatment 4 th day
EG

B206
B207
1C.
ID.
ID.

17 MNNG B206
4 gamma B206
9 gamma B206

2.
2.
2.
2.
3.

532
595
813
189
220

FP Arfi

0.

0.
0.
0.
0.

675
438
581
337
238

0

0
0
0
0

7 th

EG

1.

2.
1.
1.
2.

969
345
719
937

813

day

FP ArAr

0.
0.
1.
0.
0.

981
083
574
366
360

0
0
0
0

0
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From Table 6 it can be seen, that mutant 1C. 17 was the most
active in FP activity when grown on either the apple substrate
or the defined medium (Table 5). Other mutants and also both
wild strains showed relatively high activities, the wild strains
8207, showing good general yields. It is interesting, that the
FP activities were higher in the apple slop substrate than those
obtained in the defined medium. No tested strain showed any
aryl-beta-glucosidase activity in the apple slop substrate
although these activities were relatively high in the defined
medium (especially in mutant 1C.17).

3.3. Mixed cultures of ftspergillus niger AND Trichoderma
sp. strains

The co-culture of Trichoderma and Aspergillus in apple
distillery waste substrate was evaluated. The inoculum was
prepared of 2 ml Trichoderma spore suspension and 2 ml
Aspergillus spore suspension (10 spores/ml). The fermentations
were carried out in apple slop waste substrate.

Fermentation results are presented in Fig.2 and Fig.3. In Fig. 2
cellulolytic activities (EG, FP and beta-aryl glucosidase)
determined in the filtrate of the fermentation broth on the 4 th
day of fermentation are given for the pure culture of A.niger,
mutant M4A.16 (see Table 1), pure culture of Trichoderma sp.
8207 and for the mixed culture. In Fig. 3 similar results are
presented for pure culture of A.niger, mutant M4A.16, pure
culture of Trichoderma mutant 1C.17 and the mixed culture.

It was seen that the highest values for EG activities were
achieved (on the 3rd, 4th and 7th day) with A.niger mutant
M4A.16, the greatest value on the 4th day (Fig.2). Trichoderma
showed good EG values, but which decreased through the
fermentation. Trichoderma retained the same activity during the
whole process but it was lower than the activity of the A.niger
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mutant. On the 4 th day the EG activity of the mixed culture was
lower, compared to the activities of both single cultures. (Fig.
2 sndJj.

The FP activity in the mixed culture was higher than in single
cultures using both mutant strains (Fig.3), while in mixed
culture of ft.niger mutant and Trichoderma strain 8207 it was
between the activities of the single cultures (Fig. 2).

Aryl beta glucosidase was effected by the use of mixed culture.
The Trichoderma strains B207 and the mutant had no activity at
all, the activities of A.niger were the highest in all cases, in
the mixed culture a certain activity could be demonstrated (Fig.
2 and 3). The use of mixed culture could be an interesting
possibility of improving enzymatic activity but the work should
be continued as the optimal condition for mixed fermentations
have not been established yet.

In overview, a range of hyperenzyme producing mutants were
obtained and it is important to note that high enzyme yields
were maintained when crude apple slop based media were used for
production. This can result in lower enzyme production costs.
The use Of the mutant's enzymes also exhibited a reduction in
filtration times of slop and are a potential aid in food processing.
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DELIGNIFICATION OF LIGNOCELLULOSICS AND
DECOLORIZATION OF KRAFT MILL EFFLUENT
VIA Pleurotes sp. MUTANT PL3-Mfi
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Hacettepe University,
Ankara, Turkey

Abstract

A mutant Pl^-M,, derived from the wild isolate Pleurotus sp. (PJ..,) by
irradiation treatment was selected based on its high peroxidase and low
cellulase activity. It was more effective than the wild strain in the
delignification of woody materials (beech, pine and poplar tree). Growth of
PI -M, on barley straw increased the digestibility of this lignocellulosic3 6
substrate. Furthermore, Pl-M, was more effective in decolorizing black

3 D
kraft mill effluent than the parent strain. It is also of interest that the
xylanase activity of the mutant is much greater than of the parent strain.

INTRODUCTION

In nature, woody materials are degraded primarily by three specialized fungal
groups: white-rot, soft-rot and brown-rot fungi. White-rot fungi degrade both
the polysaccharides and the lignin, whereas brown-rot and soft-rot fungi
essentially degrade only polysaccharides (COWLING, 1961; KIRK and KELMAN,
1965). It has been proposed to utilize white-rot fungi in the selective
delignification of plant materials, with two applications in mind, namely (a)
for delignification of wood chips to prepare biopulp and/or save energy in
mechanical pulping, (b) for upgrading agricultural wastes such as straw, sugar
cane, bagasse, etc., for animal feed (ERIKSSON, 1984; 1985). Furthermore as
white-rot fungi can decompose high molecular chlorinated lignin, they could
prove useful in the purification of waste black liquors originating from kraft
pulp mills (JOYCE et al., 1984).

White-rot fungi attack both cellulose and lignin simultaneously, and yet the
energy they obtain is derived from only the wood polysaccharides. It would be
useful to isolate cellulase-less mutants having greater lignolytic activities
than from the wild type white-rot fungal strains (ERIKSSON and GOODELL, 1974;
JOHNSRUD and ERIKSSON, 1985), which can then be used in the above applications.
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In this paper, isolation of a selective ligninolytic but weak cellulase
producing mutant (P1_-M ) from our original isolate, Pleurotus sp. PI
is reported and its use in delignification of barley straw described. In
addition, decolorization of kraft mill effluent using the mutant strain in
rotating biological contactors is reported.

