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Summary

Over 100 strains of wood-rotting fungi were compared for their 

ability to degrade wood blocks. Some of these strains were then assayed 

for extracellular cellulase activity using a variety of different solid 

media containing carboxymethyl cellulose or acid swollen cellulose. The 

diameter of clearing on these plates gave an approximate indication of 

the order of cellulase activities obtained from culture filtrates of 

these strains. Trichoderma strains grown on Vogels medium gave the highest 

cellulase yields. The cellulase enzyme Droduction o f Trichoderma reesei

C30 and QM9414 was compared with that of eight other Trichoderma strains. 

Trichoderma strain E58 had comparable endoglucanase and filter paper 

activities with the mutant strains while the 6-glucosidase activity was 

approximately six to nine times greater.

T. reesei C30, T. reesei QM9414 and Trichoderma species E58 were 

used to study the enzymatic hydrolysis of pretreated wood substrates.

Each of the culture filtrates was incubated with a variety of commercially 

prepared cellulose substrates and pretreated wood substrates. Solka floe 

was the most easily degraded commercial cellulose. The enzyme 

accessibility of steam exploded samples which had been alkali extracted 

and then stored wet, decreased with the duration of the steam treatment.

Air drying reduced the extent of hydrolysis of all the samples but had 

a greater effect on the samples which had previously shown the greatest 

hydrolysis. Mild pulping using 2% chlorite increased the enzymatic 

hydrolysis of all the samples. Steam explosion was shown to be an excellent 

pretreatment method for aspen wood and was much superior to dilute nitric 

acid pretreatment. The results indicate that the distribution of the
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lignin as well as the surface area of the cellulosic substrate are 

important features in enzymatic hydrolysis.

The importance of the pretreatment conditions and ensuring chemical 

extractions of the cellulosic substrates was demonstrated by the range 

of ethanol values obtained in simultaneous saccharification fermentation 

experiments using Zymomonas mobilis or Saccharomyces cerevisiae. The 

rate of hydrolysis of the cellulosic substrates by.'Trichoderma culture 

filtrates, concentrated culture filtrates and whole cell cultures was 

compared. An ethanol value of 2.2% (w/v) was obtained from 5% solka 

floe using concentrated culture filtrates of Trichoderma and Z. mobilis 

or S. cerevisiae.

Two strains of Clostridium thermocellum CT1 and CT2 demonstrated 

similar product yields and cellulase activities when grown on solka floe. 

A co-culture of C. thermocellum and Zymomonas anaerobia supplemented 

with cell obi ose could produce 1.3 mg/ml of ethanol when grown on 1% solka 

floe. Different media were evaluated for their ability to enhance the 

produce and cellulase yields of C, thermocellum grown on cellulose 

substrates. Ethanol and reducing sugar values of 1.5 and 3.8 mg/ml 

respectively and an endoglucanase activity of 3 IU/ml were obtained after 

growth of C. thermocellum in DSM (1) medium containing 1% solka floe. 

Three different pretreated wood fractions were assessed as substrates 

for growth. A steam exploded wood fraction SEC2-01 gave comparable 

values to those obtained after growth on solka floe. Co-cultures of 

C. thermocellum and Z. anaerobia grown on 1% PW3 could produce 1.6 mg/ml 

ethanol after 3 days growth.
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Introduction

Depleting reserves of fossil fuels has prompted interest in the 

use of cellulosic materials as a source of fuel and chemicals for the 

future. Of great interest is the utilization of fast growing poplar 

clones on a rotational basis similar to the harvesting of sugar cane. 

Several studies have been carried out to find methods for pretreating these 

cellulosic materials to make them more susceptible to enzymatic hydrolysis 

(Mandels et al_, 1974; Nesse et_ al_, 1977). Variations of mechanical and 

chemical treatments have been tried but hydrolysis was still of the 

order of 50% (Knappert et aj_, 1980; Andren et al_, 1975; Wilke et al,

1976).

Although numerous microorganisms can degrade soluble cellulose 

derivatives such as carboxymethyl cellulose, only a comparatively few 

fungi can produce high levels of extracellular cellulases capable of 

extensively degrading insoluble cellulose to soluble in vitro (Mandels, 

1975). This is what is required however if a process using enzymatically 

hydrolysed 1 ignocellulose to obtain free sugars is to be economically 

attractive. To achieve complete hydrolysis of the insoluble cellulose 

substrate, the different enzyme components of the cellulase enzyme 

complex must be present in the right amounts under the right conditions. 

This requirement for the synergistic action of different endo- and exo- 

6-glucanases (cellulases) and B-glucosidases (cellobiases) enzymes 

for complete cellulose hydrolyis to take place has been reported 

previously (Wood, 1975; Ryu and Mandels, 1980). It is this requirement 

for an active cellulase complex acting at optimum conditions, combined 

with the wide range of cellulose substrates on which it must be able to
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act, which makes developing screening methods for cellulolytic fungi 

a complex problem. Numerous methods have been used for assaying 

cellulolytic activity and a list of some methods used by other workers 

(Eriksson, 1969; Nilsson, 1974) are reported in Table 1.

In this report, we describe the methods used to screen some of 

the 2,000 strains of cellulolytic fungi present in the Forintek culture 

collection. Many of these strains had been isolated during the last 

60 years and the type of rot and amount of weight lost owing to fungal 

activity determined using a soil block technique (1949).

For cellulase to catalyze the hydrolysis of cellulose there must be 

direct physical contact between the cellulosic microfibrils and the 

enzyme complex, therefore the rate of enzymatic hydrolysis of cellulose 

is profoundly affected by the structural features of the lignocelluloses 

(Fan et̂  al_, 1981). In this study we have pretreated aspen wood samples 

with a variety of mechanical and chemical methods. Chief among these has 

been a method involving hydrothermal decompression which has been shown 

(Jurasek, 1979) to greatly increase the enzyme hydrolysis of wood 

fractions.

The culture supernates from three strains of Trichoderma known to 

have high cellulolytic activity were used to determine the amount of 

reducing sugars and glucose released by the enzymatic hydrolysis of 

various commercial cellulose substrates and pretreated wood samples.
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With the increase in interest in developing technologies to convert 

renewable resources such as lignocellulosics to liquid fuels; numerous 

systems are being advocated as potential methods for obtaining 

ethanol from cellulose (Wang et aĵ  1978; Roberts et al_, 1980; Wilke 

et_ al^ 1981). One method which we and other workers (Emert and Katzen, 

1980) have been studying is the simultaneous saccharification of cellulose 

by enzyme hydrolysis and fermentation of the liberated glucose to 

ethanol. As the sugars formed by the hydrolysis of the cellulose, 

cellobiose and glucose, inhibit the cellulases, the hydrolysis of the 

cell obi ose to glucose and the continuous removal of glucose from the 

reaction mixture by fermentation to ethanol effectively stimulates the 

hydrolysis of the cellulose (Emert and Katzen, 1980; Takagi et al_, 1977; 

Tyagi and Ghose, 1977). Other workers (Wang et al̂ , 1978) have found that 

systems which operate efficiently on pure cellulose can be greatly 

inhibited by more practical cellulosic substrates such as corn stover 

and steam exploded wood. In this work we have compared the abilities 

of fermentative microorganisms to utilize the sugars liberated from 

different pretreated wood fractions as well as comparing the use of 

whole cultures of cellulolytic fungi rather than culture filtrates for 

hydrolysing these cellulosic substrates to glucose.

We are also studying an alternative method, which is also being 

advocated by other research groups (Wang et efU 1978, Herrero and Gomez, 

1980) using cellulolytic anaerobic bacteria. The anaerobes Clostridium 

thermocellum and Acetivibvio oellulolyticus can degrade cellulose 

releasing reducing sugars (mainly glucose) which they apparently do not
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use, as well as producing ethanol (Wang et_ al_, 1978, Saddler and Khan, 

1980).

We have also been studying the growth conditions of the bacteria 

Zymomonas mobilis. it has been reported that this microorganism 

utilizes glucose and a few other monosaccharides and can convert 1 mole 

of glucose to almost 2 moles of ethanol (plus CO2 ) reaching maximum 

ethanol production after only 3-4 days growth (Rogers ejt al_, 1979).

In the work reported here, we initially assessed the amount of ethanol 

released during the growth of ^• ’theYmocellum and A. cellulolytious on 

a range of cellulose substrates. Co-culture studies were carried out with 

these anaerobic cellulolytic bacteria and Z. mobilis. It was hoped that 

the reducing sugars liberated by the cellulolytic bacteria would be used 

by Z. mobilis and converted to ethanol. Both organisms in this co-culture 

would therefore be converting cellulose to ethanol, one directly and 

one indirectly.

We have also evaluated this co-culture system using different 

pretreated wood fractions as the cellulosic substrate, and compared it 

with growth on pure cellulose and cellobiose. Other workers have 

shown (Wang et al_, 1978) that systems which operate efficiently on 

pure cellulose can be greatly inhibited by more practical cellulosic 

substrates such as corn stover and pretreated wood.
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Materials and Methods

Microorganisms. All the fungi used were taken from the Forintek 

culture collection, Trichoderma reesei QM9414 and T. reesei C30 were 

originally supplied by the ATCC and Rutgers University respectively.

A spore innoculum was used to initiate growth in shake flasks.

Saccharomyces cerevisiae C495 (NRCC 202001) was grown under standard 

conditions (Rainbow, 1970). Zymomonas mobilis (ATCC 29191) was grown 

in 60 ml serum vials (Miller and Wolin, 1974) using the medium of 

Rogers et al (1979).

Clostridium thermocellum CT1 (ATCC 27405), C. thermocellum 

CT2 (NRCC 2688) Zymomono.s anaerobia Z4 (ATCC 29501 ) were originally 

obtained from R. Latta, NRCC, Ottawa, Canada. C. thermocellum CT2 

is strain LQ8 originally described by Ng et al, 1977.

Media and Culture Conditions.

1 . Screening

Three different synthetic liquid media were used in flask cultures, 

Vogels (Montencourt and Eveleigh, 1977) (Mandels, 1977) and 

Basal (De Menezes et U_, 1973) containing 2% solka floe B.W.

800 FC (Brown and Co., NH, USA) as the cellulose substrate.

The fungi were grown in 100 ml quantities at 28°C on a shaking 

platform (100 rpm). The type of rot and amount of weight loss 

owing to activity in the preliminary experiments was determined 

by a soil block technique (Sedziak, 1949). A variety of different
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solid media were used for preliminary screening of cellulolytic 

fungi a) solid media containing carboxymethylcellulose (CMC), 

used to detect "Cx" cellulase-producing fungi (Hankin and 

Anagnostakis, 1977), b) the plate clearing method of (Montencourt 

and Eveleigh, 1977) using oxgall with phosphon D in combination 

with acid-swollen cellulose on agar plates and c) the plate 

clearing method of (Nevalainen et al_, 1980) using solid medium 

containing Walseth cellulose with minimum nutrient salts and 

0.1% Triton X-100.

