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ANAEROBIC MECHANISMS FOR THE DEGRADATION OF CELLULOSE 

A. L Compere and W. L. Griffith 

ABSTRACT 

The state-of-the-art of anaerobic fermentation processes for the 
conversion of cellulosic waste materials to chemicals and fuels has been 
reviewed. The fermentation products reported from cellulose degradation 
generally included hydrogen, carbon dioxide, short-chain volatile acids, 
dicarboxylic acids, and ethanol. The various fermentations have generally 
been performed only at bench-scale. Most of the work has been done as 
either part of ruminant nutrition studies, or has been performed as research 
in microbiology. Little emphasis has been given to the types of kinetic and 
strain selection studies which would be useful as a basis for the design of 
large-scale or pilot-scale process equipment. The dollar values of products 
which could be produced from various anaerobic fermentations of cellulose 
ranged up to two thousand dollars per metric ton of substrate fermented. 
Further research to provide a basis for engineering development is 
recommended. 

INTRODUCTION 

Cellulose is the world's most plentiful renewable resource. It comprises 
approximately one-half to one-third of all vegetation. Although large quantities are 
consumed as paper, lumber, textiles, and as feed for ruminants, most cellulose is unused and 
undergoes natural decay or is quickly discarded as domestic, industrial, or agricultural 
wastes. Reese, Mandels, and Weiss (1972) indicate that roughly 0.05% of the total annual 
solar energy incident on the earth, or 5 x lO^^ Btu, is made into cellulose. If this cellulose 
could be recovered, the energy content in biological products would be equivalent to 
roughly 5 x 10^^ cu ft of natural gas, worth roughly 500 billion to one trillion dollars per 
year. 

Many of the cellulosic materials in which solar energy is stored are either widely 
scattered or inaccessible. These materials may be costly to collect, or in a form unsuitable 
for use. However, some cellulosic materials, in the form of domestic or industrial wastes, are 
available near cities or manufacturing areas. For other types of wastes, such as agricultural 
or food wastes, new techniques for collection are being developed. Although estimates of 
solid-waste production from various sources vary widely, they can be used to approximate 
the energy potential from various waste sources. The estimates used in Table 1 have been 
derived from the work of Anderson (1972). 

Urban refuse, crop residues, and manures are the major sources of organic material. 
However, of this group, only urban refuse is currently collected on a routine basis. Some 
crop residues are being collected, since equipment for stover collection is becoming 
available. Residues from the preparation of foods are also often available, though they are 
often produced on a seasonal basis. Because of collection costs, which can account for about 
80% of total disposal cost,- urban wastes are routinely disposed near urban areas (Glysson, 
Packard, and Barnes 1972). On the other hand, crop and feedlot residues may be remote 
from energy-consuming centers, or from manufacturing plants which might use the waste 
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cellulose for a feedstock. 
However, federal legisla
tion requiring the provi
sion of pollution control 
equipment for animal 
feedlot facilities and the 
availability of new farm 
machinery specific for the 
collection of crop residues 
may alter the situation 
(Federal Water Pollution 
Control Act, PL 92-500 
Henderson, 1973; Petritz 
and Parsons, 1973; 
Parsons, 1973; Weeks, 
1971; Bledsoe, 1973; Gill, 
1973; and Renoll, 1972). 
Table 1 indicates both the 
amount of these waste 
materials and the quanti
ties of methane that could 
be produced from these 
wastes. Since neither the 
overall quantities of the waste nor the average ultimate analysis of these wastes are reliably 
known, the assumption that the organic solids composition was C5H7O2N is not believed to 
introduce a serious error into the calculations. 

The energy potential available for recovery from waste products is considerable. For 
example, it may be seen from Table 1 that the domestic urban refuse contains roughly 130 
million tons of dry organic solids. If all urban refuse were used to provide methane, it could 
provide about 2.3 x 10^5 Btu or about 3% of the total current US energy consumption. If 
all organic wastes were routinely collected, they could provide as much as 14 x lO' '^ Btu, or 
about 20% of total US energy consumption, if converted to methane. 

A number of products could be made using organic wastes as a raw material. These 
include a fuel gas composed mainly of methane; various liquid fuels, such as methyl alcohol; 
and products, such as ethyl or butyl alcohol, which are now largely produced from fossil 
fuels (Hobson, 1973; Lawrence and McCarty, 1970; Rosenbluth and Wilke, 1970; Savery 
and Cruzan, 1972; Taylor, 1972; Young and McCarty, 1968; and Brandt et al.; to be 
published). Liquid or solid wastes could provide a good source of renewable raw material, 
available near manufacturing areas, from which to manufacture these products. 

If cellulosic materials are to be converted biologically to desirable products, such as 
volatile acids or methane, it is necessary to degrade the long-chain cellulose molecule to 
smaller, soluble molecules which are composed of one to four glucoses. Fermentation can 
then be used to produce the desired industrial chemicals from these smaller sugar molecules. 
The purpose of this report is to determine the state of the art with respect to the anaerobic 
fermentation of cellulose to produce various products. The types and value of the products, 
as well as any necessary pretreatment of the cellulose, will be considered from both a 
microbiological or enzymatic, and a process engineering, viewpoint. A subsequent report 
will treat the subject of the aerobic degradation of cellulose. 

Table 1. Estimated solid wastes for methane production 

Source 

Urban refuse 

Crop and food residues 

Manures 

Industrial wastes 

Logging and wood 
manufacture 

Sewage solids 

Miscellaneous wastes 

Total 

Estimated quantities 
(106 tons/year) 

Organic dry 
weight 

130 

390 

200 

44 

55 

12 

50 

881 

As received 

260 

550 

1500-2000 

110 

80b 

2500-3000 

Calculated 
methane 

production^ 
(ft3) 

2 . 3 x 1 0 l 2 

6 . 6 x 1 0 1 2 

3 . 6 x 1 0 ^ 2 

0 . 8 x 1 0 1 2 

0 . 2 x 1 0 l 2 

0.9 X 1 0 I 2 

14.4 X 1012 

= 1 4 . 4 x 1 0 1 2 Btu 

^Calculations based on organic solids as C5H7O2N (53% carbon by weight); 80% 
recovery of carbon as gas; and a gas composition of 70% methane and 30% CO2 
(46% methane by weight). Thus (2000) (1/113) (5) (0.7) (359) (0.8) = 17,800 
ft3 CH4 per ton of organic solids. (One cubic foot of methane = 10^ Btu). 

"Varies widely. Calculated as 25% moisture. 
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A variety of aerobic organisms, mostly fungi, have been considered for use in 
processes which could be used to degrade cellulose. However, cellulose degradation can be 
accomplished by various species of anaerobic and facultative bacteria, protozoa, and fungi 
(Hungate, 1966). 

BACTERIA 

Considerable attention has been devoted to the degradation of cellulose by various 
species of aerobic cellulosic fungi (Reese and Mandels, 1972). Cellulose degradation can 
readily be accomplished by various species of anaerobic and facultative bacteria, protozoa, 
and fungi (Hungate, 1966). Because of the economic importance of cellulose degradation in 
the rumen, mixed cultures of organisms able to ferment cellulose were studied during the 
late nineteenth century (von Tappeiner, 1884). However, success in the culture of pure 
strains of rumen-derived cellulolytic bacteria was not attained until the nutritional 
requirements of these organisms were elucidated (Hungate, 1966). During the 1940s, 
development of rumen-fluid media and hard-rubber stoppers permitted the isolation of 
several strains of cellulose fermenting bacteria (Hungate, 1944). To date, several different 
genera have been isolated from the rumen. Pure cultures of Bacteroides, Butyrivibrio, 
Clostridia, Cillobacterium, Cellulomonas, and Ruminococcus strains are known to ferment 
cellulose. In spite of the progress to date, the culturing of these organisms is still difficult. 
However, there is a considerable body of published reports from which to draw information 
on the behavior of anaerobic cellulose fermenting bacteria. 

Using direct microscopial examination of formalin-preserved rumen contents, Baker 
(1943) was able to make a semiquantitative determination of the microorganisms in the 
rumen of freshly-slaughtered oxen. He reported that certain iodophile microorganisms 
decompose cellulose in the rumen. This was inferred from the position of these 
microorganisms within cavities in cellulose fibers. Because the fibers observed were resistant 
to attack by 17.5% NaOH, Baker concluded that the microorganisms causing cavities in 
these fibers were capable of degrading alpha cellulose. However, where fibers were either 
strongly lignified or contained cutin, they showed little effect. Baker reported that cellulose 
decomposition was due primarily to vibrios and to iodophilic cocci. He concluded that the 
decomposition of cellulose resulted in the liberation of sugars which were converted into 
iodine-staining polysaccharides in the cocci, and that the process of cellulose degradation 
was also accompanied by the production of various organic acids. He theorized that these 
acids were used by the host animal. 