MATERIAL AND METHODS

Mutant Isolation:
To obtain the mutants from wild-type PL , its basidiospores were subjected
to Y-irradiation. A spore suspension was prepared by suspending the spores
in sterile saline solution to give 1x10 spore/ml. The tubes each
containing A ml of spore suspension, were irradiated with gamma-rays (Co 60)

3 -1for 5 min. The intensity of irradiation was 2x10 Ckg and resulted in a
survival rate of 3-5%. In order to select mutants, spores so treated were
plated onto double layered cellulose agar (DLCA). The DLCA medium was
prepared as described by JOHNSRUD and ERISSON (1985), but with two minor
modifications. 0-Anisidine and Munkteil cellulose in original medium were
replaced with 0.02% guaiacol (Sigma) and 2.0% Avicel (microcrystalline
cellulose), respectively. After incubation at 30°C, the plates were examined
for colonies with less cellulase (small clearing zones) combined with high
phenoloxidase activities (brown-yellow color development).

Culture in Liquid Medium:
In order to compare lignolytic and cellulolytic activities of parent and
mutant strains, they were grown in 250 ml conical flasks each containing 50 ml
of liquid culture medium. The mineral salt medium (as g/l:0.2 KH PO ; 0.5

.yH 0; 0.1 CaCl ; 0.5 NH H„POA and as ug/l:1.02 2. 424
MnCl2-4H20; 0.1 CoCl2.6H20; 0.1 FeS04 . 7H 0; 0.5 NaCl in distilled
water) contained 1.0% substrates as carbon and energy source. These included
Avicel, xylan or ligocellulosic substrates (beech, pine and poplar wood). The
lignocellulosic materials were milled down to 180 ym particle size prior to
use. Following autoclaving, each flask was innoculated 1 ml of mycelial
suspension of microorganisms. Shake culture (150 r.p.m. - Psycrotherm
incubator shaker, New Brunswick Co.) was at 30°C for 7 days. Total cellulase,
endoglucanase and phenoloxidase activities were periodically measures.
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Semi-solid Culturation:
To determine the potential delignifaction ability of the parent and mutant
strains, semi-solid culture technique with lignocellulosic substrates was used
(beech, poplar, pine and barley straw). For this purpose, semi-solid culture
medium was prepared by adding 20 gm of wood wafers or 20 gm of barley straw
(cut to 2 cm) to 200 ml of mineral salt solution in the 500 ml conical
flasks. Following the sterilization, each flask was inoculated with a
mycelial suspension (10 ml) and incubated statically at 30°C until mycelial
surface mat formation (about 20 days) (Fig. 1). Mycelia were gently separated
from the lignocellulosic substrate by washing and the residual lignocellulosic
material dried in oven (at 60°C) before their cellulose and lignin contents
were measured. In vitro digestibility of barley straw pretreated by growth of
Pleurotus was similarly analyzed for cellulose and lignin content.

Figure 1 - Mycelial mat formation on pine wafers by PI -M .3 6

Enzyme
Total cellulase or filter paper activity in culture filtrates of organisms was
determined by the method of HANDELS et al. (1976). Appropriately diluted
culture filtrate (1 ml) was added to 1 ml of 0.05 M Citrate buffer, pH 4.8
containing 1x6 cm strip (50 mg) Whatman No. 1 filter paper. After incubation
for 1 hr at 50°C, the reducing sugar produced in tubes was measured with
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dinitrosalicilic acid procedure (MILLER, 1959). One unit of filter paper
activity is defined as 1 u.Mole of glucose equivalents released per minute.

Endoglucanase activity (1,4-B-D-glucan 4-glucanohydrolase, EC 3.2.1.4) was
determined as described by SADDLER and MES-HARTREE (1984). Appropriately

*diluted culture filtrate (1 ml) plus 10 mg of carboxymethylcellulose
(Sigma) (apparently about 0.5 degree of substitution - manufacturers
statement) in 1 ml of 0.05 M citrate buffer, pH 4.8 at was incubated at 50°C
for 30 minutes. Reducing sugars were determined with the DNS reagent. One
unit of endoglucanase activity is defined as 1 viM of glucose equivalents
released per minute.

Xylanase activity was determined by incubating 1 ml of an appropriately
diluted culture filtrate with 10 mg of xylan (Sigma) in 1 ml of 0.05 M citrate
buffer, pH 4.8 at 50°C for 30 minutes. The procedure followed was as for the
endoglucanase assay. One unit xylanase activity is defined 1 y-M Of xylose
equivalents released per minute.

The phenoloxidase enzyme activities in the culture fitrates were determined as
relative laccase (0„: diphenoloxidoreductase, EC. 1.10.3.2) peroxidase
(donor H 0 : oxidoreductase, EC. 1.11.1.7.) activities using the method
suggested by FROHNER and ERIKSSON (1974) with slight modification. Laccase
activity: culture filtrate (0.10 ml) was added to 5.0 ml of 0.1 M phosphate
buffer, pH 6.0 containing 10 u.Mole guaiacol (Sigma) and the reaction mixture
was incubated at 30°C for 15 min. Peroxidase activity was measured similarly
the reaction mixture contained 0.01 M HO. Color formation due to the
phenoloxidase were measured spectrophotometrically (Coleman, Junior II Model)
at 465 nm. Activities of phenoloxidases were expressed as relative units.
One unit of enzyme activity is defined as the amount of enzyme which causes an
increase of 0.01 unit optical density per 1 minute.

Determination of In-Vitro Digestibility of Straw:
Two different techniques were used to measure the digestibility of straw:
(a) Susceptibility of treated straw to cellulase. Cellulase enzyme (Onuzuka

3S, Yakult Biochem. , Japan) 1% in 0.1 M phosphate buffer, pH 6.O. Ten ml
were added to a tube containing 50 mg of dried straw material. The
mixture was then incubated at 50°C for varying time periods. Reducing
sugars released due to the cellulase action were measured with DNS
reagent.
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(b) Rumen fluid technique: TILLEY and TERRY'S procedure (1963) modified by
STREETER et al. (1982) was used as a further method to measure the rate
of digestibility of straw samples via in vitro use of rumen fluid.