2. Two stage ethanol production

Cellulase preparations The cellulolytic fungi were all grown for 

8 days in 100 ml quantities on 2% Solka floe. Cultures were then 

filtered through a Reeve Angel glass fibre filter and, if necessary* 

concentrated on a rotary evaporator to final protein concentration 

of 5 mg/ml.

Simultaneous saccharification and fermentation procedures

A) One gram of the cellulosic substrate and 0.1 gm of yeast

extract were added to a 60 ml serum vial with 5 ml of distilled 

water. The vials were then gassed with N2 , capped and autoclaved. 

Fifteen millilitres of a predetermined cellulase preparation 

was added asceptically to initiate the experiment and the vials 

were incubated at 50°C on an orbital shaker (100 rpm) for 24 hrs. 

One millilitre of a 3 day old S. cerevisiae or Z* mobilis 

culture was asceptically added after this time and the vials 

reincubated at 37°C for various times.
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B) This procedure was essentially that previously described 

except that the fermentative microorganisms were added at 

the same time as the cellulase preparation thus omitting the 

prefermentation hydrolysis step. The vials were incubated 

at 37°C.

C) Ten grams of the cellulosic substrate and 0.5 gm of yeast extract 

were added to a 250 ml Erlenmeyer flask containing a specified 

amount of 0.05M citrate buffer (pH 4.8). These flasks were 

autoclaved and a predetermined amount of a 7 day old culture of 

Triohoderma E58 grown on 2% solka floe were inoculated into each 

flask to produce a working volume of 100 ml. After incubation

at 50°C for 24 hrs five millilitres of a 2 day old S. cerevisiae 

culture was asceptically added and the vials reincubated at 

37°C for specified times.

3. Anaerobic ethanol production

Media and culture conditions - C. thermooellum CT1 and CT2 were 

grown anaerobically in 10 ml amounts in 60 ml serum vials (Miller 

and Wolin, 1974) containing predetermined amounts of the different 

cellulosic substrates. Various media described in Table 25 were 

used for growing the C. thermooellum strains. Medium CM3 was 

originally described by Weimer and Zeikus (1977). G-S-2 medium

by Ng et aĵ  (1981) and DSM medium described in the ATCC catalogue.
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Co-cultures were obtained by growing the cellulolytic bacteria 

on the cellulosic substrate for 3 days followed by innoculation 

with 0.5 ml of a 3 day old Zymomonas culture. The Zymomonas 

had been washed twice in 0.05 M citrate buffer pH 5.0 to remove 

background values present in the original supernate. All mono- 

and co-culture experiments were carried out using N£ as the head 

space gas.

Cellobiase preparation: - Novo cellobiase 250 L (5 kg batch)

was obtained from Novo Laboratories Inc., Wilton, CT, U.S.A.

This material was precipitated with 60% (NH4)2S04 ,and the pellet 

resuspended in 0.05 citrate buffer pH 4.8.

Assays.

Soluble protein was determined directly without precipitation by 

the method of Lowry et al_ (1951) using bovine serum albumin (Sigma) as 

standard. Total reducing sugars were estimated colorimetrically using 

dinitrosalicylic acid reagent (Miller, 1959). Glucose was determined 

colorimetrically by the glucostate enzyme assay (Raabo and Terkildsen, 1960).

Endoglucanase activity (1,4-B-glucan 4-glucanohydrolase, EC 3.2.1.4) 

was determined by incubating 1 mL of culture supernate with 10 mg of 

carboxymethycel1ulose (Sigma) in 1 mL of 0.05 M citrate buffer pH 4.8 at 

50°C for 30 min. The reaction was terminated by the addition of 3 mL of 

dinitrosalicylic acid reagent. The tubes were placed in a boiling
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water bath for 15 min. then cooled to room temperature and the 

absorbance read at 575 nm.

Xylanase activity was determined in the same way as the 

endoglucanase activity replacing the CMC with 10 mg/xylan (1 archwood,

Sigma).

Filter paper activity was determined by the method of Mande!s et 

al (1976). One millilitre of culture supernate was added to 1 mL of 

0.05 M citrate buffer pH 4.8 containing a 1 cm x 6 cm strip (50 mg) of 

Whatman No. 1 filter paper. After incubation for 1 h at 50°C the reaction 

was terminated by the addition of 3 mL of dinitrosalicylic acid reagent.

3-glucosidase activity (EC 3.2.1.21) was determined by incubating 

1 mL of culture supernate with 10 mg of sali cin (sigma) in 1 mL of 

0.05 M citrate buffer pH 4.8 at 50°C for 30 min. The procedure followed 

was the same as for endoglucanase assay.

One unit of Endoglucanase, Filter paper and B-glucosidase activity 

was defined as 1 pM of glucose equivalents released per min.

Substrates

a) Commercial substrates I) Avicel-pH-101 (microcrystalline
cel lui ose)

II) CF-11 cellulose Dowder (Whatman
medium length fiber)

III) Solka floe BW-300
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b) I, Aspen wood chips were steam exploded using a high

pressure gun with a 250 cc capacity (Fig. 1). Steam 

exploded wood which had been exposed to saturated steam 

at 560 psi (250°C) for different times.

Samples

SEU-01 - 20 sec (steam exploded wood, unextracted)

SEU-02 - 40 sec 

SEU-03 - 60 sec 

SEU-04 - 80 sec.

SEU-05 - 100 sec.

II. Above samples which were extracted at room temperature 

for 2 h with water, then extracted 1 h with 0.4% NaOH, 

washed thoroughly with water, mildly acidified with dilute 

H2SO4 and again washed until the samples were neutral.

The residue after extraction was air dried and Wiley 

milled through a 20 mesh screen.

Samples SE 01 - 20 sec

SE 02 - 40 sec

SE 03 - 60 sec

SE 04 - 80 sec

SE 05 - 100 sec

III. Steam exploded aspen which was treated as in procedure II 

was stored frozen and not air dried or Wiley milled.

The lignin, hemicellulose, and cellulose content of each 

of these samples is detailed in Table 2.
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Samples SE W 01 - 20 sec 

SE W 02 - 60 sec 

SE w 03 - 120 sec

IV. Samples as above which had been air dried prior to storage.

Samples SE AD 01 - 20 sec 

SE AD 02 - 60 sec 

SE AD 0 3 - 1 2 0  sec

V. Samples as in III which had been passed through a Wiley 

mill with a 20 mesh screen after air drying.

Samples SE AD WM 01 - 20 sec 

SE AD WM 02 - 60 sec 

SE AD WM 0 3 - 1 2 0  sec

VI. Samples which had been pretreated as in Section III and

further treated with 2% or 10% of their weight with sodium 

chlorite. The lignin, hemicellulose and cellulose content of 

each of these samples is detailed in Table 2.

Samples SE C2 01 - 20 sec, 2% chlorite 

SE C2 02 - 60 sec, 2% chlorite 

SE C2 0 3 - 1 2 0  sec, 2% chlorite

SE CIO 01 - 20 sec, 10% chlorite 

SE CIO 02 - 60 sec, 10% chlorite 

SE CIO 03 - 120 sec, 10% chlorite
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VII. Samples which had been pretreated in Section IV were then

air. dried and passed through a Wiley mill with a 20 mesh screen.

Samples SE C2 AD WM 01 - 20 sec, 2% chlorite, air dried, Wiley milled

SE C2 AD WM 02 - 60 sec, 2% chlorite, air dried, Wiley milled

SE C2 AD WM 03 - 120 sec, 21 chlorite, air dried, Wiley 
milled milled

SE CIO AD WM 01 - 20 sec, 10% chlorite, air dried, Wiley
milled

SE CIO AD WM 02 - 60 sec, 10% chlorite, air dried, Wiley
milled

SE CIO AD WM 03 - 120 sec, 10% chlorite, air dried, Wiley
milled

VIII. Aspen wood was treated with 5% HNO3 (liquor to wood ratio, 20:1) 

at 65°C for 1, 2 and 3 hours. The air dried pulp was then

extracted with 5% NH3 solution at 50°C for 1 h, neutralized,

air dried and the pulp ground in a Wiley mill to pass a 40-mesh 

screen.

Samples NA 1 - 5% HNO3 treated for 1 h

NA 2 - 5% HNO3 treated for 2 h

NA 3 - 5% HNO3 treated for 3 h

All pretreated wood samples were suspended in 0.05 M citrate 

buffer pH 4.8 and soaked for at least 24 h at 4°C prior to 

use. The weight used always refers to the dry weight of the 

wood sample.
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Enzyme Hydrolysis Assays on Cellulose and Pretreated Wood

A. Samples were suspended at 2 mg/ml in 0.05 M citrate buffer 

pH 4.8.

One millilitre of the culture filtrate was preheated to 50°C 

prior to adding it to 1 ml of the pretreated substrate and 

incubated at 50°C. To terminate the incubation, the tubes 

were placed in a boiling water bath for approximately 5 minutes.

The contents of each tube were then filtered through a Reeve 

Angel glass fiber filter paper and the filtrate was used to 

assay for total reducing sugars using the dinitrosalicylic 

acid method (Miller, 1954) and total glucose (glucostat method) 

(Raabo and Terkildsen, 1950).

B. Samples were suspended at a concentration of 5 mg/ml in 0.05 M 

citrate buffer pH 4.8.

Culture filtrates of T, reesei C30, QM 9414 and Trichoderma E58 

were concentrated ten fold on a rotary evaporator and again assayed 

for cellulase activity. The concentrated culture supernates were 

then precipitated with 60% (NH^SO^ (18 h at 4°C) followed by 

resuspension of the pellet in 0.05 M citrate buffer and desalting 

on a sephadex G-25 column. Each of the preparations was diluted 

to a protein concentration of 10 mg/ml in 20 ml amounts and 

stored at 20°C until required.
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One millilitre of the concentrated enzyme (at a concentration 

of 10 mg/ml protein) was preheated to 50°C prior to its addition 

to 1 ml of the preheated substrate and incubated for 2 h in a 50°C 

water bath. The same procedure as in method A was followed to 

terminate the reaction and assay for products.

Ethanol was determined by gas-liquid chromatographic (GLC)
i

methods. A 6 ft x 1/8 in Chromosorb 101 column, mesh 80-100 

was used with a flame ionization detector. The injector and detector 

were kept at 200°C and 250°C respectively and the column oven 

operated isothermally at 160°C. Helium was used as carrier gas 

at a flow rate of 30 ml/min.

Results

1. Screening for highly cellulolytic fungi

Initially over 100 strains of cellulolytic fungi were assayed 

using the soil block technique of Sedziak (1949). The amount of weight 

lost by 20 mm wood cubes after 3 months growth of seven of these strains 

are reported in Table 3. A wide range of values were obtained with 

Phccnevochaete chrysospori-'um resulting in the greatest weight loss 

and the Trichoderma strains giving the least. In every case, there 

was always a greater degradation of yellow birch than of red pine.

Spores from cultures of each of these fungi were then seeded on a 

variety of different solid media containing carboxymethyl cellulose or 

acid-swollen cellulose and the diameters of the zones of clearing
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obtained in each of the plates were measured (Table 4). A wide range 

of values were again obtained. This time T. viride E58 showed the 

greatest amount of substrate hydrolysis while P. chrysosporium was 

one of the least active species. T. viride E58 demonstrated the 

greatest amount of hydrolysis on both CMC and cellulose media. Other 

strains such as T. viride D43 showed a greater hydrolysis of the CMC 

medium while species such as S. lignicola hydrolysed a greater diameter 

of the cellulose containing medium.

