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SUMMARY 

By enrichment technique, nine anaerobic mixed bacterial cultures were isolated, five of which showed stable 
cellulolysis. All cultures fermented cellulose and produced different fermentative products. Mixed culture 
BOC 25 yielded major levels of acetate and ethanol (39.6 and 12.0 mmol/1, respectively) and minor levels of 
propionate (2.5 mmol/1) and digested filter paper cellulose to the extent of 32.5% w/v. BOC 25 digested 
cellulosic and lignocellulosic substrates and produced filter paper cellulase, carboxymethyl cellulase, Avicelase 
and/%glucosidase. Strain DC 25, a cellulolytic Clostridium was purified from one of the mixed cultures. The 
fermentation products of DC 25 from cellulose, cetlobiose or glucose were ethanol, acetate, formate, H2 and 
C02. 

INTRODUCTION 

Anaerobic digestion is involved in sewage and in- 
dustrial waste treatment and is proved to be an effi- 
cient way of converting organic matter to methane 
and carbon dioxide. Development of anaerobic 
mixed cultures was attempted for the production of 

Correspondence: T.S. Chandra, Biochemistry Division, Depart- 
ment of Chemistry, Indian Institute of Technology, Madras-600 
036, India 

commercially important acids, alcohols, enzymes, 
etc. from cellulosic wastes [7,13,20]. However, there 
have been few detailed studies to date on the isola- 
tion and characterization of mixed anaerobic cellu- 
lolytic culture systems. Among the pure cellulolytic 
organisms, the fungus Trichoderma reesei [24], the 
thermophilic anaerobic bacterium Clostridium ther- 

mocellum [23,24] and a few rumen cellulolytic orga- 
nisms have been extensively studied. A few pure 
mesophilic cellulolytic anaerobes are important in 
industrial applications involving coupled fermenta- 
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tions with non-cellulolytic C. acetobutylicum [30] 
and Zymomonas mobilis [14] to produce solvents. 

In this paper, we describe a variety of cellulose 
enrichments, pattern of production of different cel- 
lulose digesting enzymes on various cellulosic and 
lignocellulosic substrates and isolating/preliminary 
characterization of a cellulolytic Clostridium from 
one of the enrichments designated BOC 25. 

MATERIALS AND METHODS 

Chemicals 
Filter paper (Whatman No. 1); yeast extract (Ox- 

oid Ltd., U.K.); carboxymethyl cellulose (high vis- 
cosity, BDH Chemicals Ltd., U.K.); cellulose pul- 
ver for chromatography (Schleicher and Schull, 
F.R.G.); Avicel (PH 105, Serva, F.R.G.); anthrone 
(E. Merck, India); p-nitrophenyl /3-D-glucoside 

(Bioorganics, India). 

Enrichment and isolation of cellulolytic organisms 
For most experiments mineral medium supple- 

mented with yeast extract (YE) (0.1% w/v) as de- 
scribed by Madden [16] was used. Liquid and solid 
media were anaerobically prepared in serum vials as 
described by Miller and Wolin [19]. Deoxygenated 
nitrogen gas was used for flushing the vials and fil- 
ter sterilized solutions of cysteine hydrochloride 
and sodium sulphide each at 0.025% w/v were used 
for reducing the medium. 1% w/v filter paper 
(Whatman No. l) cut into strips of 4.5 cm by 1.0 cm 
was used as sole carbon source. Pre-reduced and 
autoclaved media were adjusted to pH 7.0 with 1 N 

NaOH. 
Samples were collected from the following sourc- 

es: Dungs of herbivorous animals (buffalo, ele- 
phant, horse); decayed grass, leaf, dung, saw dust 
and scrap, municipal garbage composts which were 
subject to anaerobic decomposition; decayed gar- 
bage mixed with sewage water, etc. About 500 mg 
of samples were added as inoculum to 50 ml medi- 
um in 100 ml serum vials and incubated at 37~ 
without agitation for 13 20 days or until visible gas 
formation, appearance of turbidity and acidity in 
the culture and a visible decrease in the amount of 

cellulose occurred. Inoculum (1-2 ml) was trans- 
ferred into 50 ml fresh liquid cellulose medium in 
100 ml serum vials once in two weeks and were sub- 
cultured about 15 21 times. Cultures showing sta- 
ble cellulolysis after several subcultures in broth 
were spread on cellulose and cellobiose agar slants 
in serum vials. Single colonies were picked and test- 
ed for utilization of cellulose and cellobiose. Cellu- 
lolytic pure and stable mixed cultures grown for 15 
days in FP cellulose broth were stored at 10~ and 
subcultured monthly. 