Decolorizing Kraft Mill Effluent Using a Rotating Biological Contactor:
For the decolorization of kraft mill effluent (a waste product of the pulp
industry) a laborator scale rotating biological contactor (RBC) was
constructed of plexiglass (Fig. 10). The container of the RBC unit was filled
with kraft mill effluent (KME) supplemented with mineral salts at the same
concentration used to prepare liquor culture medium and 0.1% glucose.
Following inoculation with a mycelial suspension, the RBC was operated by
rotating its discs at 3 r.p.m. and at 30°C until formation of a biofilm on the
surfaces of the discs. Then RBC unit was fed with KME which was supplied at
2 ml/min. flow-rate in continuous operation. Variations in colour (325 nm)
and C.O.D. values in samples taken from the outlet of RBC were determined by
using standard Waste Water Analysis Methods (1975).

Chemical Analysis:
The acid-insoluble lignin in the lignocellulosic materials was assayed by the
method outlined in TAPPI standard T222-OS-74, and total cellulose by the
method outlined in TAPPI standard T17-M55.

RESULTS

From screening of roughly 300 colonies, one colony had a much smaller
cellulose clearing zone and also developed dense colour around its colony
(Fig. 2) due to its phenoloxidase activity. This mutant was coded as
P10-M, . The extracellular total cellulase (filter paper) and3 6
endoglucanase enzyme activities of the PI -M mutant were found to be
considerably less than of the parent strain PI when they were grown in the

O

liquid medium containing microcristalline cellulose (Avicel) as sole carbon
source (Figs. 3 and 4). In contrast, the parent strain, Pl„ , produced much
less xylanase than the mutant (Fig. 5).

However inspite of the original colour selection on plates, laccase and
peroxidase could not be detected in liquid culture media containing either
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cellulose or xylan as a carbon source. In contrast, culture with
lignocellulosics, such as pine, beech and poplar wood, yielded phenoloxidases,
yet the relative levels of laccase and peroxidase activities of Pl„-M,3 6
were only slightly more than those of the parent strain (Table I).

Figure 2 - Colour formation around the colonies of mutant and parent
strains. (A): P10-M, mutant, (B): PI.
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Figure 3 - Total cellulase synthesis by Pi -M, mutant strain and
Pi parent strain on Avicel.
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Table I- Phenoloxidase synthesis by mutant and parent strains of
Pleurotus sp. grown on various woods.

Microorganisms

P13 (Parent)

P13-M6 (Mutan t )

Laccase Act. Peroxidase Act.
A B C A B C

1.5 2.2 1.1 3.0 5.0 4.1

1.9 3.1 1.2 3.5 7.5 6.0

The values are relative enzyme activities and are the mean of at least three
experiments:
A: Medium containing pine wood
B: Medium containing poplar wood
C: Medium containing beech wood.

Culture filtrates of the organisms were used as laccase and peroxidase enzymes
source in experiments.

When P10-M, was grown on barley straw using the semi-solid culture3 6
technique, the lignin was selectively removed in relation to cellulose
degradation (Fig. 6). The phenoloxidases activities increased in parallel
with the delignification.

In the experiments to examine the in vitro digestibility of barley straw, the
samples of barley straw were pretreated by growth of Pleurotus (mutant and
parent strains). The resultant lignocellulose was then analysed by the in
vitro digestibility tests. The mutant strain was generally more effective
than the parent strain in increasing the digestibility of the straw. Thus in
the cellulase assay test system, the rate of hydrolysis of straw samples
pretreated with P1--M mutant was considerably greater than for samples
treated with parent strain and untreated straw samples (Fig. 7).
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Figure 7 - Susceptibility of straw to cellulase after pretreatment by
growth of Pleurotus.

o—: Amounts of reducing sugar ( R . S . ) produced from straw
treated with PU-M,
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X—: Amounts of R.S. produced from straw treated with PI

o—: Amounts of R .S . produced from untreated straw
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Similar results were obtained of the digestibility of the pretreated straw by
using the rumen fluid as the digesting agent. Here, the percentage of
digestion for untreated straw was 18.30%, contrasting to 20.70% and 50.33% for
the"straw samples treated with Pl^ and Pl„-M, strains, respectively.

In studies on colour removal from kraft mill effluent using the RBC, again the
PI -M mutant was more effective than the parent strain. Nearly 60%
colour of KME was removed with PI -M. in first 4 days of working period ofj o
RBC (Fig. 8) in contrast to 25% with parent, PI strain (Fig. 9).

100

6 a
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Figure 8 - Colour and C.O.D. content of K.M.E. processed in an R.B.C. using
Pleurotus P1„-M,. o—: C.O.D. values, x—: Colour values
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Figure 9 - Colour and C.O.D. content of K.M.E. processed in an R.B.C. using
Pleurotus sp. (parent PI-,), o—: C.O.D. values, x—: Colour values.
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Figure 10 - The view of R.B.C. unit used in decolorization of K.M.E.

DISCUSSION

The concept of selective delignification of lignocellulosics has been of
increasing interest. A cellulaseless mutant of the white-rot Phanerochaete
chrysosporium has been isolated with the purpose of developing a biological
process to produce pulp (JONSRUD and ERIKSSON, 1985). In our studies we have
utilized another white-rot fungus, Pleurotus sp. By selective culture we have
isolated a mutant P1_-M^. with low cellulase activity (Figs. 3 and 4)
following Co radiation. This strain has been shown to selectively act in
lignin removal (Fig. 6) and to enhance digestibility of straw (Fig. 7) and
woods (Table II). These are extremely encouraging results and need to be
evaluated in animal trials with regard to enhancing the digestibility of
lignocellulosics in ruminant nutrition.