Each of these strains was then grown in three different synethic 

liquid media (Table 5) containing solka floe as the cellulose substrate. 

The two mutant strains of T. reesei QM9414 and C30 were included for 

comparison. Little or no growth was obtained on Basal medium while 

Vogels was superior to Mande!s medium in all cases except for growth 

of T. reesei QM9414. This was expected as this strain was originally 

isolated on Mandels medium. The three Trichoderma strains C30,

QM9414 and E58, showed highest endoglucanase and filter-paper 

activities while S. lignicola and M. verrucaria also had quite high 

activities. As the Trichoderma strains consistently produced higher 

activities, future screening was restricted to members of this species. 

Ten different Trichoderma strains were taken from the culture 

collection and assayed for cellulase activity (Table 6). All of the 

fungi, except for C350 and C319. demonstrated high cellulase activities. 

The Rutgers C30 strain showed highest endoglucanase and filter-paper 

activity as well as producing the largest amount of soluble protein.
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Both the endoglucanase and filter paper activities of T. viride 

E58 were lower than those of C30 and QM9414, although the B- 

glucosidase activity was considerably greater than that of both these 

strains.

The culture supernates of C30, 0M9414 and E58 obtained when optimum 

cellulase activity was detected, ie. after 10, 8 and 6 days growth 

respectively, were diluted to a soluble protein concentration of 1 mg/ml 

(Table 7). The endoglucanase and filter-paper activities of each of 

the E58 was approximately 6 times greater than that of C30 and 9 times 

greater than that of QM9414.

The amount of reducing sugars and glucose released after incubating 

a quantitated amount of each of the culture supernates with commercially 

available cellulose preparations was measured (Table 8). Solka floe 

was the most easily degraded substrate while Whatman CF-11 powdered 

cellulose was the most resistant. The greatest amount of reducing sugars 

were detected after incubating the culture supernate of E58 with Solka 

floe. Over 93% of this substrate was released as reducing sugars 

after 24 h incubation. Approximately 49% of the reducing sugars was 

present as glucose. Although high levels of reducing sugars were 

also detected after hydrolysis by C30 and QM9414, less than 14% of 

the sugars was detected as free glucose.
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Three strains of Trichoderma , C30, QM9414 and E58 were used to 

study the enzyme hydrolysis of variuos cellulose and pretreated wood 

substrates. Each of these strains was grown in a 30 L fermentor and 

harvested when optimum enzyme activities were detected (Table 9). The 

supernates were collected after filtration and stored frozen in small 

aliquots until required. Previous work had indicated that this was the 

preferred method to ensure there was no loss of enzyme activity with 

time.

Each of the culture filtrates was incubated with a variety of 

commercially prepared cellulose and pretreated wood substrates (Table 10). 

Solka floe was the most easily degraded commercial cellulose when 

incubated with each of the cellulase preprations. The enzyme accessibility 

of the exploded wood samples was shown to increase with time at 560 

psi. The C30 enzyme preparation was able to liberate 70% of the SE 05 

substrate as total reducing sugars and 15% as glucose, after 120 min. 

incubation while the QM9414 preparation released 80% of the same 

substrate as reducing sugars and 6% as glucose (Table 10). When the 

E58 preparation was incubated for the same time with the same 

sample, 75% of the substrate was liberated as total reducing sugars 

and 29% as glucose.

2. Enzymatic hydrolysis of cellulosic substrates
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Aspen wood samples, heated with 5% HNO3 (liquor to wood ratio, 

20:1) for 1, 2, and 3 h. (i.e. NA 1 , NA 2 and NA 3, see materials 

and methods) were assayed for enzyme accessibility (Table 11). Again, 

the enzyme accessibility of the pretreated sample increased with the 

length of the pretreatment. The reducing sugars and glucose values 

obtained were much lower than those from the wood samples which had 

been pretreated with steam explosion. A 3 h treatment with nitric 

acid resulted in the same amount of enzymatic hydrolysis occurring as 

after the 20 second shot using steam explosion.

Following procedure B (cf methods) 1 ml of the standardized C30 

cellulase preparation (Table 12) was added to the standard substrates 

of Avicel, Whatman CF-11 cellulose powder and Solka floe (Table 13). 

Solka floe was again the most easily degraded substrate with 

approximately 30% of the substrate released as reducing sugars after 

2 hr incubation. Approximately 43% of the reducing sugars obtained 

was glucose.

The same enzyme preparation was used to assay various wood fractions 

which had been pretreated by steam explosion. The first fractions 

had been steam exploded, extracted 2 h with water, then extracted 

1 h with 0.4% NaOH and then stored frozen in a wet form. This material 

termed SE W (Steam exploded wet) was thawed prior to use. The SE AD 

fraction had undergone the same treatment but had then been air dried 

before storage. The SE AD WM fractions were treated in the same way 

but were then passed through a Wiley mill as a final pretreatment.
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When the reducing sugars and glucose liberated from these fractions 

were assayed (Table 14), highest values were obtained from the 20 

second shot (SE W 01) which had not been dried or Wiley milled. 

Approximately 44% of the substrate was released as reducing sugars 

after 2 h incubation. With the 60 and 120 second shots, 36% and 

22% respectively of the substrate was released as reducing sugars. The 

trend of decreasing enzyme accessibility with increasing steaming time 

was contrary to what was found with the previous assays. When these 

samples were air dried (SE AD) both the reducing sugars and glucose 

values dropped for each of the three shots. The values for the 20- 

and 60-second samples were approximately 50% less while the sugars 

liberated from the 120-second sample were approximately 33% less.

When these samples were Wiley milled to a 20 mesh diameter (SE AD WM) the 

20 second sample values dropped slightly while the values for the 120 

second sample were even greater than those obtained from the original 

wet sample (SEW 03).

To see if a chemical pretreatment step would aid enzyme hydrolysis, 

samples which had been steam exploded were treated with 2% or 10% 

of their weights of sodium chlorite. Treatment with either 2% or 10% 

chlorite increased the hydrolysis of the wood fractions (Table 15), 

with the largest increase found in the 20 second sample. Approximately 

70% of the SE Cl0-01 (Steam exploded, 10% chlorite, 20 second shot) 

fraction was released as reducing sugars with 40% of these sugars 

present as glucose. Although the enzymatic hydrolysis of the 120 

second samples was not enhanced by the chlorite treatment to the same
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degree as was that of the 20 second samples, the treatment 

nevertheless did increase the release of the sugars on enzymatic 

hydrolysis, over that obtained from the unchlorited samples.

The chlorite treated samples were air dried and Wiley milled to 

see if the order of ease of enzymatic degradation would be reversed as 

had occurred with the previous unchlorited fractions (Table 16). The 

2% chlorited samples demonstrated a reverse in order of ease of 

hydrolysis with the 20 second sample showing less than 50% of the 

reducing sugars and glucose released as compared with the original 

wet preparations. The 120 second sample, however, showed a slight 

increase in ease of enzyme hydrolysis as a result of air drying and 

Wiley milling as also occurred with the unchlorited samples.

Although the 10% chlorited samples which had been air dried and 

Wiley milled did not show a reverse in order of the case of hydrolysis, 

the enzyme accessibilities of the 20 second and 60 second samples were 

greatly reduced while that of the 120 second sample was enhanced as 

shown by the increase in reducing sugar and glucose values determined.

3. Two stage ethanol production

The concentrated culture filtrate from Triohoderma E58 was used in 

the initial simultaneous saccharification and fermentation (SSF) 

experiment comparing the efficiency of fermentation of the liberated 

sugars by S. cerevisiae and Z. mobilis (Table 17). Both these 

microorganisms were effective in fermenting most of the liberated sugars. 

The final ethanol yield of 2.2% (w/v) were almost as high as those 

obtained with the glucose controls.
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A similar procedure was used to assay the efficiency of 

hydrolysis and fermentation of liberated sugars from a variety of 

different pretreated aspen wood substrates (Table 18). Highest ethanol 

values were obtained when using the pretreated wood sample which had 

been water and alkali washed then treated with mild chlorite (SEW 

C2-01) as the substrate. The ethanol yield of 2.0% (w/v) was slightly 

less than that obtained using solka floe as the substrate. Lower 

ethanol values and initial sugar values were obtained with the two 

other pretreated wood fractions with use of the unextracted steam 

exploded wood (SEU-01) resulting in both the lowest glucose, 10.3 

mg/ml, and final ethanol values, 0.35% (w/v).

As previous workers (Takagi et al_, 1977) had indicated that 

simultaneous saccharification and fermentation was more efficient 

without the prefermentation hydrolysis, the efficiency of converting 

solka floe and the chlorited pretreated wood fraction (SE C2 01) 

to ethanol using this method was compared (Table 19). The rate of 

hydrolysis of the cellulosic substrates without fermentation was 

also compared as unconcentrated culture filtrate was used in this 

case. Significantly lower sugar values were detected using straight 

culture filtrates with about 40% of the initial cellulosic substrates 

hydrolysed to glucose. Correspondingly lower ethanol values were 

also obtained when these liberated sugars were fermented by Z. mobilis 

with similar values of 1.2% and 1.4% ethanol obtained using solka 

floe and pretreated wood as the respective substrates.

As the rate of hydrolysis of the cellulose to sugars was relatively 

slow using culture filtrates of the Trichoderma E58, attempts were made to
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increase the degradation to sugars by using whole cultures rather 

than just the culture filtrates (Table 20). Increasing values for 

initial sugar and final ethanol concentrations were obtained with 

increasing amounts of Trichoderma culture added. An ethanol value 

of 2.2% (w/v) was achieved using a 70% inoculum of Trichoderma to 

hydrolyse the 10% Solka floe. The ethanol value was just over half 

of what was obtained when 10% glucose was used as the substrate.

4. Anaerobi c Ethanol Producti on

The degradation of cellulose to sugars and ethanol by the cellulolytic 

anaerobes C. thermoceZZum and.4, ceZZuZoZytious were assayed (Table 21). 

Maximum values were obtained after 6 days growth with the highest values 

demonstrated by C. thevmooeZZum grown at 50°C. Each of the cultures were 

grown anaerobically under a ^ 0 0 2  (80:20) head space gas.

Four strains of Zymomonas were grown under previously published 

conditions (Rogers et a^ 1979) and compared for ethanol production 

(Table 22). Each of the strains demonstrated a similar production of 

ethanol with the values rising after 3 days growth and reaching a 

maximum of approximately 4.5% after 8 days growth. As we hoped to grow 

these strains in co-culture with the cellulolytic anaerobes, the ability 

of Zymomonas to grow under similar conditions was determined. Z. mobiZis 

12 was able to grow up to a temperature of 37°C (Table 23) although at 

temperatures above 40°C growth was greatly inhibited. The ethanol 

values were unchanged when Z. mobiZis was grown under the head space 

gases of N2 , N2:C02 (80:20) or H2C02 (80:20). Lower values were 

obtained when air was used as the head space gas.
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As Z. mobilis could apparently grow in conditions similar 

to those of the cellulolytic anaerobes, a co-culture was attempted.