Identification and characterization of cellulolytic 
pure culture 

Morphological features were tested as described 
by Doetsh [4]. The procedures of Holdeman, et al. 
[9] were used for biochemical characterization. Uti- 
lization of different carbohydrates by the pure cellu- 
lolytic strain was tested in 10 ml mineral medium 
[16] with YE (0.1% w/v) and 0.5% w/v sugar in- 
cubated at 37~ without agitation. The carbohy- 
drates were autoclaved at 120~ for 10 rain. or filter 
sterilized and added to the medium separately. Cells 
grown on cellobiose (0.5% w/v) broth for 30 h were 
used as inoculum. Bergey's Manual [3] and Anaero- 
be Laboratory Manual [9] were used for the identifi- 
cation of the strain. 

Growth measurement 
Growth was followed by measuring optical densi- 

ty (OD) at 560 nm in a colorimeter (Baush and 
Lomb Spectronic 20 with 1 cm light path). Cultures 
grown on insoluble cellulose were filtered through 
Whatman No. 1 filter paper to remove undigested 
substrate and cells were harvested by centrifugation 
at 12 000 x g for 20 rain at 4~ The cell pellet was 
dried at 90~ for 48 h and dry cell weight (g/l) was 
determined. From control experiments it was ob- 
served that there was no significant adherence of 
cells to substrates. 

Cellulose utilization 
1% w/v processed cellulosic substrates and ligno- 

cellulosic substrates with YE (0.1% w/v) were add- 
ed to mineral medium. The cultures (30 ml in 100 ml 
serum vials) were incubated at 37~ with agitation. 



To estimate the quantity of processed cellulosic 
substrate digested, the cellulose content was as- 
sayed by the Anthrone-H2SO4 method [32] after fil- 
tering and collecting the residue. Carboxymethyl 
cellulose (CMC) being soluble substrate was as- 
sayed without filtering by the same method [32]. 

Analysis of fermentation products 
Hydrogen gas in the head space of culture vials 

was analyzed using Gas chromatograph (Aimil-Nu- 
con Series, India) fitted with a Molecular Sieve 13X 
(60/80 mesh) column, 1.8 m by 2 mm (ID) and ther- 
mal conductivity detector. The column temperature 
was 80~ and the carrier gas was nitrogen at a flow 
rate of 35 ml/min. Injector and detector temper- 
atures were 150~ CO2 gas was determined by 
trapping it as Na2CO3 in 0.1 N NaOH and titrated 
against standard acid [2]. 

To determine volatile acids and alcohols, acid- 
ified cell free broth was analysed using Chromosorb 
101 (60/80 mesh) column, 1.8 m by 2 mm (ID) and 
flame ionization detector. The injector, column and 
detector temperatures were 180~ 160~ and 180~ 
respectively. The carrier and fuel gases were nitro- 
gen and hydrogen with flow rates of 30 and 35 ml/ 
rain, respectively. Lactate was determined colori- 
metrically as described by Muller [21]. Formate was 
assayed by the method of Sleat and Mah [25]. 

Enzyme assays 
Cultures were centrifuged at 15 000 x g for 20 

rain at 4~ The supernatant was used for the assay 
of cellulase enzymes. Carboxymethyl cellulase 
(CMCase) as endo-l,4-/%D-glucanase (1,4-(1,3;1,4)- 
/~-D-glucan 4-glucano hydrolase, EC 3.2.1.4) and fil- 
ter paper cellulase (FPase) were determined by the 
method of Andreotti [1]. /%glucosidase (/%D-gluco- 
side gluco hydrolase, EC 3.2.1.21) was assayed by 
the method of Wood [33] using P-nitrophenyl/~-D- 
glucoside as substrate. Avicelase was determined as 
described by Ng et al. [23] using 0.5 ml of 0.05 M 
ammonium acetate buffer (pH 5.0), 0.5 ml culture 
filtrate, 2 mg Avicel and incubated at 50~ for 2 h. 
The sugar released was assayed by DNS method. 
The units of CMCase and/~-glucosidase activities 
are expressed as 1 /~g glucose or p-nitrophenol 
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equivalents released per min. and FPase and Av- 
icelase activities as 1 #g glucose equivalent released 
per hour. Reducing sugar was determined using 1 
ml sample; 1 ml of DNS reagent and 10 ml distilled 
water by the method of Miller [18]. Soluble protein 
was assayed by the method of Lowry, et al. [15]. 