It is known that white-rot fungi depend on carbohydrates to provide the energy
necessary to decompose the lignin (KIRK et al., 1976; ANDER, P., ERIKSSON,
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Table II - Decrease of lignin and cellulose content of woody materials
following treatment with Pleurotus (PI parent and PI -M
mutant strains)

Microorganisms Loss of Lignin (%) Loss of Cellulose (%)
A B C A B C

P13 11.60 9.50 10.40 41.30 42.10 35.30

P13-M6 28.20 34.14 35.50 21.00 25.30 23.40

The values are the mean of at least three experiments:
A: Pine (Original cellulase content: 47,50%, original lignin content: 28%)
B: Poplar (Original cellulase content: 44,20%, original lignin content: 21%)
C: Beech woods (Original cellulase content: 42,50%, original lignin content:

22,30%).

K.E., 1977). However, PI -M has lowered cellulase activity. Perhaps
«J U

this loss is coupled with the mutant's increased xylanase yields, thus giving
an energy source for lignin degradation. The reasons for decrease of
cellulase and increase in xylanase synthesis are unknown but merit further
study.

By using the RBC unit, JOYCE e_t al. (1984) have shown that it would be
possible 70% colour removal from black kraft mill effluent under the pure
oxygen atmosphere. It is difficult to make an absolute comparison due to the
diversity of content of kraft liquors. However, in our study, the yields of
colour removal in black kraft mill effluent with P1„-M.. and original

J O

isolate, PI were found as by 60% and by 30%, respectively under a normal
atmosphere. PI -M, mutant strain is most promising in the purification of
black kraft mill effluents, though studies should focus on gaining longer
periods of activity.
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REPORT

l. INTRODUCTION

The Third Research Co-ordination Meeting (RCM) of the Joint FAO/IAEA
Division Programme on the Development of Improved Rural Methane Production
from Biomass by Utilizing Nuclear Techniques was held at the Boris Kidric
Institute of Chemistry, Ljubljana from 10-14 May 1987. The reports and
recommendations are presented.

Methane production is an important use of biomass, as indicated by the
original focus of the programme and its title: "Development of Improved
Rural Methane Production from Biomass by Utilizing Nuclear Techniques". As a
result of recommendations of research co-ordination meetings in Nairobi,
Kenya (16-20 May 1983) and in Padova, Italy (13-17 May 1985), the programme
was expanded to include and focus on a rate-limiting step in anaerobic
digestion, lignocellulose hydrolysis. This change also allowed
investigations of processes which form more valuable products than methane,
such as carbohydrates or ethanol. This broadening of the programme is
reflected by the new title, "Development of Improved Biomass Utilization
through Use of Nuclear Techniques".

Biomass is a major by-product resource of agriculture and food
manufacturing, but it is under-utilized as a source of food, fibre, and
chemicals. The current programme was instigated to expand the utilization of
this resource. In developing countries, there is a variety of applications
of such a resource at rural level, ranging from the use of small scale
methane digestors fed with animal manure or the use of digesters utilizing
waste from primary agroindustry, particularly where mono-cultures are the
mainstay for the economy of a given country, to the upgrading of by-products
via oxidative bioconversion giving rise to fermentable sugars. Thus the
programme reports reflect approaches to enhance the capabilities of
micro-organisms in methane digestor operation and in the transformation of
lignocellulosic materials to useful products. Nuclear techniques provided
unique tools for these studies which involved both aerobic and anaerobic
fermentations. These studies are detailed in individual progress reports.
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The overall programme was reviewed by Professor Nuti, and the agreement
holders who noted the vitality of the programme and the range of impacts that
studies on biomass conversion effect.

In recognizing the focal position of biomass in agriculture plus the
fact that residues from agriculture could be more efficiently utilized, the
Joint FAO/IAEA Division initiated the current programme in 1980. The
programme aimed at defining the parameters that restrict the efficient
conversion of biomass to methane and to alternate chemical feedstock
intermediates. Radiotracer methodologies were recognized as offering unique
means of assessing transformation of recalcitrant ligno-cellulosic substrates
with regard to high precision analyses regarding turn-over rates,
facilitating detection of chemical intermediates and the elucidation of
bioconversion pathways. Nuclear techniques have also been effectively
employed as mutagenic agents in the preparation of more efficient microbial
strains for the conversion of biomass.

The Secretariat and participants wish to record their most grateful
thanks to Professors Aleksa Cimerman, Anton Perdih, Stane Pevjonik and to the
Boris Kidric Institute for their gracious hospitality and for the excellent
assistance and attention to details in the arrangement for and throughout
this meeting.

2. Meeting Objectives

2.1 To review progress within the co-ordinated research programme since
the previous RCM;

2.2 To discuss the application of nuclear techniques, such as the use
of labelled substrates and mutagenic treatments, related to the
programme.

2.3 To prepare for publication a final report summarizing research
achievements.

2.4 To make recommendations with regard to future goals of programmes
regarding enhancement of the utilization of biomass.
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3. Prime Achievements

3.1 Project No.: 3764/RA
Project Title: Anaerobic fermentation of waste materials
Chief Scientific Investigator: D. Boone (California, USA)

Objectives:

To examine the rate-limiting reactions in anaerobic methane digesters
and the bacteria which catalyze them.