Using an acid-swollen cellulose-mineral salts-agar medium, Hungate (1944) isolated 
an anerobic cellulose digesting bacterium, Clostridium ceilobioparus. The organism is a 
slightly curved gram-negative spore-forming rod, roughly 3 to 5 ju by 0.3 to 0.4 yL. Biotin is 
required for growth, as is a strictly anaerobic environment. Glucose, cellulose, fructose, 
xylose, arabinose, mannose, cellobiose, melibiose, maltose, and a birch-derived hemicellulose 
were readily fermented. Sucrose, lactose, raffinose, galactose, mannitol, and dextrin were 
slowly fermented. No acid or gas formation was observed with melezitose, trehalose, 
rhamnose, salicin, inulin, glycerol, or soluble starch. Fermentation products from either 
glucose or cellobiose include hydrogen, carbon dioxide, acetic acid, formic acid, and ethyl 
alcohol. The products from cellulose hydrolysis include cellobiose. Hydrolysis of cellulose 
continued after the culture ceased dividing and formed spores, indicating that the cellulase 
produced by the organisms is an extracellular product. 
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Hungate reported the isolation of an obligately anaerobic actinomycete from the gut 
of the termite, Amitermes minimus. The actinomycete, Micromorjospora propior}ici, is 
capable of fermenting glucose or cellulose in a complex medium (Hungate, 1946). The 
organism appeared to have an additional requirement for meat extract, yeast, or dried grass 
in the medium. However, these materials could not be replaced by a b-vitamin mixture 
containing pantothenic acid, thiamine, nicotinic acid, riboflavin, pyridoxine, biotin, and 
folic acid. Fermentation products appeared to be carbon dioxide, acetic acid, and propionic 
acid. Fermentation products accounted for roughly 70% of the substrate carbon. The 
fermentation was, in many ways, similar to the fermentations of propionic acid bacteria. 
Hungate theorized that the fermentation products of this organism provided considerable 
nutrition to the host termite, much in the manner that the volatile acids produced in the 
rumen provide nutrition to the cow. 

Hungate reported that it was very difficult to obtain subcultures of rumen bacteria 
capable of fermenting cellulose when media using hay extract, grass extract, or finely 
divided cellulose were used (1947). The medium was modified to have a carbon 
dioxide-sodium bicarbonate buffer system, to contain boiled rumen fluid, and to use finely 
milled swollen cellulose. This modification permitted the rapid and simple subculture of 
cellulose degrading bacteria. Three strains of cellulose-fermenting cocci and a strain of 
cellulose degrading rod bacteria were isolated. The rod form is capable of migration through 
agar media. The cocci appear to be similar to those described by Baker (1943). The absence 
of polysaccharide grains from the rod organism indicated that the storage of polysaccharides 
was not a definitive test for the degradation of cellulose. 

Enebo (1949) demonstrated the symbiosis of various anaerobic cultures which 
ferment a single substrate. He separated a culture of anaerobic thermophilic 
cellulose-digesting organisms into three strains. These were: (1)a strain which fermented 
cellulose to produce lactic, formic, and acetic acids and ethanol; (2) a strain capable of 
producing lactic, formic, acetic, and butyric acids and ethanol from dextrose but incapable 
of fermenting cellulose or dextrin; and (3) a strain capable of growing aerobically on 
nutrient medium whose fermentation products are similar to those of the cellulose 
degrading strain. When the three cultures are grown together, butyric acid, rather than the 
lactic acid predominating pure cultures, dominates the products produced. Enebo indicates 
that this is due to a relationship between butyric and lactic acid production. 

Hungate, in 1950, reviewed the state of the art of cultivating anaerobic mesophilic 
cellulolytic bacteria. He described the method for the cultivation of these bacteria in 
considerable detail. The major nutritional requirements for those cellulolytic bacteria 
isolated from the rumen were pH and eH control, rumen fluid-based media, and very finely 
divided swollen cotton cellulose. Strict anaerobic conditions were also required. Using this 
method, over 25 separate strains of cellulolytic bacteria were separated from rumen 
contents by Hungate and his graduate students. 

Bacteroides succinogenes, which produces succinic and volatile acids from cellulose 
and from cellobiose, was isolated by serial transfer from rumen fluid. The major volatile acid 
formed appeared to be acetic acid. The organism does not form distinct colonies, but 
generally migrates to the edge of the cleared zone in cellulose agar. A rod organism capable 
of fermenting several sugars and cellulose was subsequently isolated. The organism was 
capable of fermenting arabinose, xylose, glucose, galactose, mannose, levulose, maltose, 
lactose, cellobiose, sucrose, raffinose, dextrin, soluble starch, and hemicellulose with the 
production of acid and gas. It did not, however, completely ferment cellulose in the fashion 
of Bacteroides succinogenes. This appears to be the first instance of an organism 
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incompletely fermenting cellulose mentioned in U.S. literature, although partial 
cellulose-fermenting organisms were isolated earlier in Europe. In the rumen, the rod 
organism isolated by Hungate may ferment either hemicellulose or beta cellulose, rather 
than alpha cellulose. 

Hungate also isolated various strains of cellulolytic organisms from the Moscow, 
Idaho, sewage sludge digester. These bacteria were isolated only from anaerobic sludge, not 
from raw, aerobic sludge. Isolates were made using rumen fluid agar in the same manner that 
isolates of rumen cellulolytic bacteria were obtained. However, the isolates derived from 
sewage sludge proved to have nutritional requirements which could be supplied by the 
addition of small amounts (0.05%) of yeast extract to a mineral salts medium. The 
cellulolytic cultures derived from sewage sludge did, however, have one major difference 
from the cultures derived from rumen fluid: they carried the fermentation of cellulose to 
glucose, rather than to cellobiose or to volatile acids. 

Isolates from soil samples were also prepared by Hungate. The fermentation 
products and the organisms appear to be similar to those isolated from sewage sludge. 
However, isolates from soil produced a slightly higher amount of volatile acids than did 
isolates from sewage sludge samples. 

Colorless rumen cocci, which appear to be the most abundant organisms in the 
rumen, were isolated using rumen fluid medium. These organisms showed a considerable 
preference for cellulose or cellobiose as a substrate, but were, in some cases, unable to use 
glucose as a substrate. Some essential nutrient found in rumen fluid, but not found in grass, 
malt sprouts, nutrient broth, or Gall's medium was required. The missing nutrient could, to 
a slight extent, be found in, or replaced by, either proteose peptone on distiller's dried 
solubles. However, only rumen fluid supported good growth. Differences in the proportion 
of fermentation products were noted when cellobiose, rather than cellulose was used as a 
substrate. Cellobiose cultures produced more lactic acid, but less hydrogen, carbon dioxide, 
and ethanol, than did cellulose cultures. Neither propionic or butyric acid were formed in 
any of the cultures. 

Some yellow-pigmented rumen cocci were also isolated. These organisms appeared 
to have a fermentation similar to the colorless rumen cocci. However, the organisms do not 
appear to ferment cellobiose or glucose, but could only be isolated using cellulose. The 
cultures were difficult to transfer, and most of the isolates died. 

Hungate reports the isolation of various types of spore-forming cellulolytic rods. He 
reports that these organisms made up the bulk of those isolated from enrichment cultures 
by earlier investigators. However, these organisms, though fairly easy to isolate from rumen 
enrichment cultures, are not numerically important in the rumen. Cellulose and 
hemicellulose seem to be favored substrates for the organisms. However, a minimal 
mineral-cellulose medium would not support growth. Either rumen fluid, or a medium 
supplement derived from whole living material was required. The main fermentation 
products from cellulosic spore-forming rods include carbon dioxide, hydrogen, ethyl 
alcohol, and acetic acids. Other volatile acids and succinic or lactic acid may also be formed. 

McBee (1950) discussed early attempts at isolating thermophilic cellulose-digesting 
organisms. Most of these early attempts resulted in cultures which behaved erratically, or 
which appeared not to be pure. However, McBee, using the techniques developed by 
Hungate (1950), was successful in the isolation of some strains of thermophilic cellulolytic 
organisms. Various attempts were made during the 1940s to develop a stable industrial 
cellulose fermentation using thermophilic cellulose-digesting organisms. However, there was 
considerable difficulty in product recovery and cellulose preparation. Very small quantities 
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of cellulose were able, however, to be fermented. Generally, the proportion of cellulose 
which could be fermented anaerobically by thermophilic microorganisms is as low as 0.2%. 
This makes product recovery somewhat difficult. 