Effect of pH and temperature on growth 
Cultures on cellobiose medium (0.5% w/v) sup- 

plemented with YE (0.1% w/v) were incubated at 
different temperatures. To determine the effect of 
pH, the initial pH of the medium was adjusted asep- 
tically with 1 N NaOH. Cultures were incubated at 
37~ without agitation, pH was not corrected dur- 
ing growth. Growth was estimated by measuring 
OD. 

RESULTS 

Isolation of cellulolytic mixed cultures 
By enrichment technique, nine cellulolytic mixed 

cultures were established initially, of which five cul- 
tures (HDE 33, BOC 25, BFH 16, LCE 18 and 
DGE 4) utilized cellulose consistently even after 
three years of maintenance. These cultures were ex- 
amined microscopically and were found to contain 
several morphotypes. These organisms when seper- 
ated from the mixed cultures could not grow on 
cellulose as the sole energy and carbon source. A 
few organisms could grow on cellobiose but not on 
cellulose in pure culture. 

Cellulose fermentation by mixed cultures 
BOC 25, one of the mixed cultures was chosen for 

further studies as it utilized more FP cellulose and 
produced high levels of fermentation products, viz., 
acetate, (39.6 retool/l) and ethanol (12.0 retool/l) 
compared to other cultures (Table 1). BOC 25 con- 
tained a short, straight, Gram negative, sporulat- 
ing, motile rod and two other cell types that were 
short, Gram positive, non-motile and non-sporulat- 
ing curved rods. The pH of the mixed culture de- 
creased to 5.5 from an initial pH of 7.0. 

BOC 25 also utilized newsprint, Avicel, cellulose 
powder (TLC grade) packing material, tissue paper 
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Table 1 

Fermentation of cellulose by mixed cultures 

Mixed Origin % FP Dry 
culture cellulose cell 

utiliza- weight 
tion g/1 

Fermentative end products (mmol/1) 

Ethanol Acetate Propio- Formate Lactate Butyrate CO z H 2 
nate 

HDE 33 Horse 31.8 0.29 
dung 

BOC 25 Buffalo 32.5 0.38 
dur~g 
compost 

BFH 16 Buffalo 31.0 0.20 

dung 
LCE 18 Leaf 25.0 0.20 

compost 
DGE 4 Decayed 27.3 0.19 

grass 
compost 

ND 24.8 14.2 1.9 Traces nil 15.6 5.0 

12.0 39.6 2.5 Traces ND nil 13.5 16.0 

ND 13.8 9.3 0.8 0.3 nil 14.8 8.0 

ND 22.8 12.7 0.2 1.2 Traces 17.1 13.4 

9.4 5.3 ND Traces 2.2 nil 13.0 14.9 

ND, not detectable. 

and CM cellulose to the extent of 20-46% with pro- 
duction of ethanol (9.0-11.0 mmol/1) acetate (7.0- 
29.0 retool/l) and propionate (0.6-1.8 mmol/1) re- 
spectively (data not shown). 