Achievements:

a. Identification of rate-limiting reactions. Digestor studies making
use of radioisotopic tracers indicated two groups of rate-limiting
reactions: hydrolytic (cellulolytic) at long retention times, and
"methanogenic" (acetate and propionate catabolism) at shorter
retention times.

b. Development of methods for measurement of propionate degradation.
Experiments demonstrated an exchange reaction involving the

14 14carboxyl group of propionate. Thus 2- C or 3- C but not
14(1- C) propionate should be used for isotope-dilution

measurements.

c. Methanosarcina mazei disaggregation. M. mazei forms cell
aggregates and also produces an enzyme which leads to
disaggregation of these cells. The latter may thereby control
retention of these organisms in fixed-film or UASB (upflow
anaerobic sludge blanket) anaerobic digesters. Radioisotope
techniques are being developed to improve sensitivity of the enzyme
assay.

d. Anaerobic cellulolytic bacteria. Four new strains were isolated,
all with cellulolytic activity comparable to that of Clostridium
thermocellum. Two of the isolates were well-characterized and
described in the open literature. These produce acetate and
butyrate as major products. The other two have been partially
characterized. Their major fermentation products are unknown but
they are not volatile organic acids, such as acetic, propionic or
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butyric, and are likely to be more valuable products than volatile
acids, such as ethanol or other alcohols.

This research was also funded in part by grants from Gas Research
Institute Chicago, Illinois and Argonne National Laboratories and the Solar
Energy Research Institute, Golden, Co.

3.2 Project No.: 3005/R3/RBB
Project Title: Production of methane from agricultural

wastes-studies in pure cultures and with
consortia.

Chief Scientific Investigator: F. Sineriz (Tucuman, Argentina)
Objective:

To study the microbial populations which generate methane from
agricultural residues and effluents.

Achievements:

a. Development of an up-flow anaerobic sludge blanket reactor (UASB)
for the treatment of stilläge from sugar cane molasses.

A reactor design was developed and tested at semi-pilot scale
(100 L) for the treatment of stilläge arising from molasses
distilleries. A 75 % reduction in chemical oxygen demand was
obtained when the digestor was operated at loading rates of 24 g/L
x day" . About 9 liters of biogas was produced per liter of
reactor per day. This yield would provide about 70 % of the energy
needs of the distillery.

3A pilot plant of 30 m was built under an agreement with ALCOGAS
S.A. (Tucuman, Argentina), operation of this digestor indicated
that full scale plants could be established. The system is ready
for transfer.

Studies performed with radio-labelled compounds indicated that the
instabilty encountered could arise from excess concentration of
monovalent cations.
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b. Studies on the microorganisms present in the anaerobic digestor.

Several bacteria that can use pentoses as carbon energy sources
were isolated from stilläge and characterized. Methanogens were
also isolated, and studies with labelled acetate indicated none of
these can degrade acetate.

c. Kinetic studies of methanogenic reactions - Propionate dégradation

Propionate accumulates when raw stilläge is fed to the UASB; this
leads to unstable conditions of digestor operation. With
continuous enrichment techniques, propionate oxidizers were gained
by using high (100 mM) substrate concentrations which revealed
doubling times of about 3 days. Labelled methane is produced from

14(1-C ) propionate, but no labelled acetate resulted. Acetate
degradation was inhibited at high salt concentrations. Because
acetate accumulates under these conditions, it may also cause
unstable operation.

This research was co-sponsored by the Int. F. for Science - the Consejo
Nacional de Investigaciones Cientificas y Tecnicas (ARG).

3.3 Project No.: 2723/R3/RB
Project Title: Utilization of Polysaccharide Containing Wastes
Chief Scientific Investigator: A. Perdih (Ljubljana, Yugoslavia)

Objective:

To upgrade Polysaccharide Containing Food Wastes.

Achievements :

In Yugoslavia, fruit distillery slops represent a great ecological waste
problem. At the same time they contain a considerable amount of potentially
useful organic matter. The aim of the research programme was to find a way to
convert the slops into a more valuable form, e.g., a protein enriched feed
and/or application of hydrolytic enzymes whose use would yield as thorough as
possible a hydrolysis of fruit raw material and thus to increase the yield of
the primary products. In the preliminary work, cellulolytic fungi,
especially Aspergillus niger. were found to be the most suitable organisms.
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a. Improved efficiency of the bioconversion treatment was approached by
selection of mutants with enhanced cellulolytic activity through the use
of gamma irradiation, MNNG treatment and in combination. This resulted
in an eleven step selection programme. Approximately 500 mutants were
selected from the primary screening and over 300 analysed in detail in
fermentation tests.

b. The cellulolytic activity (expressed as FP activity) of the parent
strain was improved 10.6 fold (0,04 to 1,7 IU) and the endoglucanase
activity 90.9 fold (0,33 to 30 IU).

c. The mutants are stable.

d. The highest possible activity does not appear to have been reached.

e. The transfer of technology is dependent upon the actual state's policy
regarding disposition of waste material.

3.4 Project No.: 2980/R2/RB
Project Title: Biodégradation of Lignin Content of the

Lignocellulosics
Chief Scientific Investigator: Nazif Kolankaya (Ankara, Turkey)

Objective:

To select mutants capable of selectively degrading lignin and to
consider their use to decolorize kraft mill effluents.

Achievements:

Lignocellulosic plant materials form the basis of ruminant nutrition.
Such materials are not efficiently utilized by the animal, due
principally to the shielding effect of lignin which prevents access of
rumen microorganisms cellulase enzymes to the cellulose component of
lignocellulose. Pretreatments of lignocellulosic feeds to enhance their
digestibility include chemical and/or biological pretreatments. This
study focussed on gaining selective ligninolysis via growth of white rot
fungi.
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a. White rot fungi (Pleurotus) were selectively isolated and their
14ligninolytic capabilities evaluated using C-labelled substrates.