C. thermocellum was grown for 3 days at 50°C under a ^îCOg head 

space after which time 1 ml of a 3 day old Z, mobilis 1Z culture was 

innoculated and the co-culture reincubated at 37°C. Maximum ethanol 

production was obtained with a 2.5% cellulose substrate after 6 days 

growth (Table 24). The ethanol value obtained with the co-culture 

on 1% cellulose after 6 days growth was almost 9 times greater than 

the value obtained from C. thermocellwn alone.

This procedure was repeated using cell obi ose, which cannot be 

directly utilized by Z. mobilis, as the substrate (Fig. 2). An ethanol 

value of3.3 mg/ml was obtained after 3 days growth, equivalent to 

approximately 33% of the initial cellulose substrate. Similar values 

were obtained when the cell obi ose concentration was raised to 2.5% and 

when Zymomonas Z4 was grown in co-culture withC- thermocellwn.

Clostridium thermocellwn strains CT1 and CT2 were grown on 1% solka 

floe over a period of eight days and the culture supernates assayed for 

enzyme activities and fermentation products (Fig. 3). The two strains 

demonstrated similar product profiles with maximum amounts of ethanol 

and acetic acid obtained after two days growth while the glucose and 

reducing sugar values continued to increase until day 8. C. thermocellwn 

CT1 showed maximum ethanol, reducing sugar and glucose values of 0.46,

3.90 and 2.65 mg/ml respectively while CT2 demonstrated corresponding 

values of 0.41, 4.80 and 3.60 mg/ml. Both strains demonstrated similar 

enzyme activities with xylanase activity being the greatest. C . 

thermocellwn CT1 had a maximum value of 0.62 IU/ml and strain CT2 a maximurr 

of 0.53 IU/ml.
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Earlier work had shown that the rate limiting step in the 

saccharification of the cellulosic substrates to glucose in co

culture studies appeared to be the hydrolysis of the cellobiose to glucose. 

An attempt was made to increase the amount of glucose available to the 

fermentative microorganisms by supplementing the co-culture with an external 

source of 6-glucosidase (Fig. 4). Although there was a initial large 

decrease in reducing sugars and glucose and a corresponding increase in 

ethanol after 1 day of growth in co-culture, there was apparently no 

further hydrolysis to glucose, reflected in the small increase in 

ethanol from day 1 to day 8 and the relatively stable values for 

glucose and reducing sugars detected.

To try to further optimize the ethanol and glucose production of 

C. thermocellum grown on cellulosic substrates, different culture 

media and conditions described by other workers were used (Table 25).

In all previous work we had used the CM3 medium originally described 

by Weimer and Zeikus (1977) and had shaken the vials. Enzyme activities 

and the products released during growth of C. thermocellwn CT1 on 

this medium were compared with static cultures grown on GS-2 medium (Ng et 

al, 1981) and variations of DSM medium described for growth of C. 

thermocellvm in the ATCC catalogue. The endoglucanase activity detected 

in GS-2 medium (Fig. 5) was similar to that obtained in CM3 medium 

(Fig. 3). Higher endoglucanase activities were detected in all of 

the DSM media with the highest values of 2.9-3.0 IU/ml obtained after 

5 to 8 days growth on DSM (b) medium. Similar values were obtained 

after 8 days growth on DSM (1) medium. The product profiles of 

ehtanol, acetic acid, reducing sugars and glucose (Fig. 6) also indicated 

that growth in DSM (1) and DSM (b) media resulted in higher values
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being obtained in a shorter time. Ethanol values of about 1 mg/ml were 

obtained after 3 days growth while reducing sugars and glucose 

values were in the range of 3.8 - 4.4 mg/ml and 2.3 - 2.8 mg/ml 

respectively after 8 days growth.

C. thermocellwn CT1 was grown on different pretreated wood 

fractions (Table 26) using DSM (1) medium, as the inclusion of 

cysteine-HCl made this medium easier to reduce. The values obtained 

after growth on pretreated aspen wood fraction (SEC2-01 ) which 

had been steam exploded, washed with water, 0.4% NaOH and 2%

Na02Û2 were very similar to those obtained after growth of C. 

thermooellum CT1 on solka floe (Fig. 6). Maximum ethanol, reducing 

sugar and glucose values of 1.23, 4.40 and 2.84 mg/ml resDectively 

were detected after 8 days growth while an endoglucanase value of 

2.56 IU/ml was also detected after this time. Growth on the (SEW-01) 

fraction, which had been alkali and water washed, gave higher product 

and endoglucanase values than C. thermocellvm grown on the unextracted SEU 

01 fraction. After 8 days growth on the different wood fractions the 

ethanol values detected were all in the range of 1.10-1.23 mg/ml.

Co-cultures of C. thermocellum CT1 and Z. anaerohia Z4 were grown 

on solka floe, Whatman CF-11 powder and the pretreated wood fraction 

(SEC2-01) (Fig. 7). Cultures grown on SEC2-01 demonstrated ethanol 

and glucose values as good as those obtained on solka floe while 

the reducing sugars were slightly lower. The ethanol values of 1.60 mg/ml 

obtained after 3 days growth of the co-culture on solka floe and SEC2- 

01 were the highest values so far obtained in the absence of additional 

cellobiase.
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Discussions and Conclusions

1. Screening for highly cellulolytic fungi

Although the successful utilization of lignocellulosic materials 

as a source of renewable carbon and energy has been shown to depend 

on a variety of process technologies (Ryu and Mandes!, 1980) several 

studies (Nystrom and Allen, 1976; Spano et al_, 1978; Wilke et al̂ , 1976) 

have shown that the production of the enzymes is the most expensive 

part of the cellulase process technology. As strain selection seemed 

paramount in a system using enzyme hydrolysis (Eveleigh and Montenecourt, 

1979) we investigated several different screening methods to assay the 

highly cellulolytic fungi present in our culture collection to see if 

we would select for strains whose extracellular cellulases could 

efficiently hydrolyse cellulosic substrates to their composite sugars.

A variety of cellulolytic fungi were originally selected for their 

ability to degrade wood blocks. The results indicated that a highly 

degradative fungi such as P. chrysosporium, capable of reducing the 

weight of a wood block by 50% after 3 months growth, was not necessarily 

a high cellulase producer. In contrast, T. viride demonstrated 

high cellulase activity while less than 4% weight loss of the wood 

blocks was obtained. As it was apparent that the soil block method 

was screening for ligninolytic rather than cellulolytic strains, a 

variety of different methods (Hankin and Anagnostakis, 1977; Montenecourt 

and Eveleigh, 1977; Nevalainen et al_, 1980) using solid media with 

incorporated cellulosic substrates were tried. When the values for 

the diameter of cellulose clearing on the agar plates was compared 

to the cellulase activities detected in the culture flasks, a 

general trend of high endoglucanase activity corresponding to a
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larger diameter of clearing was noted. Although it was evident from 

our work and the reports of others (Nilsson, 1974; Mandels, 1975) that 

growth on cellulose agar is an uncertain criterion for assaying 

cellulolytic activity, it appears to be an effective method for 

preliminary screening of cellulolytic fungi. When these organisms 

were compared for their ability to hydrolyse cellulosic substrates 

however it was apparent that other factors could effect the extracellular 

cellulase activities of the fungal cultures (Mandels et al_, 1981).

The importance of the culture medium composition was reflected by the 

different values obtained when the fungi were grown in either Vogels 

or Basal media. It has been shown previously (Kalunyants et a K  1976) 

that the rate of synthesis of the extracellular cellulase complex 

depends not only on the physiology of the producer but also to a 

substantial degree on the composition of the nutrient medium and 

the concentration of its components. It would seem therefore, that 

although the plate assay method could be used for initial screening 

for cellulase activity, numerous factors such as those listed in 

Table 27 will influence the efficiency of hydrolysis of the different 

cellulase complexes.

Most of the Triohoderma strains tested demonstrated high cellulase 

activity in the plate assays and in flask cultures. The Rutgers C30 

strain showed the highest endoglucanase and filter paper activity 

while the QM9414 strain had comparable activities to some of the other 

Trichoderma isolates. Both of these strains however showed lower 

3-glucosidase activities than most of the other strains. This was 

of interest as the breakdown of the low molecular weight cellulose
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residues to glucose is the rate limiting step in most enzyme 

hydrolysis methods of cellulose degradation (Sternberg et al_, 1981)

Usually another source of (3-glucosidase, such as that from 

Aspergillus, has to be added to the Trichoderma cellulase preparation 

to achieve complete breakdown of the cellulose to glucose.

It has been shown (Mandels et al_, 1981; Canevascini and Gattlen, 1981) 

that a direct comparison of cellulase enzyme units from different 

microorganisms does not necessarily reflect the same differences 

in the efficiency of hydrolysis of cellulosic substrates. This is 

indicated when the culture supernates of the different Trichoderma 

strains are diluted to a common protein concentration. The E58 cellulase 

complex has a much higher specific activity for B-glucosidase than 

either C30 or QM9414. The greater activity of this enzyme complex 

was reflected in the efficiency of breakdown of the different commercial 

cellulose substrates by the cellulase preparation of E58. Although the 

C30 cellulase complex possessed higher filter paper and endoglucanase 

activities, the high B-glucosidase activity of E58 resulted in the 

liberation of higher amounts of reducing sugars with approximately 

50% of these sugars detected as glucose. It is apparent from this 

work and that of others (Montenecourt et al_, 1981) that the specific 

activity of cellulases will have an important effect on the economics 

of enzymatic saccharification of cellulose.
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2. Enzymatic hydrolysis of cellulosic substrates

Trichoderma strains C30, QM9414 and E58 were chosen to study the 

enzymatic hydrolysis of pretreated wood substrates as they had 

previously been shown to produce highly active cellulase enzymes.

Initial enzyme hydrolysis studies were carried out using straight 

culture supernates. In order to allow a clearer comparison between 

the activities of the different cellulase samples the enzyme 

preparations were standardized by concentrating the culture supernates 

and partially purifying them by ammonium sulphate precipitation. The 

cellulase enzymes were then reconstituted in buffer to a standard 

protein concentration of 10 mg/ml.

When samples which had been steam exploded, alkali extracted, air 

dried and Wiley milled were assayed, increasing enzyme accessibility was 

obtained with an increase in the duration of the steam treatment.

Each of the three cellulase preparations was able to liberate more 

than 70% of the SE 3 substrate, while the E58 preparation was able 

to hydrolyse almost one third of the cellulosic substrate to glucose.

As glucose is the ultimate substrate desired for other processes such 

as the microbiological production of alcohols and chemicals, any 

system which can convert a greater part of the cellulose to glucose 

is desirable.

Previously it has been shown that the enzymatic hydrolysis of 

cellulose itself can be significantly affected by the structural 

features of cellulose (Fan et̂  a^, 1981). The cellulose-rich fractions 

remaining after water and dilute alkali extraction of samples of wood, 

which had been heated in steam for different periods of time and

34



had then been exploded were examined to see if any of these structural 

features mentioned contribute to the ease of enzymatic hydrolysis. 