Production of celIulase by mixed culture BOC 25 
On insoluble crystalline cellulosics, viz., FP cellu- 

lose, cellulose powder and Avicel, higher levels of 
FPase, CMCase and fl-glucosidase were produced 

Table 2 

Production of enzymes by mixed culture BOC 25 on different growl, h substrates 

Substrate (1% w/v) Culture filtrate 

Soluble Reducing CMCase FPase Avice- fl-gluco- 
protein sugar (U/ml) (U/ml) lase sidase 
(#g/ml) (/~g/ml) (U/ml) (U/ml) 

Filter paper (Whatman No. l) 360 48 9.7 15.4 19 0.81 
Cellulose Powder 432 56 8.1 13.4 15 0.76 
Avicel 416 56 ~ 8.2 11.4 16 0.68 
Packing material 288 28 5.7 12.9 14 0.62 
News print 328 36 7.7 12.2 12 0.64 
Tissue paper 432 60 6.6 10.4 11 0.64 
CMCellulose 240 36 2.1 8.4 ND 0.36 
Banana stalk 245 60 6.3 9.9 14 0.72 
Cotton linter 240 28 3.4 7.0 8 0.47 
Sugarcane bagasse 300 48 6.7 9.1 12 0.69 
Holo cellulose 360 60 7.7 11.7 13 0.67 
Rice husk 250 36 3.6 7.4 9 0.49 

ND, not detectable. 
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than on soluble substrate such as CM cellulose, im- 
pure substrates such as newsprint, packing material 
and lignocellulosics (Table 2). 

Fig. 1 shows the time course of production of 
enzymes and utilization of tissue paper cellulose 
(1% w/v) by BOC 25. Production of all enzymes 
increased progressively till 12-14 days of  growth 
and declined thereafter. During this period there 
was correlation between the rate of  cellulose uti- 
lization and the rate of  increase in cellulolytic activ- 
ities. 

Morphological and biochemical characteristics of 
cellulolytic pure anaerobic bacterium DC 25 

BOC 25 was plated on cellobiose-agar. Three dif- 
ferent single colonies were picked and purified on 
cellobiose. Only one of these three pure cultures 
grew on cellulose and was designated as strain DC 
25. The purity of this culture was. also assessed mi- 
croscopically. DC 25 was obligately anaerobic. 
Cells were short, straight rods and 1.5-3.7 by 0.4- 
0.7 #M in size when grown on cellobiose medium. 
The strain formed central, spherical to oval endos- 
pores. Spores were observed rarely and only in very 
old cultures grown in soluble sugars. Cells were mo- 
tile and stained Gram negative at different stages of 
growth. Colonies on cellobiose medium were circu- 

lar, opaque, creamy, convex with entire margin and 
measured 1.8 mm in diameter. 

Good growth occurred in nutrient broth only 
when supplemented with fermentable sugar. Acetyl 
methyl carbinol, indole and H z S  gas were not pro- 
duced. Nitrate and nitrite were not reduced and ge- 
latin was not hydrolyzed. Milk and meat were not 
fermented. Gas production and sediment were ob- 
served in the broth. Catalase was negative. Glucose, 
fructose, arabinose, lactose, xylose, cellobiose, cel- 
lulose, ribose, galactose, mannose, mannitol, malt- 
ose, raffinose and sorbitol were fermented. Weak 
growth was observed on sucrose, starch, rhamnose, 
trehalose, melizitose and inulin. There was no 
growth on xylan, erythritol, amygdalin and inositol. 

Rates of growth 
Strain DC 25 grew on glucose and cellobiose with 

the doubling times of 14 h and 12 h respectively at 
37~ Yield of dry cell weights was similar on both 
sugars. The doubling time of  DC 25 on FP cellulose 
was 56 h. The optimal temperature and pH for 
growth on cellobiose was 37~ and 7.0 respectively. 

Fermentation products and cellulase enzymes of DC 
25 

Strain DC 25 fermented cellulose, cellobiose, or 
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Fig. I. The time course of cellulase enzyme production during growth of mixed culture BOC 25 on tissue paper cellulose. (~ ,  CMCase; 
[], FPase; ik, Avicelase; X,/?-glucosidase; 0 ,  residual cellulose, (3, dry cell weight.) 
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glucose and produced ethanol, acetate, C O  2 and H2 
as the major products of fermentation; small 
amounts of formate were also consistently pro- 
duced. The time course of acetate and ethanol pro- 
duction by DC 25 was followed on FP cellulose. 
The highest amounts of ethanol were produced af- 
ter 10 days of growth with utilization of cellulose to 
29% (w/v). pH of the broth decreased from 7.0 to 
5.3. 