The fermentation products which are produced by thermophilic cellulose-digesting 
organisms generally appear to consist of at least acetic acid, carbon dioxide, and hydrogen. 
In some studies, other volatile acids, and lactic acid, have been observed as culture products. 
Most of the cellulosic thermophiles appear to be slender, spore-forming gram-negative rods. 
They have been isolated from several different types of enrichment cultures, including those 
derived from soil, river mud, saline mud, and horse manure. Only some cultures are motile. 
Although some cultures were isolated from environments conducive to having a number of 
nutritional requirements, all of the isolates compared by McBee were able to grow on a 
cellulose-minerai-salts medium to which 0.05% yeast extract was added. A medium of 
defined composition could be used if several B vitamins, including thiamine, riboflavin, 
pantothenate, pyridoxine, and biotin were added to the mineral-salts medium listed above. 
Growth was vigorous, and daily transfer of cultures was performed. All of the cultures 
tested preferred a temperature range of 55 to 65° C; growth was limited below 50° C. All of 
the cultures tested by McBee were able to ferment cellulose, cellobiose, xylose, and 
hemicellulose. These cultures were not able to ferment glucose, fructose, mannose, 
galactose, arabinose, sucrose, lactose, maltose, melibiose, trehalose, inulin, salicin, dextrin, 
soluble starch, inositol, sorbitol, dulcitoi, glycerol, pectin, and gum arable. Growth of the 
organisms tested only occurred between pH 6.4 and 7.4. Ammonium salts were found to be 
an adequate source of nitrogen for growth. Of the six cultures tested, McBee found that 
only one, isolate 651, was able to ferment essentially all of the cellulose supplied. Other 
cultures were able to ferment roughly 50 to 60% of the cellulose supplied. Products of all 
the cultures were as earlier described. McBee recommended that all of the cultures tested be 
considered strains of the same organism. 

Hammerstrom, Claus, Coghlan, and McBee (1955) determined that the cellulases of 
Clostridium thermocellum and some Cellulomonas species are constitutive. They determined 
this by culturing the species on several noncellulose substrates. Some cellulolytic activity 
was produced by all of the cultures tested. However, the activity did vary somewhat with 
the substrate tested. They did not make a determination of whether this change in activity 
with substrate was due to failure of the organism to grow well, or due to the induction or 
repression of some of the organisms' cellulase enzymes by products of cellulose hydrolysis. 
Enzyme activity was measured as either reduction in the viscosity of CMC or by production 
of reducing sugar by culture filtrates of the Cellulomonas or Clostridium species. 

Kitts and Underkofler (1954) determined that rumen fermentation could be arrested 
at the reducing sugar stage by the addition of toluene, thymol, or sodium fluoride. Cultures 
so treated produced primarily glucose, which Kitts and Underkofler presume to be the main 
intermediate of rumen fermentations. They found that preparations of cellulase could best 
be made from the microorganisms themselves, rather than from the rumen fluid 
supernatant. Paper chromatography was used to determine the amount of product formed. 
It is possible that the analytical method used to detect glucose was in error, since no 
cellobiose was found. This directly contradicts the findings of Hungate (1950). There is also 
a possibility that the cellulosic organism isolated during these experiments did not arise 
from the rumen innoculum, but was introduced into the rumen with the cow's feed. 

Halliwell (1957) investigated the degradation of cellulose and cellulose derivatives 
with both Myrothecium verrucaria, extracts from rumen cultures, and whole rumen 
enrichment cultures. He determined that cellulolysis required at least two enzymes, one of 
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which attacked the cellulose so as to make it more readily degradable, and the other which 
performed the actual degradation. Mixed cultures were used for the work cited here, 
because of the inability of the pure cultures currently available to completely degrade 
cellulose. An enzyme extract of rumen enrichment cultures prepared by grinding the rumen 
enrichment culture with alumina powder in a mortar and subsequently extracting the 
alumina with phosphate/sulfide buffer, pH 7.2. This extract possessed appreciable activity 
against Whatman cellulose fibers, being able to soiubilize up to 30% of these fibers in 72 hr. 
A butanol extract of rumen enrichment cultures, although possessing only the ability to 
soiubilize 10% of the total weight of cellulose fibers, was able to decrease the viscosity of 
carboxymethylcellulose appreciably. A freeze-dried extract of whole rumen contents was 
able to soiubilize up to 80% of the total weight of Whatman cellulose fibers within 72 hr. 
Halliwell noted that the cellulases of rumen microorganisms are very unstable, and must be 
handled anaerobically at low temperatures. Filtrates from Myrothecium verrucaria extracts 
growing on cellulose were also prepared. Their behavior appeared to be similar to that of the 
alumina-ground rumen extract when tested on Whatman cellulose, but did appear to be 
somewhat higher when tested on swollen cellulose powder. The Myrothecium verrucaria 
extracts appeared to be able to soiubilize roughly 88% of swollen cellulose powder. This is 
considerably above the values found by other investigators. Halliwell suggests that some of 
the results of other investigators with cellulase action on relatively unaltered natural 
cellulase are due to the hydrolysis of xylans or glucosans which are naturally associated with 
cellulose. He contends that the usual reducing sugar tests used to quantify cellulase activity 
may, thereby, yield false information. Halliwell also indicates that the observed action of 
the cellulase enzymes in a given preparation may vary with the temperature of incubation. 
For example, the specificity of M verrucaria preparations, and their relative activities on 
carboxymethylcellulose changes drastically with temperature. Halliwell indicates that no 
preparations are available which approach the vigor and activity of the live rumen culture in 
degrading cellulose. 

In vitro studies were conducted by Goto and Okabe (1958) with 13 species of 
Pseudomonas, 1 species of Xanthomonas, 2 species of Erwinia, 1 species of Agrobacterium, 
and 1 species of Corynebacterium, including several isolates of each species to determine 
whether cellulolytic enzymes are produced typically by phytopathogenic bacteria. It can be 
inferred from the results obtained from potato-decoction gel cultures that cellulolytic 
enzymes are produced from P. setariae, P. soianacearum, X. campestris, X. citri, 
X. nigromaculans, X.oryzae, X. pisi (n. sp.), X. pruni, X. vesicotorio, E. carotovora, 
E. milletine, C. sepedonicum, but not from P. aeroginosa, P. andropogoni, P. cichorii, 
P. eriobotryae, P. iridicola, P. maculicola, P. margin alls, P. phaseolicota, P. syringae, 
P. tabali, P. theae, and A. tumefaciens. 

The fermentation rates in the caecum, large intestine, and rumen of a number of 
mammals was studied in Kenya by Hungate (1959). Characteristic clearing of the cellulose 
agar resembling that due to Bacteroides succinogenes from cattle (Hungate, 1950) was 
observed in cultures from the eland, kongoni, zebu, and camel. A few colonies resembling 
Butyrivibrio were also seen. In culture series where both noncellulolytic and total colony 
counts could be made, the counts were similar to those obtained with cattle by comparable 
methods. 

Husain and Kelman (1958) investigated the action of Pseudomonas soianacearum 
culture filtrates on cuttings of several plants. The action by these filtrates and by 
Myrothecium verrucaria cellulases was compared. The production of three different 
enzymes by the Pseudomonas culture was demonstrated. These enzymes, which are 
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pectinmethylestrease, polygalacturonase, and a cellulase, are believed to be responsible for 
the organisms pathogenicity. These enzymes break down the host activity and cause a 
wilting effect that can, to a certain extent, be duplicated by the culture filtrates, and by 
commercial enzyme preparations known to have equivalent functions. 

Some of the nutritional requirements of the genus Ruminococcus have been studied 
by Bryant and Robinson (1961). 

One of eight strains of Ruminococcus albus, two of five strains of Ruminococcus 
flavefaciens, and two strains of Ruminococcus ssp. failed to grow on a medium containing 
casein hydrolyzate, cellobiose, certain volatile fatty acids, B vitamins, minerals, carbonic 
acid-bicarbonate buffer, and cysteine and sulfide reducing agent. Their experiments 
indicated that the five strains failing to grow in this medium required at least one additional 
growth factor other than that previously shown to be required for growth of any strains of 
ruminococci of the ten strains that grew, five had previously been shown to require a 
volatile fatty acid such as isovaleric acid and four additional strains were shown to have this 
growth requirement. Five strains of R. albus and two strains of R. flavefaciens required 
biotin, /7-aminobenzoic acid, and vitamin B5 for growth. One strain of each species was 
similar except that vitamin B5 was not essential and the strain of R. albus required folic acid 
in place of p-aminobenzoic acid. Another strain of R. albus differed considerably from the 
others in that riboflavin and thiamine as well as biotin and folic acid were essential. 

The nitrogen requirements of Ruminococcus alba, R. flavefaciens, and Bacteroides 
succinogenes were studied by Byrant and Robinson (1961). All strains of ruminococci 
studied were shown to grow with ammonia as the sole source of nitrogen input to protein, 
in the presence of 17 amino acids, 3 purines, and 2 pyrimidenes. Bacteroides succinogenes 
strain 585 was shown to grow at a slower rate when asparagine and glutamine were added as 
nitrogen sources than when ammonia was used as a nitrogen source. 

Hungate (1960) reviewed the ecology of rumen microflora and micro fauna. He 
estimated that most of the highly represented rumen species, or species which fill these 
niches in rumen ecology, have been cultured. However, he also indicated that there is 
considerable discrepancy between the culture counts, as determined by colony counts, and 
the number of microorganisms determined directly by microscope counts of whole rumen 
samples. Hungate states that Bacteroides succinogenes, Butyrivibrio fibrisolvens, 
Ruminococcus species, and Clostridium lochheadii are among the major cellulose 
decomposing organisms in the rumen. As previously mentioned, these organisms all produce 
carbon dioxide, hydrogen, acetate, and formate, and most of them produce volatile acids, 
lactate, or succinate from cellulose. 