The strains showed a higher ligninase to cellulase ratio compared to
other white rot fungi.

b. A series of mutants induced via gamma irradiation were selected in which
the ligninase:cellulase ratio was further increased, leading to a final
strain Pleurotus sp. PI -M . This strain was more efficient in3 o
delignifying "practical" substrates (beech, pine and popular tree
lignocellulose) than the original strain.

c. Pretreatment of barley straw (by PL_-M, resulted in increased
J a

digestibility when assessed by susceptibility to in vitro action of
cellulase and also by rumen fluid.

d. The mutant was shown to be effective when employed in a Rotating
Biological Contactor (RBC) to decrease the colour and also the chemical
oxygen demand (COD) of Kraft mill effluent.

e. This project has illustrated that biodelignification of lignocellulosic
feeds by white rot fungi might be a promising approach for application
in ruminant nutrition. Pleurotus sp. P1--M, should be evaluated in——————— j 6
animal trials. The ability of Pleurotus to decolorize Kraft mill
effluent is also highly significant with regard to treatment of pulp and
paper waste waters. Longer term stability studies should be undertaken
with regard to evaluating the factors essential for gaining long term
action with studies focussed on the more efficient mutants gained from
this study.

3.5 Project No.: 3724/R1/RB
Project Title: Utilization of biomass produced on saline land for

methane production
Chief Scientific Investigator:: M.I. Rajoka (Faisalabad, Pakistan)

Objective:

To select mutants of Cellulomonas biazotea for hyper-secretion of
ß-glucosidase for improved saccharification of Leptochloa Fusca
L. Kunth (Kallar grass) produced on saline lands.
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Achievements :

a. Gamma radiation-induced mutation yielded two mutants which showed
2.2 fold improvement in production of ß-glucosidase and
ß-xylosidase. Mutants 51 Str and 7 RF mutants hyper produce
endo-glucanase and ß -glucosidase.

b. In all strains endo-glucanase production was mainly extracellular
whereas ß-glucosidase and ß-xylosidase were cell-associated.

c. Hyper-enzyme production was obtained during growth on salicin and
on Kallar grass straw.

d. These mutants were further mutated using ethyl-methane sulphonate (EMS),
nitrosomethyl urea (NMU), or l-methyl-3-nitro-l-nitrosoguanidine
(MNNG). EMS was the better mutagen. One mutant showed enhanced ability
to maintain enzyme production over a period of 5 days.

e. Useful constitutive mutants, namely GM-AB-3 and CM-AB-8, showed 30 fold
improvement in ß-glucosidase and 2.5-3 fold improvement in
ß-xylosidase production.

f. The mutant cellulases showed 1.3 - 1.4 fold improved saccharification of
lignocellulosic biomass (Kallar grass straw grown on saline lands in
Pakistan).

g. Substantial improvement of enzyme production has been made through
mutational techniques, yet there is every indication that further
enhancement is still within the practical realm.

3.6 Project No.: 2933/R3/RB
Project Title: Use of nuclear techniques in the investigation

of microbial (enzymic) saccharification of
cellulose.

Chief Scientific Investigator: B. Macris, Athens, Greece

Objectives:

To investigate basic aspects of cellulose saccharification by
cellulolytic enzymes excreted from fungal mutants induced by gamma
radiation.
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Achievements :

a. Gamma-radiation at a dose level of 70 Krad and a dose rate of 2.5
Krad/min was successfully used to induce cellulase and ß-glucosidase
hyperproducing mutants of certain microbial species. The mutants
produced a "complete" cellulase system, capable of hydrolyzing
crystalline cellulose to glucose at yields which were up to 5 times
higher than those of their wild types.

b. Three gamma radiation mutants of three fungal species, namely Alternaria
alternata M7, Aspergillus ustus M35 and Trichoderma harzinanum M5,
proved to be high cellulase and ß-glucosidase producing strains. At
optimum pH and temperature of enzyme activity the respective yields of
cellobiohydrolase, endogluconase and ß-glucosidase were 0.06, 36.8 and
12.9 U/ml culture fluid for A., alternata M7, 1.0, 69.0 and 19.2 U/ml
culture fluid for A. ustus M M35 and 33.5 and 2,5 U/ml culture fluid for
T. harzianum M5.

c. The mutants utilized a variety of cellulosic materials (crystalline and
pretreated cellulose, straw and dewaxed cotton) as carbon sources.
Excretion of cellulase and ß-glucosidase was affected by growth
conditions such as pH, temperature and substrate concentration.

d. Certain kinetic characteristics of cellulase and particularly of
ß-glucosidase were desirable for hydrolysis of cellulose to glucose.
Among them were the high temperature optima and the thermostability of
these enzymes.

e. Cross-synergism was established between the cellulolytic systems of the
mutant strains upon hydrolysis of cotton. A maximum enhancement of 282%
in the saccharification rate of cotton was obtained.

f. Purification studies of cellulolytic enzymes of the mutant strains
resulted in the isolation of a number of isozyroic forms with desirable
kinetic characteristics such as pH stability and high temperature
optima. These studies are being continued towards the possibility of
isolating cellulolytic forms with desirable kinetic characteristics and
high synergistic action upon saccharification of crystalline of
pretreated cellulose. Successful cloning of the most active forms of
these enzymes to certain microorganisms would add to the effort to
substantially increase cellulose saccharification rates using nuclear
techniques and modern biotechnological approaches.
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RECOMMENDATIONS

In light of the original objectives and earlier recommendations, the
participants noted with satisfaction the substantial progress which was made
towards the programme goals. This progress has brought some of the
technology to the point that it can be immediately transferred to
applications while other aspects could be transferred in the near term.

1. Recommended project for technology transfer. The technology of
anaerobic digestion and its application to rural, on site
treatment of agricultural wastes may be immediately transferred to
practice in localities with suitable circumstances (see Sineriz's
report 1.2). These methods will lead to the production of methane
on site which can be used for an energy source.