Different cellulosic growth substrates such as 
MN 300 cellulose, Avicel, newsprint, packing mate- 
rial, tissue paper, sugarcane bagasse, holo cellulose 
(wheat straw), and CM cellulose induced CMCase, 
FPase, Avicelase and/~-glucosidase in DC 25. The 
highest levels of CMCase (7.2 U/ml); FPase (13.1 
U/ml); Avicelase (16.8 U/ml) and /~-glucosidase 
(0.62 U/ml) were induced on FP cellulose. Cello- 
biose and glucose induced these enzymes poorly. 

DISCUSSION 

Considering the fact that there is relatively little 
information on pure and mixed cultures of cellulo- 
lytic anaerobes from habitats other than rumen and 
gastro-intestinal tract of non-ruminants and sew- 
age/anaerobic digestor,~the work reported here was 
undertaken to isolate and characterize anaerobic 
consortia from different environmental sources. 
Mixed cultures were attempted to produce fuels and 
enzymes from cellulose [7,8,13,20]. There are only 
few reports on anaerobic natural mixed cellulolytic 
cultures in literature [11,13,31]. The naturally se- 
lected cellulolytic mixed cultures are advantageous 
and more stable than artificially constituted co- and 
mixed cultures, owing to their inherent synergistic 
metabolic interactions [5,8,13,28]. 

Five stable anaerobic consortia which could fer- 
ment cellulosics for over 3 years were isolated. They 
appear to be obligate and their different patterns of 
production of enzymes and fermentation products 
are reported. These mixed cultures were used direct- 
ly as inoculum without any further processing in all 
our studies. This new method of using stable mixed 
culture as inoculum has advantages such as easy 
handling; less expensive maintenance of consortia 

over use of chemostat devices or fermentor; less 
chance of contamination and spurious results un- 
like possibility in chemostat devices; and avoidance 
of encountering a different environment by process- 
ing of chemostat grown mixed culture inoculum 
and consequent variation in cellulose utilization 
and product formation [5,11,12,13]. 

The yields of acetate, propionate and gases by 
mixed culture BOC 25 on cellulose is comparable to 
the product levels of the heat treated natural mixed 
culture reported by Khan, et al. [13], while that cul- 
ture [13] produces only traces of ethanol, BOC 25 
produces l2 mmol/1 of ethanol which is advanta- 
geous for further industrial application. The cellu- 
lase enzymes produced by BOC 25 are extra cellular 
and are comprised of endo- and exoglucanase and 
/?-glucosidase activities whose levels appear to be 
regulated by the nature of growth substrates as also 
observed in other systems [29]. These enzymes act 
synergistically to hydrolyze native cellulose [33]. 

In order to understand how this consortium BOC 
25 works, we undertook separation of the individu- 
al organisms. Of the three different morpho types 
constituting BOC 25, only DC 25 a pure culture, 
was cellulolytic. This strain DC 25 appears to be a 
Clostridium species. Characteristic properties of DC 
25 was compared with the literature data available 
on the pure mesophilic cellulolytic clostridia, viz., 
C. lochheadii, C. longisporum, C. polysaccharolyt~ 
icum [10] C. cellulovorans, [27], C. populeti [26], C. 
papyrosolvens [17] C. cellulolyticum [6], C. lentocel~ 
lum [22], C. chartatabidum [10] and thermophilic 
bacteria such as C. thermocellum [23] and C. stereo- 
rarium [16]. However, DC 25 differs from all these 
in morphological, cultural, cellulolytic properties, 
utilization of sugars and in fermentative en~l prod- 
ucts. Properties of DC 25 is closest to that of C. 
cellobioparum [3,9], the original type strain of which 
appears extinct. Fermentation by DC 25 differs 
from the parent mixed consortia BOC 25 in that 
propionate is not detectable in pure culture and lev- 
els of enzymes are slightly different. 

Recent studies on production of ethanol from 
cellulose by micro-organisms have dealt with ther- 
mophilic bacteria [6,23,24]. There is relatively little 
information for comparing the mesophilic with 
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t h e r m o p h i l i c  f e r m e n t a t i o n  systems.  F u r t h e r m o r e ,  

in na tu re ,  the  o c c u r r e n c e  and  c o n t r i b u t i o n  o f  m e s o -  

phi l ic  bac t e r i a  to  the  a n a e r o b i c  d e g r a d a t i o n  o f  cel- 

lu los ic  was tes  is m o r e  t h a n  t h a t  o f  t h e r m o p h i l e s .  