Contrary to the first experiments, the enzyme accessibility of 

the steam exploded samples which had been alkali extracted and stored 

wet, decreased with the duration of the steam treatment. Air drying 

reduced the hydrolysis of all the samples but had a greater effect on 

the samples which had previously shown the greatest hydrolysis. When 

these samples were Wiley milled the enzyme accessibility of the 20 second 

sample decreased slightly while that of the 120 second sample became 

greater than it had been in the original wet sample.

Tables 14, 15 and 16 show that air drying reduced the accessibility 

of all the extracted wood substrates, whether they had been oxidised or 

not. The greatest reductions in accessibility occurred with the 20- 

second samples, which had shown the greatest accessibility. Table 1 

shows that, already after only 20 seconds of steam treatment, sufficient 

hydrolysis of the hemicellui ose and lignin had occurred to result in 

the removal of most of the hemicellui ose and of approximately one-third 

of the lignin on subsequent extraction with water and dilute alkali.

The cell wall, however, was still recognizable microscopically, in 

contrast to the product after 120 seconds. Removal of hemicellulose 

and lignin from the 20-second samples apparently left a porous 

structure which shrank or collapsed on air drying.

The longer steam treatments of 60 and 120 seconds resulted in 

greater hydrolysis and removal of much more lignin on subsequent
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alkali extraction. The products were less voluminous and were 

apparently less porous than the 20-second samples. The accessibilities, 

which were already low, were reduced to a lesser degree, therefore, 

by further collapse on air drying. Low accessibility of the 120 

second sample which had lost all fibrous appearance was apparently the 

result of a low surface area. Lignin apparently played no more than a 

minor role in this case. When the already very low lignin content was 

further reduced to only 0.3% by oxidation as shown in Table 2, 

accessibility was still less than that of the 20-second sample before 

oxidation and less than half of that after oxidation. It is also 

possible that low accessibility of the samples from the longer steam 

treatments may have been caused, in part, by a chemical alteration of 

the cellulose surface, although this has not been established. Wiley 

milling of the air-dried 120-second sample, however, increased its 

accessibility apparently by creating fresh surfaces, but did not 

increase the accessibility of the already more accessible 20-second 

sample. Unreported work also showed that grinding with a mortar and 

pestle increased the enzyme accessibility of all the Wiley milled samples 

with the greatest effect being obtained with the 120-second sample.

The most easily degraded substrates were those which had been 

treated with steam for the shortest time (20 seconds) and then, after 

extraction with water and dilute alkali, had been subjected to a 

mild oxidation with chlorite. An oxidation which lowered the lignin 

content of the 20-second sample by only 1.6%, as shown in Table 2, 

resulted in an approximate 50% increase in the reducing sugars on 

subsequent enzymatic hydrolysis, as indicated in Table 15. A much
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greater consumption of oxidising agent, which dropped the lignin 

content by 7.4% to less than half of its original value, had a 

relatively insignificant additional effect on the amount of reducing 

sugars released.

Oxidation of lignin by chlorine dioxide released from sodium 

chlorite, as in this experiment, is a surface reaction. The fact 

that the use of a very small amount of oxidizing agent, which 

accordingly resulted in the removal of very little lignin and yet 

apparently exposed a large area of cellulose to enzymatic attack, 

indicates that the lignin removed had been present as a relatively 

thin film or deposit of large surface area. Further removal of lignin 

with larger amounts of oxidizing agent was apparently from larger, 

but less spread-out, deposits which were not masking as much cellulose 

surface. Possibly less than 2% of the oxidizing agent, or of a 

cheaper agent, would have given a similar increase in accessibility.

Other workers (Fan et al_, 1981; Kelsey and Shafizadeh, 1980) 

have shown that the surface area and crystallinity of the cellulosic 

substrate are important factors in enzymatic hydrolysis. Although 

steam explosion apparently has a large effect on determining the 

surface area of the treated samples, previous work (Marchessault 

and St. Pierre, 1978) has demonstrated that there is little or no 

loss of crystallinity as a result of steam explosion. It is possible, 

on the other hand, that some increase in crystallinity could have 

occurred in the 120-second samples as a result of hydrolysis and 

more complete removal of hemicellulose and lignin. The fact, however,
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that simple Wiley milling to pass a 20-mesh screen (which would 

have had a negligible effect on crystallinity) almost doubled 

the yield of reducing sugars, indicates that modification or 

reduction of surface area was a major factor in prolonged steam 

treatments. Further studies are underway to clarify the effects 

of surface coating, chemical alteration of the cellulose surface, 

pore collapse and crystallinity in the present work.

3. Two-stage ethanol production

In previous work we had found that the rate limiting step in the 

simultaneous saccharification and fermentation (SSF) reaction was 

the hydrolysis of the cellulosic substrate to sugars. Other workers 

(Sternberg et al_, 1977) have shown that more specifically, it is 

the breakdown of the low molecular weight cellulose residues to 

glucose that is the rate limiting step in most enzyme hydrolysis 

methods of cellulose degradation. In earlier work culture filtrates 

of Triehoderma E58 were shown to have high B-glucosidase activity.

As the other cellulase activities of this strain were comparable 

to those of T. reesei C30 and QM9414, Triehoderma E58 was used as 

the source of hydrolytic enzymes.

Concentrated culture filtrates of Triehoderma E58 could apparently 

completely hydrolyse a 5% solka floe suspension to monosaccharides, 

reflected in the ability of both S. cerevisiae and Z.mobilis to 

ferment these liberated sugars to near theoretical limits of 2.2% 

ethanol. High ethanol values were also obtained when the pretreated
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wood fractions which had been chlorited were used as the substrate. 

The relatively poor ethanol values obtained when unextracted wood 

was used as the cellulosic substrate was predicted as initially 

only 55% of the substrate was present as cellulose. However, other 

factors are apparently involved as this was the only reaction where 

substantial amounts of sugars liberated from the substrate were not 

utilized by the fermentative microorganisms. It is thought that 

breakdown products derived from the explosive decompression treatment 

may be inhibiting the fermentative microorganisms. We are presently 

trying to define the nature of these inhibitors which are thought 

to be derivatives of lignin or furfural.

Attempts to make this system more applicable by using culture 

filtrates which had not been concentrated were partially successful. 

Comparable ethanol values were obtained when either solka floe or 

pretreated wood was used as the cellulosic substrates, however 

these values were about half those obtained when glucose was 

used as the substrate.

Other workers (Takagi et al_> 1977) have suggested that the 

overall SSF reaction could be enhanced if saccharification and 

fermentation was started concurrently, as the problem of end-product 

inhibition of the cellulases would be eliminated by fermentation of 

the sugars as they were produced. When this procedure was attempted, 

the lower sugar values we obtained were probably a result of the 

lower cellulase enzyme concentration used. It would seem that a 

high initial glucose cocnentration obtained with a prefermentation 

hydrolysis step using Tviohoderma E58 culture filtrates does not
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greatly add to the end-product inhibition of the conversion 

rate, apparently enhances the fermentation rate and therefore 

may increase the overall hydrolysis of the cellulose substrate.

The hydrolysis of the substrates using whole cultures of 

Trichoderma was also greatly influenced by the concentration of the 

inoculum, with higher ethanol values obtained with increasing amounts 

of the cellulolytic culture used. Although this method has been 

successfully used by other workers (Blotkamp eit al_, 1978) it 

apparently does not greatly increase the efficiency of the reaction 

when Trichoderma E58 is used.

Other workers adopted this method as 6-glucosidase is thought 

to be mainly cell-associated, with relatively low 8-glucosidase 

activity present in the culture filtrates (Vahari, et al_ 1979; Berg and 

Pettersson, 1977). Culture filtrates of Trichoderma E58 have a high 

B-glucosidase activity and appear capable of completely hydrolysing 

some cellulosic substrates to glucose which can then be fermented to 

close to theoretical levels of ethanol.

4. Anaerobic ethanol production

Previous work had indicated that although the cellulolytic 

anaerobes produced only low levels of ethanol directly, they also 

degraded cellulose to reducing sugars which they did not directly 

utilize (Wang et_ af[ 1978, Saddler and Khan, 1980). Glucose was the 

major component of these liberated sugars and was used as the
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substrate for growth of the Zymomonas strains. Although 

Zymomonas is reported to grow maximally at around 30°C (Rogers 

et al_, 1979) we found that growth and fermentation could still 

occur at 37°C. This was the temperature used in the co-culture 

studies with C. thermooellum. Earlier work had shown that maximum 

growth of Zymomonas in the co-culture occurred after c- thermooellum 

had first been grown at 50°C for 3 days. This allowed the reducing 

sugars to accumulate to a level where they could be utilized by 

the Zymomonas and the extracellular cellulase to be present in a high 

enough concentration such that degradation of the cellulose could 

continue. This latter step is important as it has been shown (Herrero 

and Gomez, 1980) that growth of C. thermocellwn is inhibited at 

levels as low as 0.5% of ethanol, therefore degradation of the 

cellulose in the co-culture is partially dependant on the enzymes 

already present in the culture supernate. When the co-culture 

was grown on cell obi ose slightly higher ethanol values were 

obtained. The slight increase in reducing sugars detected in the 

culture supernate after 2 days previously suggested (Gordon and 

Cooney, 1980) that the cellobiose is broken down intracellularly to 

glucose and is then liberated into the culture medium. The 

undegraded cellobiose which remains in the co-culture after 3 

days growth probably indicates that it is the inhibition of the cell 

associated cellobiase which prevents further conversion of this substrata 

to glucose and therefore preventing the fermentation of the sugars 

by Zymomonas to ethanol.

After initial work using one strain of C. thermo cellwn (CT1 ) we then 

compared the two strains of C. thermooellum, CT1 and CT2 to
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see if there were any great differences in the growth and 

products of the two anaerobes used by different groups (Cooney 

et a]_, 1979; Ng et al, 1977). There was apparently little difference 

between the strains with respect to their growth, products and 

cellulase activities and they both appeared to grow equally well 

in co-culture.

There were, however, notable differences in the values obtained 

when these strains were grown on different media, although both 

strains demonstrated similar values when grown on the same medium.

We found the DSM media superior to both CM3 medium (Weimer and 

Zeikus, 1977) and GS-2 medium (Johnson et al_, 1981). Previously 

Johnson et al̂  (1981) reported ethanol values of 1.2 g/1 for 

C. thermocellum CTI (ATCC 27405) grown in GS-2 medium containing 

cellobiose as the substrate, although there were no values 

reported for growth on a cellulosic substrate. We had previously 

found that the growth and product formation of C. thermocellum 

was greatly enhanced when the cellulosic substrate is replaced 

by cellobiose. In preliminary work we have found that DSM medium 

is also superior to GS-w medium when cellobiose is used as the 

substrate.