2' Recommended projects for development prior to transfer. Other
projects within this programme, though significantly advanced,
require additional development before they can be applied on
practical scale.

2.1 Microbial enhancement of biomass for feed

One especially exciting result of this programme, the selective
biodelignification of lignocellulosic material, shows great
promise for transfer. This approach should be continued as part
of a programme for upgrading of lignocellulose for animal feed.
The programme should examine various treatment strategies to
improve biodegradability of lignocellulose. In most cases,
biodegradability should be measured by in vitro digestibility to
screen for the most promising pre-treatment methods. A discrete
project should focus on final evaluation based on animal feeding
trials. The treatment method which has been developed in the
current programme is advanced enough to be tested by animal
feeding trials. However, further improvements of this system are
forecast and in the evaluation of such studies in vitro rumen
digestibility and enzyme studies should be employed.
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2.2. Methane production from rural biomass

A rural methane production programme should be instituted,
including small-scale biomass digesters as a major component. New
designs, such as semi-solid and plug-flow bioreactors, should be
tested; activities of microbes involved should be included.
Efforts should be made to attract scientists from countries with
current or developing biomass programmes.

2.3. Bioconversion of agricultural products and residues

Several projects in the current programme show great promise, but
need further evaluation in concept, development or scale-up before
transfer is possible to a practical level. In addition further
schemes for utilization of wastes or upgrading of cheap
agricultural products should be investigated with focus on
innovative approaches. Novel technologies, such as enhanced
filtration or biological pre-treatments should be considered within
this framework.

3. New organisms

In each of the programmes recommended above, the isolation of new
organisms should be encouraged. It is impossible to know from the
outset of an investigation whether a selected organism is optimal,
or even satisfactory, for development. Thus, the isolation and
characterization of new, potentially useful organisms should be
pursued alongside studies for the improvement of currently used
strains. This recommendation is of primary importance. Prior IAEA
Biomass Programmes have resulted in the isolation of novel microbes
from termite nests, e.g. Streptomycetes possessing endoglucanases
with the highest specific activities yet recorded,
and also the unique basidiomycete Termitomyces. Analogously,
current research has focussed on thermophilic microorganisms,
including caldo-thermophiles capable of growth at 100 C. The;
examples illustrate the vitality of this recommendation.
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4. Assay standardization

In order to better compare results from different organisms, it is
essential that assay methods be standardized and that they should
reflect activities of importance. In some cases, these two
objectives may appear to be mutually exclusive. For instance,
standardization of cellulase assay may require the use of a widely
available substrate such as Whatman filter paper. On the other
hand, filter paper hydrolysis is not the activity of concern, but
rather the final efficiency of the hydrolysis of agricultural
residues such as corn stover or sugar can bagasse. In such cases
both natural substrates and the standardized, widely available
substrate should be compared. Examples of such standardization
include recent reports on biomass methodology (see (1) Symposium on
Pre-treatment of Lignocellulosic Materials, Graz, 1986 and (2) EEC
Biomass Commission Recommended Procedures, 1987).

5. Organizational matters

5.1. Efforts should be made to maintain a constant leadership, of the
group of participants throughout the above programmes. This task
could be fulfilled by a group of consultants assisting the
scientific secretaries and forming an overview panel.

5.2. The applications of microorganisms is diverse, including food and
animal nutrition, the pharmaceutical industry, pollution abatement
schemes. These applications are expanding rapidly in the current
biotechnology climate. Microbiological programmes of the Agency,
though focussed in the Agrochemical and Residues Section, also have
major components split within the Soils and Animal Nutrition
Sections. The merging and co-ordination of these studies into one
principal section is recommended.

5.3. Patent Status: Patent status of a novel technology or of novel
microbial strains was not addressed in the initiation of this
programme. The implications of patenting were discussed, and it
was recommended that those agreement holders with a patentable
position should make effort to file such claims prior to
publication of the final report. Availability and distribution of
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microbial strains should be considered in relation to patent
status, noting also that confirmation of results as a requirement
of- "science". Thus microbial cultures should be made available
either through the patenting process, through an international
culture collection or via personal distribution with citation to
restrictions on application.
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Appendix 1
APPLICATION OF NUCLEAR TECHNIQUES
TO BIOMASS TRANSFORMATION STUDIES

I. Labelling of intermediates in order to trace metabolic pathways

1.1 Use of 14CH CO H and CH 14c°2H to establish acetate
oxidation in methanogenic isolates. Here labelling was incorporated
only to cells, and no evidence of acetate oxidation was found.

(Sineriz: Report to the First Joint FAO/IAEA Research Coordination
Meeting in Nairobi [1983]).

141.2 Use of CH,CH„ GO_H to study propionate degradation in
enrichments from a UASB reactor. No labelled acetate was found. The
evidence of absence of acetate oxidation at high salt concentration
resulting in increased levels of acetate during reactor operation with
pure stilläge may be due to inhibition of acetate oxidisers.

(Sanchez Riera, F., Cordoba, P. and Sineriz, F. (1985). Use of the UASB
reactor for the anaerobic treatment of stilläge from sugar cane
molasses. Biotechnol. Bioeng. 27, 1710-1716. Report to the 3rd Joint
FAO/IAEA Research Coordination Meeting in Ljubljana).

1.3 Measurement of volatile organic acids during methanogenesis. The
methodology indicates the production and fate of the organic acids, and
also that methyl rather than carboxyl-labelled propionate should be used
in studies of propionate turnover (Boone, D.R., this report).