T h e r e f o r e ,  the  p u r e  a n d  m i x e d  m e s o p h i l i c  cu l tures  

i so la ted  a n d  desc r ibed  here  are  o f  in te res t  fo r  a bet-  

ter  u n d e r s t a n d i n g  o f  a n a e r o b i c  cel lu lolys is  in n a t u r e  

and  for  the i r  p o t e n t i a l  u t i l i za t ion  fo r  b i o c o n v e r s i o n  

o f  ce l lu los ic  was tes  to useful  p roduc t s .  

A C K N O W L E D G E M E N T S  

T h e  a u t h o r s  express  the i r  g ra t e fu l  t h a n k s  to the  

I n d i a n  C o u n c i l  o f  A g r i c u l t u r a l  R e s e a r c h  fo r  f inan-  

cial  ass i s tance  to c a r r y o u t  this w o r k  a n d  a w a r d  o f  

S e n i o r  R e s e a r c h  F e l l o w s h i p  to S. S o u n d a r .  

R E F E R E N C E S  

1 Andreotti, R.E. 1980. Laboratory experiment for high yield 
cellulose fermentation. Proceedings of the Second Interna- 
tional Course-Cum-Symposium on Bioconversion and Bio- 
chemical Engineering, New Dehli, India, pp. 9-17. 

2 Basset, J., R.C. Denney, G.H. Jeffery and J. Mendham, 1978. 
Vogel's 'Text Book of Quantitative inorganic anaIysis' (4th 
edn.) pp. 306-307, & 492, ELBS, Longman. 

3 Buchanan, R.E. and N.E. Gibbons, 1974. Bergey's Manual 
of Determinative Bacteriology (Sth edn.). The Williams & 
Wilkins Co., Baltimore. 

4 Doetsch, R.N. 1981. Determinative methods of light micros- 
copy. In: Manual of Methods for General Bacteriology (Ger- 
hardt, P., R.G.E. Murray, R.N. Costilow, K.E.W. Nester, 
W.A. Wood, N.R. Krieg and G.B. Phillips, eds.), pp. 21-33, 
American Society for Microbiology, Washington, DC. 

5 Fredrickson, A.G. 1977. Behaviour of mixed cultures of mi- 
croorganisms. Annu. Rev. Microbiol. 31: 63-87. 

6 Giallo, J., C. Gaudin and J.P. Belaich, 1985. Metabolism and 
solubilization of cellulose by Clostridium cellulolyticum H 10. 
Appl. Environ, Microbiol. 49: 1216-t221. 

7 Harrison, D.E.F. 1978. Mixed cultures in industrial fermen- 
tation Processes. Adv. Appl. Microbiol. 24: 129-164. 

8 Harrison, D.E.F. and S.J. Wreng, 1977. Mixed microbial cul- 
tures as a basis for future fermentation processes. Process 
Biochem. 11: 30-33. 

9 Holdeman, C.V., E.P. Cato and W.E.C. Moore, 1977. An- 
aerobe Laboratory Manual (4th Edn.), Anaerobe Laborato- 
ry, Virginia Polytechnic Institute and State University, 
Blacksburg. 

10 Kelly, W.J., R.V: Asmundson and D.H. Hopcroft, 1987. Iso- 
lation and characterization of a strictly anaerobic cellulolytic 
spore former Clostridium chartatabidum sp. nov. Arch., Mi- 
crobiol. 147: 169-173. 

11 Khan, A.W. 1977. Anaerobic degradation of cellulose by 
mixed culture. Can. J. Microbiol. 23: 1700-1705. 

12 Khan, A.W. and L. Van den Berg. 1981. Cellulase produc- 
tion by the anaerobic digestion process. Biotechnol. Bioeng. 
Symp. 11: 325-331. 

13 Khan, A.W., D. Wall and L. Van den Berg, 1981. Fermenta- 
tive conversion of cellulose to acetic acid and cellulolytic en- 
zyme production by a bacterial mixed culture obtained from 
sewage sludge. Appl. Environ. Microbioi. 4t: 1214-1218. 