In previous co-culture studies we had indicated that the rate 

limiting step in the utilization of the liberated sugars by the 

Zymomonas was the enzymatic hydrolysis of cellobiose, which 

cannot be metabolized by the Zymomonas, to glucose. As other 

workers (Sternberg êt al_, 1977; Ng and Zeikus, 1981) had
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demonstrated that the addition of exogenous B-glucosidase to 

cellulase preparations increased the initial rate of glucose 

formation during cellulose hydrolysis we tried a similar procedure 

in the co-culture system to enhance the amount of glucose 

available to the Zymomonas. There was an initial large increase 

in the glucose detected and a subsequent increase in the ethanol 

yields detected during the first 24 hours of incubation. Although 

the ethanol values continued to increase gradually to a 

maximum of 1.8 mg/ml after 5 days incubation, the reducing sugar 

and glucose values remained relatively constant probably indicating 

that the B-glucosidase activity had been rapidly inactivated after 

the initial 24 hours of incubation. In all of the co-culture work 

using a cellulosic substrate there was always a small amount of 

residual glucose which was apparently not utilized by the 

Zymomonas. We are presently trying to confirm these values with 

HPLC and are trying to find out why this glucose is not used.

C. thermocellum was able to grow on each of the Dretreated 

wood fractions producing 1.1 - 1.3 mg/ml ethanol. Other workers 

(Wang _et al_, 1978) have also shown that C. thermocellum can grow 

on a variety of different pretreated cellulosic substrates such 

as corn cobs, straw, steam exploded poplar, etc., however, the 

values we obtained after growth of C. thermocellum on pretreated 

wood fraction (SEC2-01) appear to be the only ones which are 

almost as good as those obtained after growth on solka floe. The 

sugars liberated from the pretreated wood by C. thermocellwri were 

also readily utilized by the Zymomonas as reflected in the 1.6 mg/ml 

ethanol values obtained. In preliminary work we have been able
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to raise this value to 2,0 mg/ml of ethanol by supplementing 

the co-culture with an exogenous source of B-glucosidase.
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Figure 1. High pressure gun for steam explosion (explosive decompression) 
of wood samples.
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Figure 3. To determine the enzyme activities and 
fermentation products of Clostridium 
thermocellum CT1 and CT2 grown on 1% solka floe.
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G - 064

Figure 5. To determine the endoglucanase activity of
C. thermocetlum CT2 grown on different media % 
containing 1 % solka floe.
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I Figure 6. To determine the growth and fermentation

products of C. thevmocellum CT2 grown on 
• different media containing 1% solka floe.
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Figure 7. Ethanol production by a co-culturé of C. thermocellum and 
Z4 grown on 1% concentrations of solka floe, Whatman CF-11 
pretreated wood fraction (SEC2-01). . •

C. thermocellum 
CT2 at 60°C

Co-culture of C. thermocellum 
CT2 with Z. anaerobia Z4

C. thermocellum 
CT2 at 60#C

Co-culture of C. thermocellum 
CT2 with Z. anaerobia Z4

SF (*■*)
SEC2-01 , (d-c)

CF (°-®)

I 1 ...L

INCUBATION TIME (days)

G • 064

Z. anaerobia 
and



TABLE 1 . METHODS FOR ASSAYING FOR CELLULOLYTIC ACTIVITY
AMONG MICROORGANISMS0

1. Loss in weight of insoluble substrates

2. Decrease in mechanical properties of fibres or films

3. Change in turbidity of cellulose suspension

4. Increase in reducing ends groups

5. Decrease of viscosity of cellulose derivatives

6. Colorimetric determination of dissolved decomposed products of cellulose

7. Measurements of clearance zones in cellulose agar

8. Microscopic observations of morphological changes in cellulose substrates 

(i.e. fibres or cellophane)

9. Growth on cellulose agar

afrom Eriksson (1969) and Nilsson (1974)
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Table 2. Composition of steam exploded aspen wood fractions
a

% Composition

Pretreatment

Original non extracted, 
by water or alkali

Extracted by water 
and alkali but 
not chlorited

Chlori ted 
with 2%
NaC102

Chlorited 
with 10%
NaC102

Component

Cellulose
Apparent Klason lignin 
Pentosan . ..

Cellulose
Apparent Klason lignin 
Pentosan

Cellulose
Apparent Klason lignin 
Pentosan

Cellulose
Apparent Klason lignin 
Pentosan

Time of retention in vessel prior to steam explosion (seconds)

20 seconds c 60 seconds 120 seconds

47.3 48.0 47.8
24.4 26.5 28.3
18.2 13.5 6.6

83.0 88.9 92 .}b
13.4 8.7 5.1
3.6 2.4 1 .2

84.6 90.9 96.5
1 1 .8 7.1 2.3
3.6 2.0 1 .2

90.1 96.9 98.5
6.0 1 .1 0.3
3.9 2,1 1 . 2

aSee Materials and Methods for full pretreatment description.

bApproximately 2.4 of this 5.1% apparent Klason lignin is actually pseudolignin 
derived from Pentosan during steam treatment (much less in 20 and 60 sec. shots)

cTime of retention in vessel prior to steam explosion



TABLE 3 WEIGHT LOSS OF WOOD DUE TO FUNGAL DEGRADATION

Fungi
% weiqht lost 
Yellow Birch

from wood source 
Red Fine

VTianerochaete chvysospovivm 57.6 30.7

Libertelta sp. 24.1 12.9

Scytalidivm lignicola 19.8 17.3

Myrothecium verruoarïa 25.9 11.2

Trichoderma viride D43 2.8 2.4

T. viride E58 3.3 2.2

Phialophora americana 12.3 7.5
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TABLE 4. DIAMETER OF HYDROLYSIS ZONES OF CELLULOLYTIC FUNGI 
GROWN ON SOLID MEDIA CONTAINING CARBOXYMETHYL CELLULOSE (CMC) 

AND ACID SWOLLEN CELLULOSE0

Fungi

Diameter of zone of hydrolysis (mm)b

acid swollen 
CMC cellulose

Phanerochaete chrysosporium 

Libertella sp.

Scytalidium lignicola 

Myrothecivjn verruaaria 

Trichoderma'viride D43 

T. xrivide E58 

Phialophora americana

9.0 ± 1.0

6.0 ± 1.0

6.0 ± 0.5

24.5 ± 1.0

36.5 ± 1.0

40.5 ± 1.5 

7.5 ± 0.5

3.0 ± 0.5

5.0 ± 1 .0

13.0 ± 1 .0

16.5 ± 0.5

13.0 ± 1.5

44.5 ± 1.0

6.0 ± 1.2

aThe assay plates containing CMC and acid-swollen cellulose were as described 
in materials and methods. Agar plates were seeded with spores and incubated 
at 28°C for 120 h.

bThe values for the diameters are averages of ten or more tests.
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EVALUATION OF DIFFERENT MEDIA AND KNOWN HIGHLY CELLULOLYTIC FUNGI
FOR CELLULASE PRODUCTION

TABLE 5

pH

INCUBATION 
TIME (DAYS)

Fungi Media9 7 10

Pkialophora amerioana B
V

4.6
6.1

4.3
7.0

M 7.0 7.2

nvic>Loderma vivvde E58 B 2.5 2.4
V 6.6 6.9
M 3.0 3.3

Î2K.ckoderma vivide D43 B 4.7 4.8
V 7.1 7.1
M 7.1 7.2

Soptalidium lignicota B 3.5 2.6
V 3.8 6.2
M 6.8 7.0

.’'-■roihecium vevrucavia B 5.1 5.3
" V 6.4 6.6

M 4.8 5.4

Libsptella spp B 4.4 4.3
V 5.9 6.5
M 6.7 7.0

Irkz&r.eYOc'ho.ete B 3.7 3.4
o sosporium V 4.1 4.4tt r*

M 3.8 4.5

Ir-ichoderma veesev C30 B - -
V 4.9 3.3
M 4.9 4.1

Ivishoderm raesei B - -
V 6.2 4.71
M 2.8 4.4

Endoglucanase activity Filter paper activity 
(units/ml) ____________ (units/ml)

5

INCUBATION 
TIME (DAYS)

7 10

INCUBATION 
TIME (DAYS)

5 7 10

<0.1 <0.1 » <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1

<0.1 <0.1 mm <0.1 <0.1
24.4 85.3 146.0 2.3 3.1 3.0

2.8 17.8 33.2 0.4 0.6 3.2

<0.1 <0.1 <0.1 - <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1

0.4 0.4 0.8 0.1 0.1
2.7 10.2 15.3 0 . 1 1 .0 1 . 2
0.3 1.5 2.0 - <0.1 <0.1

0.2 0.2 — <0.1 <0.1
13.0 45.2 49.0 1 .0 1.4 1.5
11 .6 39.3 41.3 1 . 2 1 .6 1.6

<0.1 <0.1 <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1

0.3 0.3 <0.1 <0.1
0.4 0.8 1.3 < 0.1 0.1 0.2
<0.1 0.1 0.2 < 0.1 <0.1 <0.1

29.1 191.1 298.8 2.4 5.2 5.5
15.2 89.0 210.4 1 .8 5.0 5.2

54.4 122.2 208.7 3.0
v
3.4 3.5

64.8 149.0 230.0 3.1 3.6 4.2

ë g 1  Basal medium, V - Vogels medium, M - Mande!s medium.
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TABLE 6

CELLULASE ACTIVITY OF DIFFERENT TRICHODERMA STRAINS a

I

I

1

Ærichoderma 
■  strains

■ PH

Soluble
Protein

Endoglucanase
Activity

Filter Paper 1 
Activity

5-Glucosidase 
Activity

mg/ml Iu/ml Iu/mg Iu/ml Iu/mg Iu/ml Iu/ng

■ --- ---------

^M9414 6.6 1.57 203.7 129.8 3.4 2.2 0.2 0.1

":58 6.5 1.37 147.4 107.6 3.1 2.3 1.3 Ï.0

§>39. 6.6 0.98 110.6 113.0 1.6 0.9 0.4 0.5

■
:280 6.8 1.64 128.0 78.1 2.5 1.5 0.5 0 .6

1:415 6.0 1.74 186.7 107.3 3.0 1.7 0 .6 0.4

■C461 5.S 1.48 63.0 42.6 3.1 2.1 1.0 0.7

*3369 7.i 1.11 51.0 46.0 1.6 1.5 1.0 0.9

C350 7.2 0.40 0.3 0.8 0 0.1 0.1 0.2

3319 7.1 0.36 1.1 3.1 0 0 0 0

330 6.0 2.46 312.6 127.0 5.6 2.3 0.3 0.1.

a Cellulase activities in culture supernates after 10 days growth on Vogels medium

containing 2% Solka floc.