1.4 Radioisotopes have been widely employed in studies of methanogenesis.
The following list is a guide to these applications:

II. Production of Mutants

II.1 Hyper enzyme producing mutants

Mutants were obtained following gamma irradiation. Such strains
included hypo-producing strains of cellulase and ß-glucosidase
(Aspergillus. Trichoderma. Cellulomonas). Macris et al., Cimerman et al.,
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Rajoka et al. For example with Aspergillus niger (Cimerman et al.): Gamma
rays were used as mutagen (Co , doses:1000 C/kg, 1300 C/kg, 1500 C/kg.
Comparative Cellulolytic activities of mutants (lU/ml):

Strain Endoglucanase
EG

Filter paper
activity

Aspergillus niger A98
("parent")
0.33
Mutant M5A.15
Mutant M6B.17

0.037

20.80

28.70

1.60

1.65

ß-xylosidase
Amylase
Pectinase

Cellulomanas
Aspergillus
& Trichoderma

Rajoka et al.
Cimerman et al.

Example of Method using y-Irradiation Technique to obtain mutant from
wildtype Pleurotus PL3 (N. Kolankaya)

To obtain the mutants from wild-type PI», its basidiospores were
subjected to y-irradiation. A spore suspension was prepared by suspending
the spores in sterile saline solution to give 1x10 spore ml. The tubes
each containing 4 ml of spore suspension, were irradiated with gamma rays (Co

3 —160) for 5 min. The intensity of irradiation was 2x10 Ckg and resulted
in a survival rate of 3-5 %. In order to select mutants, spores so treated
were plated onto double layered cellulose agar (DLCA). The DLCA medium was
prepared as described by JOHNSRUD and ERIKSSON (1985), but with two minor
modifications. 0-Anisidine and Munkteil cellulose in original medium were
replaced with 0.02 % guaiacol (Sigma) and 2.0 % Avicel (AVICEL RC-581)
(macrocrystalline cellulose), respectively. After incubation at 30°C, the
plates were examined for colonies with less cellulase (small clearing zones)
combined with high phenoloxidase activities (brown-yellow color development).

JOHNSRUD, J.C. and ERIKSSON, K.-E. 1985. Cross-breeding of selected and
mutated homokaryotic strains of Phanerochaete chrysosporium K-3. New
cellulase deficient strains with increased ability to degrade lignin. Appl.
Microbiol. Biotechnol. 21, 320-327.
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11.2 Processins Mutants

Enhanced filtration Aspergillus Cimerman et al.
& Trichoderma

Selective ligninolysis Pleurotus Kolankaya et al.
Enhanced peroxidase
Decreased cellulase

1411.3 C-labelled Lignin to study its biodégradation during fermentation.

REFERENCE: Rajoka, M.I. & Malik, K.A. (1985). Utilization of biomass
produced on saline lands for methane production. In proceedings Second
FAO/IAEA Research Coordination Meeting on Development of Improved Rural
Methane Production Utilizing Nuclear Techniques, Padova, Italy, 13-17 May
1985.

14Example: Using of C-labelled milled wood lignin (MWL) in measuring the
IJRnolytic activity of Pleurotus (Pi,.) isolate (N. Kolankaya)

•J

In order to measure lignolytic activity of our original isolate,
14Pleurotus (PI ), C-labelled (MWL) was used as substrate in the culture

14medium of this organism. To prepare the C-labelled MWL the red maple
14(Acer rubrum) was fed through its cut stem L-(U- C) phenylalanine solution

according to the method suggested by Crawford (1976). So labelled red maple
wood was milled down with ball milling procedure to pass through 40-mesh

14screen and C-labelled lignin was extracted according to the Bjorkman
procedure (1956). For this purpose, the milled down wood fraction was
stirred for about two hours with dioxane-water (9:1 by volume). Filtrate was
purified by precipitation of solution in 90 % acetic acid into water.
Further purification was carried out by dissolving the precipitate in 1,2
dichloraethane-ethanole (2:1 v/v) mixture then ethylether precipitation. And

14so prepared C-labelled (MW) was used as substrate for measuring the
J£lignolytic activities of the fungi tested in experiments. MWL : means

Milled Wood Lignin.

14The method, based on measurement of C0„ produced due to the
14 -metabolization of C-labelled (MWL), was used in our experiments.

14Separately sterilized lignin suspension consisting of 30mg of C-labelled
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(MWL) (5x10 d.p.m.) was added into 250 ml erlen mayer flask containing 20
ml of mineral-salt basal medium (ingredients of this medium have been given
in our first progress report) supplemented with 0.1 % yeast-extract (Difco
Co.). The carbon sources such as microcristalline cellulose (Avicel),
glucose, were added into the flasks at different final concentrations as
stated in text. Flasks were closed with rubber stoppers having special
equipments for periodic aeration and trapping CO effluent. Each flask was
seeded with 1.0 ml of spore suspension of Phanerochaete chrysosporium ME 446
or with 1.0 of mycelial suspension of one of the PI isolates from 2 weeks-old
malt-agar slants. Incubation was carried out at 30 C statically or shaking
the flasks at 150 r.p.m. (in Psychrotherm Incubator Shaker, New Brunswick

14Co.) for different period of times as cited in text. The CO evolved
during the incubation was collected in 3 ml of 5 % (w/v) KOH solution and
specific activity was determined with Packard liquid Scintillation
spectrometer according to the procedure suggested by Kirk et al. (1975).

REFERENCES
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2. D.L. Crawford and R.L. Crowford. 1976. "Microbial Degradation of
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Appendix 2

PAPERS, REPORTS AND PRESENTATIONS
ON DEVELOPMENT OF IMPROVED BIOMASS UTILIZATION

THROUGH THE USE OF NUCLEAR TECHNIQUES
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Boone, D. R. 1984. Propionate exchange reactions in methanogenic
ecosystems. Appl. Environ. Microbiol. 48:863-864.
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digesters. Appl. Environ. Microbiol. 48:122-126.
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Press.
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