14 Leschine, S.B. and E. Canole-Parola, 1984. Ethanol produc- 
tion from cellulose by a co-culture of Zymomonas mobilis 
and a Clostridium. Curr. Microbiol. 11: 129-136. 

15 Lowry, O.H., N.J. Rosenbrough, A.L. Farr and R.J. Ran- 
dall, 1951. Protein measurement with the folin phenol re- 
agent. J. Biol. Chem. 193: 265-275. 

16 Madden, R.H. 1983. Isolation and characterization of Clos- 
tridium stereorariurn sp. nov., cellnlolytic thermophile. Int. J. 
Syst. Bacteriol. 33: 837-840. 

17 Madden, R.H., M.J. Bryder and N.J. Poole, 1982. Isolation 
and characterization of anaerobic cellulolytic bacterium, 
Clostridium papyrosolvens sp. nov., Int. J. Syst. Bacteriol. 32: 
87 91. 

18 Miller, G.L. 1959. Use of dinitrosalicylic acid reagent for 
determination of reducing sugar. Anal. Chem., 51: 426-428. 

19 Miller, T.L. and M.J. Wolin, 1974. A serum bottle modifica- 
tion of the Hungate technique for cultivating obligate anaer- 
obes. AppI. Microbioi. 27: 985-987. 

20 Moo-Young, M. and W.R. Campbell, 1981. Advances in 
Biotechnology, Vol. II, In: Proceedings of the 6th Interna- 
tional Fermentation Symposium, Pergamon Press, Canada. 

21 Muller, A. 1971. ~ Analytical Chemistry, In: Lactic acid Prop- 
erties and Chemistry of lactic acid and derivatives (Holten, 
C.H. ed.), pp. 461~487, Verlag Chemie. 

22 Murray, W.D., L. Hofmann, N.L. Campbell and R.H. Mad- 
den, 1986. Clostridium lentoeellum sp. nov., a cellulolytic spe- 
cies from river sediment containing paper mill waste. System. 
AppI. Microbiol. 8: 181-184. 

23 Ng, T.K., J. Weimer and J.G. Zeikus, 1977. Cellulolytic and 
physiological properties of Clostridium thermocellum Arch. 
Microbiol. 114: t 7. 

24 Ng, T.K. and J.G. Zeikus, 1981. Comparison of extracellular 
cellulase activites of Clostridium thermocellurn LQR 1 and 
Trichoderma reesei QM 9414. Appl. Environ. Microbiol. 42: 
231-240. 

25 Sleat, R. and R.A. Mah, 1984. Quantitative method for col- 
orimetric determination of formate in fermentation media. 
Appl. Environ. Microbiol. 47: 884-885. 

26 Sleat, R. and R.A. Mah, 1985. Clostridiumpopuleti sp. nov. a 
cellulolytic species from a woody-biomass digestor. Int. J. 
Syst. Bacteriol. 35: 160-163. 

27 Sleat, R., R.A. Mah and R. Robinson, 1984. Isolation and 



276 

characterization of an anaerobic cellulolytic bacterium Clos- 
tridium cellulovorans sp. nov. Appl. Environ. Microbiol. 48: 
88 93. 

28 Sounder, S. and T.S. Chandra, 1987. Cellulose degradation 
by a mixed bacterial culture. J. Ind. Microbiol. 2: 257-265. 

29 Soundar, S. and T.S. Chandra, 1988. Production of cellulase 
and detection of Avicel-adsorbing carboxymethyl cellulase 
from a mesophilic fungus Humicola grisea Fb. Enz. Microb. 
Technol., 10: 368-374. 

30 Spivey, M.J. 1978. The acetone/butanol/ethanol fermenta- 
tion. Process Biochem. 13: 2-5. 

31 Sucharodova, O., O. Volfova and V. Krumphanzyl, 1986. 
Degradation of cellulose by thermophilic bacteria. Folia. Mi- 
crobiol. 31: 1-7. 

32 Updegraff, D.M. 1969. Semi-microdetermination of cellulose 
in biological material. Anal. Biochem. 32: 420424. 

33 Wood, T.M. 1968. Cellulolytic enzyme system of Trichoder- 
ma koningii separation of components attacking native cot- 
ton. Biochem. J. 109: 217-227. 