TABLE 7

CELLULASE ACTIVITIES OF CULT^ E  SUPERNATES 
DILUTED TO A PROTEIN CONCENTRATION OF 1 mg/

Tri-choderma
strain

Original 
Protein 
Concentration 

mn /ml

Incubation 
time 
(days)

PH Endoglucanase
Activity
Iu/ml

B-Glucosidase
Activity
Iu/ml

Filter
Paper Activil 

Iu/ml

C30 2.20 10 6.1 125.7 .15 2.19

È58 1.67 6 6.2 106.5 .91 2.04

QM9414 1.75 8 6.5 120.9 .10 1.93
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REDUCING SUGARS AND GLUCOSE RELEASED FROM CELLULOSIC SUBSTRATES 
AFTER 24h INCUBATION WITH ABOVE PROTEIN PREPARATIONS AT A CONCENTRATION

OF 1 mg/rnl

TABLE 8

TRICHODERMA STRAINS

Cellulosic substrate 
(50 mg/ml)

C30 E58 QM9414

reducing 
sugars 
(mg/ml)

glucose 
(mg/ml)

reducing 
sugars 
(mg/ml) .

glucose 
(mg/ml)

reducing 
sugars 
(mg/ml)

glucose 
(mg/ml)

\vicel 35.1 3.9 38.3 17.7 33.5 3.1

c F - n 23.5 2.2 24.5 8.2 23.3 2.0

Solka floe 42.8 4.8 46.8 22.9 40.0 3.5
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Table 9. Cellulase enzyme activities of Trichodsrma culture
filtrates after growth in a 30L fermentor

Triohoderrra
Strain

Protein cone, 
in culture 
supernate 

mg/ml

Incubation
time
(days)

Endoglucanase 
Acti vi ty

8-Glucosidase
Activity

Filter Paper 
Acti vi ty

III/ml IU/mg IU/ml IU/mg IU/ml IU/mg

C 30 2.30 10 280 122 0.33 0.14 4.4 1.9

E 58 1.57 6 180 115 1.7 1.08 3.5 2.3

QM9414 2.33 8 275 118 0.14 0.06 4.5 1.9
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TABLE 10. Reducing sugars and glucose released with time during incubati
different Trichodermaculture supernatesa with various cellulosi

on of

Substrate ̂  

2 mg

Assay c

Triohoderma strain

C30
mg

E58
sugars released after incubation time (min)

QM9414

10 30 120 10 30 120 10 .. 30 120

Avi cel RS 0.22 0.35 0.58 0.21 0.37 0.66 0.29 0.39 0.73
G 0.024 0.078 0.160 0.055 0.131 0.287 0.002 0.013 0.064

CF-11 RS 0 0 0.22 0 0.15 0.25 0.16 0.20 0.32
G 0.001 0.019 0.069 0.011 0.037 0.093 0 0.002 0.025

Solka floe RS 0.28 0.45 0.84 0.24 0.50 0.91 0.32 0.52 0.95
G 0.028 0.090 0.169 0.050 0.162 0.402 0.007 0.034 0.100

SE 01 RS 0.16 0.28 0.62 0.08 0.25 0.56 0.17 0.32 0.74
G 0.005 0.40 0.121 0.015 0.070 0.206 0 0.008 0.057

SE 02 RS 0.18 0.32 0.76 0.18 0.32 0.65 0.23 0.37 0.88
G 0.009 0.051 0.129 0.034 0.098 0.281 0 0.011 0.065

SE 03 RS 0.20 0.40 0.97 0.20 0.37 0.85 0.28 0.48 1 .10
G 0.014 0.069 0.185 0.054 0.119 0.336 0.022 0.016 0.073

SE 04 RS 0.28 0.48 1.08 0.20 0.37 0.85 0.33 0.61 1.30
G 0.022 0.076 0.235 0.047 0.158 0.459 0.005 0.023 0.096

SE 05 RS . 0.32 0.63 1.40 0.32 0.70 1.52 0.43 0.82 1.60
G 0.031 0.109 0.295 0.070 0.188 0.571 .010 0.032 0.113

aEnzyme activities of the Triohoderma sunernates were as described th TABLE 9.

bSE01-05 are steam exploded aspen wood 20(01) to 100 (05) seconds - see Materials and Methods.

cRS-reducing sugars, G-glucose.



TABLE IT. Reducing sugars and glucose released with time during incubation
of Trichoderma culture supernates with nitric acid treated substrates

mg . sugars released after incubation time (min)
Culture Supernates3 Substrate3 Assay

5 10 30 120
2 mg

T. reesei C30 NA 1 RS
G

0.05
0.002

0.20
0.004

0.26
0.016

0.44
0.124

NA 2 RS 0.20 0.22 0.34 0.56
G 0.004 0.006 0.028 0.152

NA 3 RS 0.20 0.22 0.36 0.60
G 0.006 0.008 0.032 0.164

T. reesei. QM9414 NA 1 RS
G

0.18
0.004

0.22
0.006

0.24
0.018

0.32
0.158

NA 2 RS 0.20 0.22 0.28 0.50
G 0.004 0.018 0.084 0.250

NA 3 RS 0.18 0.24 0.030 0.54
G 0.008 0.048 0.132 0.262

Trichoderma E58 NA 1 RS 0.22 0.24 0.28 0.44
G 0.002 0.006 0.042 0.166

NA 2 RS 0.22 0.26 0.34 0.60
G 0.002 0.014 0.066 0.260

NA 3 RS 0.23 0.28 0.48 0.68
G 0.002 0.018 0.070 0.286

aNA 1-3, Aspen wood treated for 1-3 hours, 5% HNO^- See Materials and Methods



TABLE 12. Cellulase activity of stock C30 Enzyme preparation

Soluble protein 
mg/ml

Endoglucanase activity 
IU/ml 
(iU/mg)

3-glucosidase activity 
IU/ml 
(IU/mg)

Filter Paper 
Activity 
IU/ml 
(IU/mg)

9.7 4859
(502)

3.52
(0.37)

29.63
(3.08)
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TABLE 13. Enzymatic hydrolysis of commercial cellulose substrate 
by the stock T. rees&i C30 preparation

Cellulosic Substrate 
(5 mg)

Reducing Sugars 
(mg)

Glucose
(mg)

A vice! 0.74 0.383

CF-11 0.38 0.110

Solka floe 1.72 0.738

following method B as detailed in enzyme hydrolysis assays in Materials 
and Methods. Time 2 hours.
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TABLE 14. Comparison of the enzyme accessibility of various pretreated 
aspen wood fractions üsing the stock T. reesei C30 preparation 
as the enzyme source9

Cellulosic Substratek 
(5 mg)

.Reducing Sugars
(mo)

JGlucose
(mg)

SEW - 01 2.20 0.82

SEW - 02 1.80 0.67

SEW - 03 1.08 0.42

SE AD - 01 1.14 0.49

SE AD - 02 0.84 0.40

SE AD - 03 0.71 0.36

SE AD WM - 01 0.91 0.46

SE AD WM - 02 0.89 0.42

SE AD WM -03 1.30 0.61

aFollowing method B as detailed in enzyme hydrolysis assays in Materials 
and Methods. Time 2 hours.

^SEW -Steam exploded asnen wood, water and alkali extracted, not dried
SE AD -Steam exploded aspen wood, water and alkali extracted, dried
SE AD WM-Steam exploded aspen wood, water and alkali extracted, dried and Wiley

mi I
0 1, 02, 03 = 20, 60, 120 seconds duration of steaming.
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TABLE 15. Effect of chlorite pretreatment on accessibility of aspen wood 
fractions to stock T. reesei C30 cellulase preparation3

b
Cellulosic Substrate 

(5 mg)
Reducing Sugars 

(mg)
Glucose
(mg)

SEW - 01 2.10 0.80

SEW -02 1.65 0.63

SEW - 03 1.01 0.36

SE C2 - 01 3.32 1.26

SE C2 - 02 1.72 0.72

SE C2 - 03 1.32 0.54

SE CIO - 01 3.36 1.35

SE CIO - 02 1.84 0.72

SE CIO - 03 1.52 0.65

aFollowing method B as detailed in enzyme hydrolysis assays in Materials 
and Methods. Time 2 hours

bSEW -Steam exploded aspen wood, water and alkali washed, not dried,
SE C2 -Steam exploded aspen wood, water and alkali Washed, not dried treated 

sodium chlorite 2%
SE CIO - Steam exploded aspen wood, water and alkali washed, not dried treated 

sodium chlorite 10%
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TABLE 16. Effect of air-drying and wiley-mil1ing on the 
enzyme accessibility of the chi orited 
samples to the stock T. reesei C30 preparation?

b
Cellulosic Substrate 

(5 mg)
Reducing Sugars 

(mg)
G|uc^se

SE C2 - 01 2.88 1.16
SE C2 - 02 2.03 0.78
SE C2 - 03 1.19 0.50

SE C2 AD WM - 01 1 . 1 0 0.46
SE C2 AD WM - 02 1 .21 0.51
SE C2 AD WM - 03 1.24 0.59

SE CIO - 01 3.27 1.35

SE CIO - 02 1.89 0.76

SE CIO - 03 0.92 0.45

SE CIO AD WM - 01 1.38 0.58

SE CIO AD WM - 02 1.27 -.57

SE CIO AD WM - 03 0.99 0.48

aFollowing method B as detailed in enzyme hydrolysis assays in Materials

and Methods.

bSE C2 
SE C2 AD WM 
SE CIO
SE CIO AD WM

Steam exploded aspen treated 2% sodium chlorite
Steam exploded aspen treated 2% sodium chlorite, air dried Wiley mille
Steam exploded aspen treated 10% sodium chlorite
Steam exDloded aspen treated 10% sodium chlorite, air dried Wiley
milled
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TABLE 20. The simultaneous saccharification and fermentation of Solka floe using whole cultures of Trichoderma £58 and S-oerevisiae a

Inoculum size
Of Trichoderma
as % of total 
volume in SSF 
flask

Glucose
______________________ ( m g / m l  )__________________________

Pre-fermentation Simultaneous
hydrolysi s(50°C) Sacchari fi cation

(hrs) and fermentation(37°C)
(hrs)

Reducing Sugars
_______________ (mg/ml )__________________

Pre-fermentation Simultaneous
hydrolys i s(50°C) Sacchari fi cati on

(hrs) and fermentation(37°C)
(hrs)

Ethanol
_______________(mg/ml)__________________

Pre-fermentation Simultaneous
hydrolysi s(50°C) Sacchari fi cati on

(hrs) and fermentation(37°C)
(hrs)

0 24/0 24 72 114 0 24/Û --- 24--- 72 114 0 24/0 24 72 114

70% 0 18.5 <0.1 <0.1 <0.1 0 22.1 2.7 2.5 2.7 0 11.4 14.3 16.7 22.4

50% 0 16.7 <0.1 <0.1 <0.1 0 19.1 2,2 2.2 2.9 0 9.7 12.3 13.9 . 18.3

35% 0 13.4 <0.1 <0.1 <0.1 0 16.0 1.9 2.0 1.9 0 7.5 9.5 10.8 14.8

20% 0 7.4 <0.1 <0.1 <0.1 0 8.4 1.3 1.3 1.2 0 3.4 4.0 4.8 7.8

Glucose
control 100 25.0 2.3 1.3 100 26.3 5.2 2.7 31.4 40.8 41.3 42.3

a) See Materials & Methods, Procedure C for full description of SSF.