A method for routine counts of rumen bacteria capable of fermenting cellulose has 
been described in detail by Kistner (1961). The choice of a suitable reducing agent. Redox 
indicator, and source of rumen fluid supplement is discussed. A statistical analysis sampling 
and analytical variability of the numbers of cellulolytic bacteria in a sheep is presented. 

Storvick and King (1960) investigated the cellulase enzymes produced by Cellvibrio 
gilvus. They determined that the organism produced several cellulase components, and that 
the cellulases produced cellobiose from cellulose. The preparation did, however, show a very 
low activity, appeared to be incomplete in enzyme activators, and to contain an inhibitor. 

Moscatelli, Ham, and Rickes (1961) report the determination of a betaglucanase in 
enzyme preparations derived from Bacillus subtilis. The glucanase, which is derived from a 
commercial preparation. Nova Bacterial Amylase concentrate, is capable of hydrolyzing 
barley betaglucan. However, the preparation was not able to hydrolyze carboxymethylcellu
lose, starch, or various cellulose derivatives, including cellobiose. Strider and Winstead 
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(1961) reported the production of enzymes, including a cellulase, capable of dissolving 
cucumber cell walls, by Cladosporium cucumerinum. Presence of a cellulase, or cellulases, in 
filtrates from cultures grown using carboxymethylcellulose, sodium pectinol, and sucrose as 
a carbon source was demonstrated. Cellulase activity was heat labile. 

Brooks (1963) reviewed the microorganisms indigenous to healthy insects. She 
indicated that only those insects which feed either on a highly polymerized and 
degradation-resistant material, or those which feed on a material which is missing certain 
necessary insect nutrients, harbor indigenous symbiotic microorganisms. These micro
organisms serve to degrade insoluble polymers or to provide the necessary nutrients for the 
host insect. In the case of termites, much of the degradation of wood is accomplished by the 
use of various anaerobic bacteria and protozoa. The product of these organisms are generally 
assumed to be acetic acid, carbon dioxide, and hydrogen. This has been demonstrated by 
some laboratory experiments (Hungate, 1943). However, termite microorganisms are 
generally regarded as being very difficult to culture in vitro, and termites which have been 
substantially defaunated are also very difficult to culture. 

Hungate (1963) reviewed the state of the art in rumen bacterial culture. He stated 
that the following bacteria were important in the digestion of cellulose in the 
rumen: Bacteroides succinogenes, Ruminococcus flavefaciens, Ruminococcus albus, 
Butyrivibrios, Clostridia, and Cillobacterium ruminatium. He stated that Clostridium 
lochheadii appears to produce large amounts of an extracellular cellulase. He also 
determined that cellulose-digesting bacteria, by count, appear to represent only 1 to 5% of 
the total rumen microflora. However, they perform one-third of the total degradation upon 
which the whole microflora depends for its nutrition. There is a major difference between 
whole rumen cultures and pure laboratory strains in that whole rumen cultures are capable 
of degrading cellulose substrates, such as cotton or whole filter paper, which are not 
appreciably attacked by the pure cultures currently being tested. 

Hungate (1963) reported the nutritional requirements of Ruminococcus albus. In 
earlier works, roughly 70% of the input carbon to the fermentation was found as 
intracellular polysaccharide. Nutritional requirements for the organism, which include 
several B vitamins, 2-methyl-butyrate, and sulfide or cysteine. Sulfate does not appear to be 
an acceptable form of sulfur, although the inability of the sulfate to serve as a sulfur source 
could have been due to experimental equipment problems. The polysaccharide stored in 
Ruminococcus albus was not identified as to either type or composition. 

An apparatus for the continuous bench-scale culture of strict anaerobes was 
described by Hobson and Smith (1963). A continuous flow of purified carbon dioxide was 
used to maintain anaerobic conditions. The apparatus has been used to grow Selenomonas 
ruminantium. 

A more detailed description of the apparatus with minor improvements was reported 
by Hobson (1964). 

The apparatus was later used successfully to culture Selenomonas ruminantium. 
Streptococcus bovis, and a lipolytic bacterium, 5s (1965). It is possible that modifications 
of this device could be used to culture anaerobes capable of fermenting cellulose or cellulose 
intermediates. Hobson reports that Hungate (1963) has successfully employed similar 
techniques for the continuous culture of an organism fermenting cellobiose. 

King and Vessal (1969) reported on the preparation and specific action of several 
cellulases derived from Trichoderma viride, Cellvibrio gilvus, and Myrothecium verrucaria. 
They determined the products of the action of several cellulases hydrolyzing several 
different oligosaccharides. They also determined the molecular weights of the two 
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Trichoderma viride cellulases. The Trichoderma endoglucanase has a molecular weight of 
roughly 76,600, while the exoglucanase has a molecular weight of roughly 49,000. 
Molecular weight determinations were made by sedimentation velocity. In the case of the 
exoglucanase, the molecular weight was also determined by diffusion coefficient 
measurements. Michaelis-Menten coefficients for the Trichoderma cellulases on cellobiose, 
cellotriose, cellotetrose, cellopentose, and cellohexose are given. 

Leatherwood (1969) reviewed cellulase production in Ruminococcus albus. He 
found that there were three different types of Ruminococcus colonies, alpha, beta, and 
gamma. He theorized that the beta colonies and the alpha colonies each produced a 
different cellulase component. In culture, these components would theoretically join to 
form a complete and active cellulase. He illustrated his theory by showing that there are 
lines of cellulose hydrolysis midway between alpha and beta colonies. These are similar in 
shape to the lines of precipitate formed in Ouchterlony antibody-antigen diffusion plates. It 
was thought that this observation might serve to explain the high efficiency of rumen 
cultures in degrading cellulose. It was not clear from the presentation whether Leatherwood 
was describing the interaction of C-j and Cx components of cellulase activity, or the 
interaction of a cellulase and a cofactor required for activity. 

Further work on Eubacterium (Cillobacterium} cellusolvens was reported by Prins et 
al. (1972). Isolation of the type strain and determination of its products was first presented 
by Hungate (1966). Prins et al. reported the isolation of seven strains of Eubacterium 
celtusolvens and its products on a cellulose medium. The main fermentation products of five 
of the strains were hydrogen, carbon dioxide, formate, butyrate, and lactate, with small 
amount of propionate. Two of the five strains formed lactate as the chief fermentation 
product. None of the organisms formed either isobutyrate or isovalerate. Two of the strains 
tested formed both D- and/.-lactate, one formed only D-lactate, while the other strains 
formed only £.-actate. If acetate was added to the medium, the five heterofermentative 
strains formed a greater amount of butyrate than they formed on a medium without added 
acetate. The strains were all able to carry the fermentation of cellulose to near completion. 
However, because a ball-milled cellulose was used, it is difficult to determine how much of 
the cellulose was crystalline and how much was amorphous. 

Leatherwood and Sharma (1972) reported the discovery of a novel anaerobic 
cellulolytic bacterium. The organism is able to survive on cotton linters as a sole carbon 
source during liquid culture, and is capable of being preserved by freezing. The fermentation 
pattern of the organism is similar to that of Butyrivibrio fibrisolvens. The organism forms 
long, double-helix chains several tens of microns long. Individual cells in the chains cannot 
be determined using phase-contrast microscopy, but could be determined using electron 
microscopy. The chains are highly convoluted, and the organism forms aggregated clusters in 
liquid medium. 

Kingsley and Hoeniger (1973) reported their observations on the genus 
Selenomonas, a group of anaerobic bacteria capable of hydrolyzing cellulose. A total of 
eight ruminant and three oral Selenomonads were studied. These organisms all grew at 
relatively low pH, generally growing best between pH 4.5 to 5.0. They could be grown on 
cellulose, cellobiose/glucose medium, or starch. These organisms produce acetic, butyric, 
formic, lactic, and propionic acids from carbohydrates. It is still tentative to assign these 
organisms to the genus Selenomonas, and it is still unclear whether these organisms are 
protozoa or bacteria. However, it is clear that they play a role in the digestion of cellulose in 
the rumen. Rumen Selenomonads form, in addition to organic acids, hydrogen sulfide. Oral 
Selenomonads do not form this gas. The species names in this paper were Selenomonas 
ruminantium and Selenomonas sputigena. 
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Allison, Robinson, and Baetz (1974) determined that the indole-3-acetic acid rapidly 
incorporated by rumen fluid cultures into protein was not required by several species of 
rumen cellulolytic bacteria. The indole acetic acid, which is a precursor of tryptophan, was 
not incorporated by Bacteroides ruminicola, Eubacterium ruminantium, Peptostreptococcus 
elsendenii, Butyrivibrio fibrisolvens, Ruminococcus flavefaciens, or Ruminococcus bromii. 
It was, however, incorporated into Ruminococcus albus cells, where it was used as a 
precursor of tryptophan. Ruminococcus albus is one of the main cellulolytic rumen cocci. 

