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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/l, respectively) and minor levels of
propionate (2.5 mmol/l) 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 f-glucosidase. Strain DC 25, a cellulolytic Clostridium was purified from one of the mixed cultures. The
fermentation products of DC 25 from cellulose, cellobiose or glucose were ethanol, acetate, formate, H, and

CO,.

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
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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 cellulotytic
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 p-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. 1) 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°C
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°C 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°C without agitation. The carbohy-
drates were autoclaved at 120°C for 10 min. 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 min at 4°C. The cell pellet was
dried at 90°C for 48 h and dry cell weight (g/1) 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 mlin 100 mi
serum vials) were incubated at 37°C with agitation.



To estimate the quantity of processed cellulosic
substrate digested, the cellulose content was as-
sayed by the Anthrone-H,SO, 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°C and the carrier gas was nitrogen at a flow
rate of 35 ml/min. Injector and detector temper-
atures were 150°C. CO, gas was determined by
trapping it as Na,COj; 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°C, 160°C and 180°C
respectively. The carrier and fuel gases were nitro-
gen and hydrogen with flow rates of 30 and 35 ml/
min, 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 15000 xg for 20
min at 4°C. The supernatant was used for the assay
of cellulase enzymes. Carboxymethyl cellulase
(CMCase) as endo-1,4-f-D-glucanase (1,4-(1,3;1,4)-
p-D-glucan 4-glucano hydrolase, EC 3.2.1.4) and fil-
ter paper cellulase (FPase) were determined by the
method of Andreotti [1]. f-glucosidase (B-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°C for 2 h.
The sugar released was assayed by DNS method.
The units of CMCase and B-glucosidase activities
are expressed as 1 pg glucose or p-nitrophenol
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equivalents released per min. and FPase and Av-
icelase activities as 1 ug 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 temperaiure 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°C 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 mmol/l) and ethanol (12.0 mmol/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

Mizxed Origin % FP Dry Fermentative end products (mmol/1)
culture cellulose  cell
utiliza-  weight Ethanol Acetate Propio- Formate Lactate Butyrate CO, H,
tion g/l nate
HDE 33 Horse 31.8 0.29 ND 24.8 14.2 1.9 Traces nil 15.6 5.0
dung
BOC 25 Buffalo 32.5 0.38 12.0 39.6 2.5 Traces ND nil 13.5 16.0
dung
compost
BFH 16 Buffalo 31.0 0.20 ND 138 9.3 0.8 0.3 nil 14.8 8.0
dung
LCE 18  Leaf 25.0 0.20 ND 2238 12.7 0.2 1.2 Traces 17.1 13.4
compost
DGE4  Decayed 27.3 0.19 9.4 5.3 ND Traces 2.2 nil 13.0 14.9
grass
compost

ND., not detectable.

and CM cellulose to the extent of 20-46% with pro- Production of cellulase by mixed culture BOC 25

duction of ethanol (9.0-11.0 mmol/l) acetate (7.0~ On insoluble crystalline cellulosics, viz., FP cellu-
29.0 mmol/l) and propionate (0.6-1.8 mmol/l) re- lose, cellulose powder and Avicel, higher levels of
spectively (data not shown). FPase, CMCase and f-glucosidase were produced
Table 2

Production of enzymes by mixed culture BOC 25 on different growth substrates

Substrate (1% w/v) Culture filtrate

Soluble  Reducing CMCase FPase Avice- B-gluco-

protein  sugar (U/ml) (U/ml) lase sidase

(pg/ml)  (ug/ml) (U/ml)  (U/ml)
Filter paper (Whatman No. I) 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.



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 uM 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-
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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,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°C. 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°C and 7.0 respectively.

Fermentation products and cellulase enzymes of DC
25
Strain DC 25 fermented cellulose, cellobiose, or

12( 0.4 _
10+ —10% -110
| ~—
Sgl 3 2 ~
g | & ®% 7%=
[*] - -~
El £ v o
Zgl @ 46 5 06
[} .
ST % 2 s
.gz.— S 14§ 04 8
[+ 4 o & {%
2 2 ¢ Hoze
o
Q
& =
oL ] [ i 0 '8) o

0 2 4 6
Incubation time (days)

10 12 14 16

Fig. 1. The time course of cellulase enzyme production during growth of mixed culture BOC 25 on tissue paper cellulose. (A, CMCase;
1, FPase; A, Avicelase; X, f-glucosidase; @, residual cellulose, O, dry cell weight.)
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glucose and produced ethanol, acetate, CO, and H,
as the major products of fermentation; small
amounts of formate were also consistently pro-
duced. The time course of acctate 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 f-glucosidase in DC 25. The
highest levels of CMCase (7.2 U/ml); FPase (13.1
U/ml); Avicelase (16.8 U/ml) and S-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
produces12 mmol/l 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
B-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. sterco-
rarium [16]. However, DC 25 differs from all these
in morphological, cultural, cellulolytic properties,
utilization of sugars and in fermentative end 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



thermophilic fermentation systems. Furthermore,
in nature, the occurrence and contribution of meso-
philic bacteria to the anaerobic degradation of cel-
lulosic wastes is more than that of thermophiles.
Therefore, the pure and mixed mesophilic cultures
isolated and described here are of interest for a bet-
ter understanding of anaerobic cellulolysis in nature
and for their potential utilization for bioconversion
of cellulosic wastes to useful products.
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