TABLE 19. The simultaneous saccharification and fermentation of Solka floe and a pretreated aspen wood fraction3 by culture,filtratejrom
Triohoderma E58 and Z. mobilis " ~

Glucose 
(mg/ml )

Reducing Sugars 
(mg/ml)

- Ethanol 
(mg/ml)

Reaction 
mi xture

Simultaneous 
Saccharification 
and fermentation 

(hrs)

Simultaneous 
Saccharification 
and fermentation 

(hrs)

Simultaneous 
Saccharification 
and fermentation 

(hrs)

0 24 48 96 144 0 24 43 96 144 0 24 48 96 144

TriohodermaEsQ cellulase 
Solka floe (50 mg/ml)
Z. mobilia

0.5 <0.1 <0.1 <0.1 < 0.1 0.8 1.1 0.9 1.3 1.5 0.7 3.5 8.9 10.3 12.2

Triohoderma E58 cellulase 
Pretreated Wood (50 mg/ml ) 
(SE C2-01 ).
Z. mobilis

0.7 <0.1 <0.1 <0.1 <0.1 0.9 1.5 1.6 1.9 1.5 0.5 4.1 9.3 11.5 13.7

Glucose (50 mg/ml)
Z. mobilis 50 <0.1 < 0.1 <0.1 <0.1 50 <0.1 <0.1 <0.1 <0.1 1.8 18.2 21.4 23.5 24.2

Triohoderma E5S cellulase 
Solka floe (50 mg/ml) 0 10.8 16.9 17.8 19.8 0 13.3 19.5 21.3 23.5 0 0 0 0 0

Triohoderma E53 cellulase 
Pretreated wood (50 mg/ml) 
(SE C2-01 )

0 9.7 14.3 18.2 20.1 0 12.3 18.7 20.7 24.2 0 0 0 0 0

a) See Materials and Methods for description of wood substrates
I,) an(| Methods,Procedure B for full description of SSF



TABLE 18. The simultaneous saccharification and fermentation of different pretreated aspen wood fractions by Trichoderma E58 cellu!asea (5 mg/ml) 
and 2. mobiiisL|

Substrate 
(50 mg/ml.) -

Glucose
(mg/ml)

Pre-fermentation Simultaneous
hydrolysis (50°C) Saccharification

(hrs) and fermentation (37°C)
________  (hrs)
0 " W Ô  48 96 Î44

Reducing Sugars 
(mg/ml)

Pre-fermentation Simultaneous 
hydrolysis (500C) Saccharification

(hrs) and fermentation (37°C)
_________ (hrs)
0 24/0 48 96 144

Ethanol 
(mg/ml)

Pre-fermentation Simultaneous 
hydrolysis (50°C) Saccharification

(hrs) and fermentation(37°C)
_________  (hrs)
0 2470 48 96 Î44

Solka floe 0 30.3 <0.1 . <0.1 <0.1 0 36.7 3.3 2.1 2.5 0 1.0 17.9 20.2 20.8

Steam exploded 
wood (SEU-01) 0 10.3 4.8 3.9 3.2 0 18.3 9.8 8.9 8.8 0 0.8 2.2 2.1 2.5

Steam exploded 
wood, water and 
alkali washed 
(SEW-01)

0 20.4 <0.1 <0.1 <0.1 0 28.9 4.6 . 3.5 3.1 0 0.9 12.2 14.2 14.8

Steam exploded 
wood, water and 0 27.3 <0.1 <0.1 <0.1 0 30.3 4.5 2.2 1.8 0 1.2 15.3 19.3 19.5
alkali washed,
chlcrited
(SEC2-01)

Glucose 50 <0.1 <0.1 <0.1 - 50 <0.1 <0.1 <0.1 - 1.6 18.9 23.3 23.5

a) Trichoderma E58 concentrated culture filtrate at a protein concentration of 5 mg/ml

b) See Materials and Methods, Procedure A for full description of SSF



TABLE 17. The simultaneous saccharification and fermentation of Solka floe by Trichoderma_ sp E58 cellulase (5 mg/ml)3 and s. cerevisiae 
or Z,. mobilis0

Substrate 
(50 mg/ml)

Solka floe S. cerivisiae 0 29.3 <0.1 <0.1 <0.1 0 34.2 2.5 2.2 2.1 0 o cn 18.7 19.5 21.5

glucose S. cerevisiae - 50 <0.1 <0.1 <0.1 - 50 <0.1 <0.1 <0.1 - 1.5 19.5 21.5 22.6

Solka floe Z. mobilis 0 29.7 <0.1 <0.1 <0.1 0 35.8 1.8 2.3 2.3 0 0.8 19.2 20.1 21.5

glucose Z. mobilis . 50 <0.1 <0.1 <0.1 - 50 <0.1 <0.1 <0.1 - 1.7 19.9 22.9 23.8

a Triahodema E58 concentrated to a protein concentration of 5 mg/ml 

b See Materials and Methods, Procedure A for full description of SSF

Glucose 
(mg/ml)

Fermentative
microorganism

Pre-fermentation 
hydrolysis(50°C) 

(hrs)

0 24/0

Simultaneous 
Saccharification 
and fermentation(37°C) 

(hrs)
48 96 144

Reducing Sugars 
(mg/ml)

Pre-fermentation
hydrolysis(50°C)

(hrs)

Simultaneous 
Saccharification 
and fermentation(37°C) 

(hrs)

24/0 48 96 144

Ethanol 
(mg/ml)

Pre-fermentation 
hydrolysis (50°C) 

(hrs)

Simultaneous 
Saccharification 
and fermentation 
(37°C) (hrs)

24/0 48 96 144



and
TABLE 21. Co m p a r i s o n  of Growth het^ieeriA^ivihrio ^ U ^ oI mM s u s.

£7. thermocellum a _____________________ —

Incubation
time Microorgani sm

Incubation
tempgrature

Reducing 
Sugars 
(mq/ml )

Glucose 

(mq/ml)

Ethanol 

(mg/ml)
\ U Uj »> / 

1 C. thermocellum 
C. thermocellum 
A. cellulolytiaus

50
37
37

0.24
0.20
0-14

0.06
0.04
o.oi

0.05
0.05
0.05

2 C. thermocellum 
C. thermocellum 
A. cellulolytiaus

30
37
37

0.90
0-72
0.14

0.16
o . n
0.04

0.1 
0.05 
0 .05

3 C. thermocellum 
C. thermocellum 
A. cellulolytiaus

50
37
.37.

1.68 
1.33 
0 .22

0.70
0.52
0-09

0-2
0.15
0.05.

4 C. thermocellum 
C. thermocellum 
A. cellulolytiaus

50
37
37

3.0
2.77
0.37

1.29
1.01
0.26

0.3
0.2
0.1

6 C. thermocellum 
C.- thermocellum 
A. cellulolytiaus

50
37
37

5.53
4.83
0.88

3.09
2.57
0.97

0.35
0.3
0.15

a ) Grown on 1% Whatman CF-11 cellulose under N2:C02, 80 :<£U neaci space gas
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TABLE 22. Growth of 4 Zymomonas strains on glucose9

Z1 Z2 Z3 Z4

Incubation
(days)

time RS Ethanol
mg/ml

RS Ethanol 
mg/ml

RS Ethanol 
mg/ml

RS Ethanol
mg/ml

0 116 0 115 0 118 0 116 0

1 105 0.5 112 0.5 108 0.5 106 0.5

2 102 3.0 101 3.5 104 3.5 100 4.0

3 20 34.5 12.5 40.0 41 28.5 15.5 41.0

4 7 39.0 2 44.5 2 41.0 1.5 45.0

8 2 43.0 2 45.5 1.5 45.0 1.5 45.5

a) Growth conditions followed those of Rogers and Lee (1979)
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TABLE 23. Growth of Z. mobilis Z2 at different temperatures

temperature of incubation °C

Incubation time 28 _3j_______  J** --- - DC ----T
(days) RS Ethanol RS Ethanol RS Ethanol RS Etnanol

mg/ml mg/ml mg/ml mg/ml

0 116 0 117 0 116 0 118 0

1 112 0.4 106 1 107 0.9 116 0.2

2 100 3.5 90 8.9 93 8.5 117 0.3

3 18.3 38.5 3,3 41.2 7.5 40.1 113 0.8

6 2.5 44.2 2.2 45.3 2.3 43.8 111 0.8

9 1 .8 45.8 1.5 45.9 1.7 45.5 108 1 . 2
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I

I

I

r Growth, of C, therm?cellzuri

DSM (b) DSM (1) DSM (2)

riĵ is of cellU l oser.

Cellulose CF-11
~  r - c  t; nPA

concentrât!on
1 0 % ____________ 4.50 4.50 4.50

mg/ml Ethanol 0.143 0.143 0.143

l l . O
"  (4)

0.8
( 1 . 6 )

0.5
(0.05)

0.55

1.30

0.55

1.30

0.55

1.30

1 1‘5 ■ (6)
1.2
(2.4)

0.8
(0.08) - - -

1.2
(0.12)

1.30 1.30 1.30
|  2.9 
1 ( 1 1 . 6 )

1.7
(3.4) 0.13 0.13 0.13

ZMvohilis Z2 culture was added to 10 ml 0.44 ml 0.44 ml 0.44 ml

culture 6.0 6.0 6.0

v^ues as
a percentage of the original

- - -

0.25 - 0.25

1 - 0.40 -

f 2.00 2.00 -

1 - - 2.00

1

I

1 -

I
I

. H^O + 3 drops cone. HC1

â2S.9H20

I
|  75 76



TABLE 26, Growth of C, thermocellum C2 on Different Pretreated Wood Fractions

Substrate Incubation Time (Days)
(10 mg/ml ) 1 2 3 4 5

pH SEU-01 7.53 7.34 7.02 6.39 5.85
SEW-01 7.51 6.62 5.65 5.52 5.57
SEC2-01 7.04 6.05 5.52 5.56 5.63

Glucose SEU-01 0.01 0.01 0.01 0.01 0.02
(mg/ml) SEW-01 0.02 0.02 0.05 0.25 0.64

SEC2-01 0.04 0.07 0.46 1.71 2.84

Reducing SEU-01 0.30 0.36 0.38 0.42 0.63
sugars SEW-01 0.19 0.33 0.43 0.89 1.40
(mg/ml) SEC2-01 0.21 0.48 1.20 2.70 4.40

Ethanol SEU-01 0.17 0.25 0.48 0.73 1 . 10
(mg/ml) SEW-01 0.18 0.67 1.20 1.15 1.28

SEC2-01 0.37 0.98 1 . 1 2 1.16 1.23

Endoolucanase SEU-01 0.06 0.09 0.17 0.31 0.34
activity SEW-01 0.11 0.27 0.43 0.55 0.63
(IU/ml) SEC2-01 0.30 0.58 1.96 2.23 2.56

SEU-01 - Steam exploded Aspen washed 'with water

SEW-01 - Steam exploded Aspen washed 'with water and 0.4% NaOH

SEC2-01 - Steam exploded Aspen washed with water and 0.4% NaOH and NaC102
(See Materials and Methods)
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t a b l e  27. FACTORS AFFECTING CELLULASE ACTIVITY

.Initial .inoculum 

.Type of substrate 

.Concentration of substrate 

.Composition of media 

.Effect of pH 

.Duration of incubation

.Release of enzymes (extracellular) 

.Full spectrum of activities 

.Constitutive, no feedback inhibition 

.Half-life at elevated temperatures 

.Enzyme stability over lengthy storage 

..Spécifie activity
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