Han and Callihan (1974) investigated several different pretreatments, including 
treatment with sodium hydroxide, ammonia, sulfuric acid, crude cellulase, grinding, and 
high-pressure cooking. Only treatment with 4% sodium hydroxide or 5.2% ammonia 
increased the actual digestibility of the cellulase. Treatment with cellulase and sulfuric acid 
increased the solubility of the cellulose, but did not increase the actual percentage of 
degradation. Grinding and high-pressure cooking did not increase either the rate of digestion 
of the cellulose or the actual percentage degradation. The test organisms used were 
Cellulomonas sp. and Alcaligenes sp. The preparations were tested by incubation with these 
microorganisms for a period of 100 hr. The two organisms tested appear to produce Cx 
enzymes, but are not capable of producing Cj enzymes. 

Much of the work which has been performed on anaerobic cellulolytic bacteria has 
grown out of a desire to improve ruminant fermentation of forages. To a great extent, the 
work has been characterized by the use of mixed cultures. Much of this work is qualitative, 
rather than quantitative. The difficulty of culturing large quantities of these bacteria has, to 
a certain extent, limited the isolation and purification of cellulolytic enzymes. Where 
purification work has been performed, the very low activities of the product enzymes cast 
some doubt upon the purity of the substrate and the exact action of the enzymes upon the 
substrate. Further work is necessary in this area, but will probably require the attention of a 
good enzymologist and a competent anaerobic microbiologist. 

PROTOZOA 

Protozoa were noted by many early investigators in rumen fluid. Although the 
importance of these organisms in ruminant nutrition is not yet established, work by various 
investigators have shown that they do have the ability to degrade cellulose, and, in 
particular, to attack and ingest small cellulose particles. Because of the difficulties 
encountered in culturing these organisms, little work has been performed in this area. What 
work has been performed is, to a great extent, qualitative. 

Hungate (1942) reported to the successful culture of Euplodinium neglectum, a 
rumen protozoan capable of digesting cellulose. The protozoa were grown in a medium 
consisting of acid-swollen cellulose and mineral salts. In such a cellulose-mineral medium, 
the protozoa survived best at pH values ranging from 6.1 to 7.6. It was found, however, that 
cultures of rumen protozoa were better maintained on media containing rumen fluid or 
fresh-cut grass. Cultures were successfully maintained, using transfers every two days, across 
periods of up to 22 months. It was not possible to grow the cultures axenically, although 
this was attempted repeatedly. It was demonstrated that an extract of the cultured 
protozoan was capable of hydrolyzing cellulose to produce reducing sugars. The protozoa 
extract lost the ability to hydrolyze cellulose when boiled. The cellulase-containing extract 
was found to be most active at pH values between 4.0 and 6.6, with a maximum activity at 
5.0. The type of cellulose attacked by the protozoan, together with the products of 
hydrolysis and metabolism, are in some doubt. 
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Baker (1943) reported on direct microscopical observations of bovine rumen 
populations. Baker identified several species of protozoa, including Ophryoscolex, 
Diplodinium, Epidinium, Entodinium, Isotricha, and Dasytricha. These organisms were 
found to have ingested starch grains. Baker, however, excluded the possibility that the 
organisms ingested contained cellulose, or contributed significantly to its digestion in the 
rumen. He made several arguments to support the idea that protozoa are attracted to 
cellulose particles by bacteria or their products, and subsist on bacteria and starch grains, 
rather than on cellulose particles. 

Hungate (1943) extended the previously mentioned cellulose experiments with 
Euplodinium neglectum. The name of the protozoan had become, by that time, 
Diplodinium. The culture system mentioned in the earlier report (Hungate, 1942) was 
extended in the present work to include experiments of Diplodinium maggii, Diplodinium 
multivesiculatum, Diplodinium denticulatum, and Entodinium caudatum. Extracts prepared 
from Diplodinium cultures were able to hydrolyze cellulose to produce reducing sugar, as 
measured by test with Benedict's solution. Extracts from Entodinium caudatum were not 
able to hydrolyze cellulose. A rapid synthesis of polysaccharide from cellulose was 
demonstrated in Diplodinium maggii. 

Hungate (1960) summarized research in rumen protozology. He reported that 
successful in vitro culture of several genera of protozoa, including Diplodinium, 
Endodinium, and Epidinium, had been performed for periods ranging up to 22 months. 
However, culture of holotrich protozoa for extended periods of time had not been 
successful. Successful in vitro experiments on cellulose digestion using Diplodinium were 
reported. 

Coleman (1963) reported experiments in the culture and metabolism of rumen 
ciliate protozoa. Coleman reported the successful culture of Entodinium caudatum on a 
medium of inorganic salts, hay, and rice grains. Addition of fresh or autoclaved rumen fluid 
increased the number of protozoa present, but was not necessary for the culture of the 
protozoan. The cultures were not pure, and the organism appears to have a requirement for 
nutrients supplied by either bacteria indigenous to the culture or by fresh, raw hay and 
fresh, raw rice. The organism died when cultured with sterile hay or sterile rice. The 
protozoan appeared to feed on the rice grains, rather than on the hay cellulose. Attempts to 
isolate the protozoa in culture generally resulted in death of the protozoa. These organisms, 
although able to utilize starch grains, were unable to utilize most soluble sugars. It has been 
suggested that, under starvation conditions, these organisms may be able to utilize the sugars 
produced by cellulose breakdown. These protozoa did, however, show the ability to 
concentrate and deaminate amino acids. Coleman also reported the degradation of 
two-thirds of medium cellulose by Metadinium medium. The degradation products were not 
quantified. 

CELLULASES 

Cellulases obviously are produced by anaerobic bacteria and protozoa. The methods 
whereby these cellulases are demonstrated, and the means used to measure their activity 
vary considerably. In this field, many of the measures used for the isolation of bacteria and 
the demonstration of their ability to hydrolyze cellulose were qualitative, rather than 
quantitative. This appears to have arisen from the difficulty in growing large cultures of 
anaerobic bacteria, and from the difficulties in the preparation of cellulases. A further 
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difficulty is presented by the differences within individuals of a given species or strain in 
their ability to ferment a single substrate. In part, it may have arisen as a tradition from the 
first attempts to isolate cellulolytic bacteria. However, the bulk of the work on anaerobic 
cellulose degradation appears to have been performed using qualitative techniques and small 
cultures. 

The successful isolation and cultivation of a relatively pure culture of a rumen 
organism capable of hydrolyzing cellulose seems to have begun with Hungate's classic 
isolation of Euplodinium neglectum in 1942. The use of cellulose by this organism was 
demonstrated by experiments illustrating that the culture failed when cellulose was removed 
as a constituent of the growth medium. Microscopic examination of the protozoa, which 
disclosed cellulose particles ingested by the protozoan, also was used to determine that it 
did digest cellulose. A crude extract of the protozoan culture was used to hydrolyze 
cellulose, and the presence of reducing sugars in enzyme-cellulose mixtures was 
demonstrated. However, the products were not identified, and the cellulose used was an 
acid-swollen cotton. The effect of ball milling and of acid-swelling on the cotton was not 
known, nor was the ability of the protozoan to digest alpha-cellulose determined. 

Baker (1943) reported, as a result of direct microscopic observation of rumen 
samples, that rumen protozoa did not appear to utilize cellulose as a food source. He did, 
however, state that the protozoa appeared to have ingested a variety of plant materials, such 
as chloroplasts. He could not, however, find evidence for the ingestion or digestion of 
cellulose by the species of protozoa observed. He suggested that the protozoa, which were 
smaller than the actual cellulose fibers in the rumen contents, were incapable of digesting or 
ingesting materials larger than their own size. 

Using the methods of culture which he developed with Euplodinium neglectum, 
Hungate (1943) investigated the production of cellulases by several other anaerobic 
protozoa. He determined that cell-free extracts of Diplodinium maggii and Diplodinium 
multivesciculatum were capable of producing reducing sugars from cellulose. He observed 
that three protozoan cultures, Diplodinium maggii, Diplodinium multivesciculatum, and 
Diplodinium denticulatum, ingested cellulose particles from the medium. However, no 
attempt was made to determine whether the organisms were capable of degrading 
alpha-cellulose, or large cellulose fibers. The cellulose used in these experiments was 
ball-milled acid-swollen cellulose. Excretion of cellulase into the medium was not 
determined. 

Hungate (1944) reported the isolation and fermentation characteristic of an 
anaerobic cellulose-decomposing bacterium, Clostridium ceilobioparus. He showed that 73% 
of the input cellulose-carbon could be recovered from a C. ceilobioparus fermentation as 
products. The fermentation products included carbon dioxide, hydrogen gas, acetic acid, 
formic acid, lactic acid, and ethanol. Total dissolution of ball-milled acid-swollen cellulose 
could be obtained if a culture was left at room temperature for several weeks following 
cessation of active growth. The product of this long-term hydrolysis was cellobiose. This 
product was also produced in older cultures. When the optimum pH for several culture 
aliquots was tested, the optimum pH was found to be 5.5. Demonstration of the cellulase 
was also made using the "clear zone" around a colony in solid cellulose medium. 

This was the first use of the technique of selecting cellulolytic organisms using the 
"clear zone" method of analysis. This method has been used successfully for 30 years. It 
appears to be the most used method of selection for organisms capable of degrading 
cellulose, as well as the most common method for demonstrating the presence of an 
extracellular cellulase. 
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This method has been used by several subsequent investigators to demonstrate the 
presence of cellulases, or as a means of identifying cellulolytic organisms. However, there are 
some difficulties in interpretation of the results. The first difficulty lies in determining the 
composition of the cellulose used. Different investigators used different methods for the 
preparation of the cellulose powder used in the roll tube cultures. Hungate (1946) first used 
a thin layer of cellulose agar in part of a tube during his study of Micromonospora 
propionici, although he did not adopt the use of roll tubes until considerably later (Hungate, 
1969). He determined that the colonies formed in thinner sections of rumen fluid agar were 
easier to select than were those formed in either thick layers of agar or in shake tubes. 
However, to combat the problem of large particles of cellulose, which were not easily 
observed during degradation and were not uniform, Hungate (1942) used a technique of 
swelling cotton in hydrochloric acid and subsequently grinding it for several days in a pebble 
mill. This technique is currently used to varying degrees by most investigators. 
Unfortunately, it is difficult to determine what happens to the cellulose tested in this 
fashion. In some cases, investigators used finely divided Whatman cellulose powder. Some 
used acid washed powder, while others used standard "pure cellulose" powder, either 
Whatman or "Solka-floc." In any case, it is difficult to determine from the investigators' 
description whether the cellulose tested is pure cellulose, or is a mixture of cellulose and 
other substances. The cellulose used is swollen or altered in such a fashion that it is difficult 
to determine whether the cellulose is alpha or beta cellulose, or a mixture of both. This 
makes it difficult to determine the probable action of cellulolytic organisms on the cellulose 
used as a substrate. 

The "clear zone" means o f identifying cellulolytic organisms has been used by 
several investigators. These include Hungate (1946, 1947, 1950, 1959, 1960, 1962, 1963, 
1966), Leatherwood and Sharma (1972), and Prins et al. (1972). 

In addition to the methods of crude extracts and clear zones mentioned above, one 
other method has been used for the determination of cellulolytic activity by several 
investigators. This method, although widely used in work on aerobic fungi, is seldom used in 
anaerobic microbiology. It is the method of placing a small amount of either a culture 
filtrate or of the culture itself in a tube filled with carboxymethylcellulose gel medium and 
observing liquifaction of the medium. This method, used by Masae Goto and Norio Okabe 
in 1958, has the disadvantage of requiring a second culturing of the organism cultured in 
order to permit the isolation of a single clone culture. It is also difficult to measure the 
liquefaction accurately. 

Although the "clear zone" method is used to identify cellulolytic bacteria, it is the 
least quantitative method for cellulase assay currently in use. The method of testing extracts 
of cells, or filtrates of cultures, on a variety of substrates is less qualitative. The method was 
first used by Hungate (1942) in his work on Euplodinium neglectum. With proper care, it is 
possible to make the method somewhat quantitative. 

Following Hungate's work with Euplodinium neglectum (1942), other investigators 
used crude microbial extracts or culture filtrates to investigate the cellulolytic activity of 
microorganisms. Most of the work was performed on aerobic fungi, since these organisms 
caused a considerable supply problem during World War I I , and since they were easily 
cultured in large quantities on defined mineral salts-cellulose media (Reese and Mandels, 
1972). Some cellulose degradation studies were performed on ruminants, because of their 
economic importance. In some cases, investigators used extracts of rumen preparations to 
determine the degradability of various cellulosic or lignocellulosic materials. Investigators 
who tested crude rumen extracts on cellulosic materials include Kitts and Underkofler 



15 

(1954), Festenstein (1957), and Halliwell (1957). These investigators have used various 
substrates. Kitts and Underkofler used filter paper, alphacel (a form of alpha cellulose), and 
two types of carboxymethylcellulose (1954). However, their preparations were unable to 
degrade a significant amount of the added cellulose. Festenstein used a butanol extract of 
sheep rumen fluid microorganisms to degrade sodium carboxymethylcellulose and cellobiose 
(1957). Halliwell (1957) used treated cotton fibers, Whatman cellulose powder, swollen 
cellulose powder prepared from either Whatman cellulose powder or cotton, and dewaxed 
acid treated cotton. 

Halliwell and Festenstein both obtained fairly high percentages of degradation, 
ranging up to roughly 90% of the input cotton or cellulose powder substrate, in some cases. 
These authors used a complicated technique to protect their enzyme extracts from air and 
heat. It appears that this is necessary in order to produce a high-quality extract. Halliwell 
suggested that the high degradation percentages and rapid rates are due to the mixed culture 
used. The products of degradation are given as glucose from carboxymethylcellulose 
(Festenstein, 1957) and as soluble reducing compounds (Kitts and Underkofler, 1954; 
Halliwell, 1957). Halliwell stated that there is no known method of producing a rumen 
microorganism extract which has the same vigor against whole native lignocellulose or 
cellulose shown by a whole rumen culture (Halliwell, 1957). 

Culture filtrates and crude enzyme preparations having cellulase activity have been 
used by some investigators. These preparations often did not have a high activity. Halliwell 
(1957) indicated that this might be due to the presence of impurities in cellulosic 
compounds tested. He suggested that some of the activity labelled "cellulose degradation" 
might, in reality, be the degradation of the small quantities of hemicellulose or other 
materials present in cellulose tested. This might, indeed, be the case with swollen, 
ball-milled, or extensively treated cellulose preparation rations. He particularly cautioned 
against the results of various investigators who used preparations capable of hydrolyzing 
only a few percent of the available cellulose. 

Unfortunately, most of the investigators whose results are described below fall into 
Halliwell's category of low-yield preparations, or preparations having less activity than the 
bulk enzyme mix from which they were derived. It is unclear whether the cellulases 
produced by anaerobic microorganisms are extremely difficult to purify, or whether there 
are missing activity factors in the preparations tested, or whether a variety of cellulases 
possible from different sources are required to completely hydrolyze cellulose. 

in work prior to 1957, work with enzyme systems was confined to the crude 
extracts mentioned above. In 1957, Matthijssen reported the purification of cellulolytic 
enzymes from Corynebacterium fimi. The enzyme system was found to have a temperature 
optimum at 40° C and an optimum pH between 6 and 7. Cellobiose, rather than glucose was 
found to be the final hydrolysis product. Enzyme preparations were made using ammonium 
sulfate, ethanol, acetone, and combinations of these precipitants. Beta-glucosidase activity 
was lost in the ammonium sulfate preparations. Although cellobiose was the final hydrolysis 
product of the fermentation, it had an inhibitory effect on the operation of the enzyme 
system when added to an in vitro reaction. Matthijssen was unable to find any 
oligosaccharides formed as hydrolysis products. He thought that this indicated an end-wise 
attack of the cellulase. Where it was used, a beta glucosidase isolated from the organism was 
capable of hydrolyzing cellobiose to glucose. Only a single cellulase, however, was purified. 

Storvick and King (1960), who isolated and purified several cellulase components 
from Cellvibrio gilvus culture filtrates, found four cellulases capable of hydrolyzing 
cellulose. When incubated with cellulose oligosaccharides, no cellulase was capable of 
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hydrolyzing either cellobiose or cellotetrose. Cellobiose and glucose were produced from 
cellopentose in a 2:1 ratio. Cellobiose only was produced from cellohexose. Each of the 
cellulases isolated appears to have a pH optimum between 7.0 and 7.5. It appeared, since 
cellobiose was the only product of hydrolysis formed from even-numbered oligosaccharides, 
that these enzymes all cleave cellulose in two-glucose units, starting at a strand end. The 
only problems which King and Storvick appeared to have with these preparations were the 
presence of an inhibitor, as shown by the increase in enzyme activity during dilution; the 
loss of a part of the cellulase complex, as shown by an abrupt increase in activity following 
addition of boiled rumen fluid; and a very low activity in the preparations used. 

It is reassuring that the hydrolysis products of the cellulases tested in both cases 
were cellobiose. This is in agreement with Hungate's finding (1950) that cellobiose is the 
main rumen sugar, and appears to be the main saccharide produced by rumen cellulolytic 
bacteria. In pure cultures of cellulolytic rumen bacteria, however, cellobiose must be 
converted to other products, including lactic, acetic and butyric acids, carbon dioxide, and 
hydrogen. Most rumen cellulolytic bacteria are capable of using cellobiose as a sugar, but 
many are not capable of using glucose. 

King explored Cellvibrio gilvus cellulases further (King and Vessal, 1969). They used 
oligosaccharides as a means of determining the precise action of cellulases isolated from 
Cellvibrio. They did this because hydrogen-bond energy calculations showed that random 
attack by a cellulase would produce products consisting primarily of cellobiose, as larger 
fragments would be retained in the cellulose crystal structure by hydrogen bonding forces. 
Although small oligosaccharides cannot be expected to simulate the larger polymers, they 
could give products which varied with respect to enzyme action. King and Vessal 
determined that the degree of ionization of a substrate was an indication of its resistance to 
enzymatic attack, or, conversely, that enzyme hydrolysis was proportional to the degree of 
un-ionization of the material used, carboxymethylcellulose. 

King states that Myrothecium verrucaria produces a random cleaving endoglucanase, 
while Cellvibrio gilvus primarily produces an endwise-cleaving cellulase. He has determined a 
value of 29 bonds broken per second per enzyme molecule, which is a low value for 
enzymatic hydrolysis. A molecular weight of 76,600 for Trichoderma viride exoglucanase 
was given, and a value of 49,000 for the endoglucanase. Determinations of the amino acid 
composition of each of these enzymes were also given. The hydrolysis of cellulose by 
Cellvibrio gilvus appears to produce primarily cellobiose and cellotriose. It was also 
determined that the cellulose cleavages produced by C. gilvus cellulases were not 
phosphorylytic in nature, but were primarily hydrolytic. Active transglucosylation was also 
shown. C. gilvus appears to metabolize oligosaccharides internally, or in an area near the cell 
membrane. 

More research in the area of cellulase production and the mechanisms of anaerobic 
cellulose degradation is needed. Although there has been considerable work in the area of 
anaerobic utilization of cellulose, most of the work has been highly qualitative. This appears 
to have been due to the difficulty of growing anaerobic cellulolytic bacteria and to the 
difficulty of isolating their extracellular enzymes in such a fashion that they retained their 
activity. Even in current work, such as that of King (King and Vessal, 1969), where 
considerable attempt has been made to purify cellulase components from anaerobic 
cellulolytic bacteria, the results have not been very successful. For example, the cellulases 
isolated by King and Vessal have very low reaction rates. Little investigation of the required 
cofactors for anaerobic cellulases, or of the control of their biosynthesis has been 
performed. If these systems are going to be used effectively as a means of preparing 
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industrial intermediates, or for fuel synthesis, it is important that their biochemistry be 
elucidated. Unless single-cell protein is desired, it is probable that anaerobic systems will be 
used for degradation of cellulose to form valuable chemical products. To date, however, 
there have been few attempts to elucidate the mechanism of anaerobic cellulose 
degradation, and those attempts do not seem to mirror the natural degradation of cellulose 
to a great extent. The substrates used in most research often have been treated extensively 
prior to enzyme action; therefore, it is difficult to extrapolate from these data to industrial 
processes. 

CHEMICAL PRODUCTS FROM CELLULOSE 

Succinic acid is the most important product of cellulose fermentation (Hungate, 
1966). Quantitative measurements reported by Hungate are summarized in Table 2. 

Table 2. Product of cellulose fermentation by Bacteroides succinogenes^ (Hungate, 1966) 

Experiment 

1 
2 
3 
4 
5 

Cellulose 
fermented 
(as glucose) 

0.554 
0.531 
1.72 
1.78 
2.73 

Formic 
acid 

0.23 
0.21 
0.28 

Acetic 

acid 

0.28 
0.208 
0.86 
0.61 
1.00 

Succinic 
acid 

0.458 
0.424 
0.89 
1.26 
2.46 

CO2 
utilized 

0.125 
0.148 
0.69 
0.83 

Reference 

Hungate (1950) 
Hungate (1950) 
Bryant and Doetsch (1954) 
Bryant and Doetsch (1954) 
Bryant and Doetsch (1954) 

^Al l values in millimoles. 

Table 3. Fermentation of products of strains of Eubacterium cellulosolvens 
isolated f rom the bovine rumen (Prins et al., 1973) 

Strains 

Products 251 252 261 262 272 273 

Approximately 70 to 80% of the carbon in the products was obtained as succinic 
acid. The fermentation products produced from cellulose in rumen fluid by seven strains of 
Eubacterium {Cillobacter
ium} cellulosolvens are 
presented in Table 3 as 
reported by Prins et al. 
(1972). Only one strain 
produced succinic acid, 
and there was considerable 
variability between the 
other strains. 

Although little or 
no work has been conduct
ed to separate useful 
chemical products (except 
gases) from the fermenta
tion of cellulose, the cur
rent value of these com
pounds in large quantities 
is presented in Table 4. As can be seen the production of organic acids or derivatives may be 
potentially feasible. For example, using the results for fermenting cellulose with 
B. succinogenes reported for experiment 5 presented in Table 2, 180 lb (1 lb mole glucose) 

Hydrogen 
Carbon dioxide 
Formic acid 
Acetic acid 
Propionic acid 
Butyric acid 
DL-Lactic acid 
L-Lactic acid 
Succinic acid 

371 
.478 
.408 
.056 
.010 

.481 

.406 

.333 

0 
0 
0 

- 0 

0 
0 
0 
0 

428 
428 
533 
096 
092 
404 

378 
193 

0.181 
0.281 
0.442 

-0.022 
0.009 
0.416 
0.360 
0.375 

0 
0 
0 

- 0 
0 
0 
0 
0 

298 
187 
710 
068 
002 
398 
351 
344 

0 
0 
0 

- 0 
0 
0 
0 
0 

384 
,486 
357 
043 
078 
442 
,437 
482 

0.004 
0.004 

-0.098 
-0.147 
0.034 
1.457 

0.007 

^Values expressed as millimoles per mill imole of glucose used; negative values 
denote uptake. 
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of cellulose potentially can be made to yield $2.63 of acetic acid, $0.62 of formic acid, and 
$71.28 of succinic acid. Using the results with strain 252 of E. cellulosolvens, 180 1b 
cellulose could potentially yield $0.77 hydrogen, $0.75 carbon dioxide, $3.20 formic acid, 
$0.96 propionic acid, $11.72 butyric acid, $21.07 lactic acid, while $0.69 acetic acid was 
consumed. The carbon dioxide and hydrogen produced could also be converted to methane 
by another anaerobic species, although methane appears to have less value. 

CHEMICAL PRODUCTS 

Few quantitative results were found concerning the specific yield of products from 
the pure culture degradation of cellulose. This is due, in part, to the recent development of 
anaerobic microbiology as 
a science, together with 
concurrent techniques for 
the pure culture of anaero
bic microorganisms. It is 
also due to the difficulty 
in preparing, growing, and 
analyzing large bench-scale 
degradation tests of vari
ous pure anaerobic cul
tures. There are, however, 
some available quantitative 
results on the fermenta
tion of cellulose by pure 
cultures. There is also a 
large volume of material 
on the degradation of various fodders by a mixed rumen culture, since these types of 
experiments are used to test the degradability of various fodders in connection with feeding 
experiments. Because the feeds tested are not well-defined chemical compounds, like pure 
cellulose, the results may not be readily translated to yield per unit cellulose, but are given 
in a form which permits them to be translated into amounts of volatile acids per unit liquid 
volume. 

Table 5 indicates that several different types of volatile acids are formed during the 
fermentation of fodder. Although the fermentation products vary considerably with time 
and with the type of substrate, it appears that it is possible to produce acetic, propionic, and 
butyric acids from a variety of substrate materials at a good yield. It is important to 
remember that, other than the milling which is done for the preparation of a uniform 
sample, no extensive pretest treatment of the fodder material is performed. Thus, the 
process considered would have primarily the preprocess expenses of hauling and postprocess 
expenses of waste disposal, but not have the preprocess expenses of extensive preparation. 
Table 5 also shows the possible yield of various volatile acids which are routinely produced 
in the rumen during fermentation of various foodstuffs. The samples tested were incubated 
in an artificial rumen, a small, anaerobic fermentation vessel closed with a bunsen valve, 
which was seeded with a mixture of rumen fluid and a buffer containing mineral salts. The 
mixture was incubated at 39.5° C for a period of 12 hr (Balch, 1958). The data obtained 
from artificial rumen fermentations may closely approximate the expected industrial results 
using a batch fermenter and a mixed microbial cellulose degradation culture. It is interesting 
to note that the culture produced more acetic than any other volatile acids. Because acetic 

Table 4. Prices of industrial intermediates which can be produced by fermentation 

Compound 

Acetic acid 
Acetone 
Butyl alcohol 
Butylene glycol 
Butyric acid 

Caprylic acid 
Ethyl alcohol 
Lactic acid, food grade 
Propionic acid 
Formic acid 

Succinic acid 

1/1/73 

9 
6 

10 
18 
33 
30 

8 
40 
11 
16 
67 

Price (cents/lb) 

7/15/74 

12 
12 
15 
28 
33 

126 
9 

88 
14 
13 
67 

1/6/75 

14 
14 
17 
28 
33 

126 
15 
45 
16 
16 
67 

Annual 
Percent 
Increase 

25 
53 
30 
25 

0 
105 
37 

Fluctuates 
20 

0 
0 
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acid is the lowest valued of the normal rumen fermentation products, it would be an 
advantage for pure culture systems to produce larger proportions of higher-chain volatile 
acids. 

Table 4 shows the sequential prices of various fermentation-produced intermediates, 
and Table 6 shows U.S. 1973 production figures. Most of the compounds which can be 

readily produced from cellulosic materials 
using anaerobic fermentation are in fairly 
wide industrial use and have substantial 
markets. Because it is difficult to estimate 
the market for cellulose degradation 
produced compounds, it is difficult to 
determine what effect, if any, intro
duction of cellulose degradation processes 
for the production of these industrial 
intermediates would have on the price or 
the market. As can be seen from Table 4, 
the price of a volatile acid generally 
increases as the length of the chain 
increases. Also, for many of the com
pounds shown, there have been sub
stantial increases in price during the last 
two years. As the price of a compound 
rises significantly, there is an incentive to 
find new, cheaper methods for the 
production of that compound. Also, 
during periods where the base prices of 
raw materials, such as coal and petroleum, 
have varied sharply, there is an incentive 
to find new sources of raw materials. 

Table 7 shows the potential 
production of various volatile acids from 
fodder materials expressed as dollars per 
metric ton of feed. The values range from 
$180.00 to nearly $270.00 per metric ton 
of feed processed. The results indicate 
that the fermentations of waste fodders to 
produce volatile acids could be profitable, 
if performed on a large enough scale. For 

example, the cost of collecting a ton of stover would cost about $20.00. During the short 
fermentation (12 hr), the waste material could be used to produce a yield of about $200.00 
worth of volatile acids. Furthermore, the data were based on a system in which substantial 
amounts of methane and other gases were produced. If methane production could be 
inhibited, it can be expected that the yield of volatile acids will rise correspondingly. 

Using a pure culture system, it should be possible to increase the monetary yield 
from the fermentation of cellulosic materials even further, since a culture could be used 
which would selectively produce higher chain, more valuable products. Tables 2 and 3 show 
the production of industrial compounds from cellulose by various strains of Bacteroides 
succinogenes and Eubacterium cellulosolvens. Bacteroides succinogenes produces several 

Table 5. Volati le acids formed by the fermentation of 1 kg 
of mixed hay/concentrate feed (adapted f rom Balch, 
1958) 

Material 

Straight hay plus concentrates 

Acetic acid 
Propionic acid 
Butyric acid 
Higher acids (as valeric) 

Ground hay plus concentrates 

Acetic acid 
Propionic acid 
Butyric acid 
Higher acids (as valeric) 

Equivalents per kilogram of 

organic material digested 

rumen 

C o w l 

3.2 
1.0 
0.8 
0.6 

3.9 
2.3 
1.2 
0.6 

f lu id f rom; 

Cow 2 

4.5 
1.3 
1.1 
0.6 

4.4 
2.5 
1.1 
0.7 

Table 6. Amounts of some industrial intermediates which 
can be produced by fermentation and are 
manufactured in the U.S. as of 1973 

Compound 

Acetic acid 
Acetone 
n-Butyl alcohol 
Ethyl alcohol 
Formic acid 
Lactic acid salts 
Propionic acid 

Annual 
production (lb) 

2,428,606,000 
1,989,469,000 

118,551,000 
1,961,829,000 

53,106,000 
2,534,000 

60,392,000 

Per capita 
production (lb) 

11.0 
9 
0 
8 
0 
0 
0 

0 
5 
9 
24 

01 
29 
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Table 7. Value of volatile acids formed by the fermenta
t ion of one metric ton of mixed hay/concentrate 
feed (adapted f rom Balch, 1958) 

different volatile acids, among which succinic acid usually predominates. Eubacterium 
celiufosolvem produces several different gaseous and acidic products, among which lactic 
acid predominates. Bacteroides succino-
genes is available from the American Type 
Culture Collection as a freeze-dried 
culture, which indicates that it is routine
ly cultured and available. Hungate (1966) 
indicates that Eubacterium celtulosolvens 
is a common rumen cellulose-fermenting 
bacterium, in neither case should it be 
difficult to obtain nor maintain these 
cultures. 

Table 8 shows the market value 
(in dollars) of the products which could 
theoretically be produced from one ton of 
pure cellulose using the results of Hungate 
and of Bryant and Doetsch. As indicated 
in Table 2, B. succinogenes produces 
primarily succinic acid during its fermen
tation of cellulose. Succinic acid is a 
large-volume industrial intermediate 
which has a high sales value. Using the 
amounts of fermentation products from 
Table 2 and the values of these products 
from Table 4, the value of the theoretical 
products from the fermentation of one 
ton of cellulose was calculated. Values 
range between $1253 and $2041 per ton of cellulose degraded. Although the presence of 
other materials in the waste, and the probability that the fermentation will not go to 
completion, may reduce the yield, the anaerobic fermentation of waste cellulosic materials 
to produce industrial chemicals may be economically attractive. 

Table 8. Values (in dollars) of products f rom cellulose fermentation by Bacteroides succinogenes 

Dollar value f rom the fermentation of one 
metric ton of cellulose as glucose 

Material 

Straight hay plus concentrates 

Acetic acid 
Propionic acid 
Butyric acid 
Higher acids (as valeric) 

Total 

Ground hay plus concentrates 

Acetic acid 
Propionic acid 
Butyric acid 
Higher acids (as valeric) 

Total 

Value (dollars per metric ton 
of organic material digested) 

rumen 

C o w l 

59.14 
26.05 
51.11 
43.76 

180.05 

72.07 
59.91 
76.67 
43.76 

252.41 

f lu id f rom: 

Cow 2 

83.16 
33.86 
38.33 
43.76 

199.11 

81.31 

65.12 
70.28 
51.05 

267.76 

Experiment Formic acid Acetic acid Succinic acid Total Reference 

1 
2 
3 
4 
5 

26.73 
23.58 
20.50 

115.31 
89.37 

114.07 
139.17 

83.57 

1776.72 
1716.06 
1112.05 
1521.29 
1936.58 

1892.03 
1805.43 
1252.85 
1684.04 
2040.65 

Hungate (1950) 
Hungate (1950) 
Bryant and Doetsch (1954) 
Bryant and Doetsch (1954) 
Bryant and Doetsch (1954) 

Table 9 shows the value of the products which could theoretically be produced from 
one ton of pure cellulose using Eubacterium cellulosolvens. As indicated in Table 3, 
E. cellulosolvens produces primarily mixed lactic acids during its fermentation of cellulose. 
Using the values from Tables 4 and 3, the products of the fermentation of cellulose by 
E. cellulosolvens ranged from around $1200 to around $1500 per ton of cellulose fermented 
to completion, except for the figures from strain 273, which apparently failed to ferment 
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the cellulose. The production of lactic acid from the fermentation of cellulose looks 
attractive economically, since the raw material costs are in the neighborhood of $20 per ton, 
and the organic acids produced are separable using ion exchange and worth 60 to 75 times 
the raw material costs. 

Table 9. Values (in dollars) f rom the fermentation of one metric ton of cellulose by Eubacterium cellulosolvens (adapted 
f rom Prins et al., 1973) 

Strain 

Material 

Hydrogen 
Carbon dioxide 
Formic acid 
Acetic acid 
Propionic acid 
Butyric acid 
Lactic acid 
Succinic acid 

Total value of 
fermentation 

251 

18.14 

22.84 
81.56 
(12.78) 

3.21 
379.38 
820.13 

1312.48 

252 

20.92 
20.46 

106.55 
(21.90) 
29.59 

318.65 
693.68 

1167.95 

261 

8.85 
13.43 

83.36 
(5.02) 
2.89 

328.16 
815.69 

1247.36 

262 

14.57 
8.94 

141.93 
(15.51) 

0.64 
313.92 
771.30 

1235.79 

272 

18.77 
23.23 
71.36 
(9.81) 
25.08 

348.62 
1019.89 

1497.14 

273 

0.20 
0.19 

(22.36) 
(47.27) 
26.82 

15.04 

(27.38) 

Note: Parentheses indicate consumption. 

Hungate indicates that there are several other fermentation products which can be 
made from cellulose. These include ethanol and higher volatile acids. From volatile acids, it 
is often possible to produce the corresponding alcohol using a second fermentation. From 
the amount of cellulosic material which is routinely produced as waste products shown in 
Table 5, it appears that substantial amounts of the process chemical market in the U.S. 
could be supplied by cellulose fermentation. It is also possible that such a fermentation will 
be particularly useful in developing countries where raw materials are scarce and where 
cellulose is plentiful. From preliminary economic calculations, it also appears that the 
fermentation of cellulose to produce industrial products may be economically attractive. 

However, the various fermentations reported have generally been performed only at 
bench-scale (Hobson, 1965). Most of the work has been done as either part of ruminant 
nutrition studies, or has been performed as research in anaerobic microbiology. In these 
fields, little emphasis is given to the types of kinetic and strain selection studies which 
would be useful as a basis for the design of large-scale or pilot-scale process equipment. 
Although equipment capable of performing the aerobic fermentations which are used to 
produce various biochemicals is available, it is not known whether this equipment will be 
applicable to the fermentation of cellulose under strictly anaerobic conditions. 

Since cellulose is a plentiful renewable resource which could provide chemical 
intermediates and which could decrease U.S. dependence on petroleum, and since cellulose 
fermentation may provide the basis for a new industry, it should be investigated. In order to 
provide a basis for the development of a cellulose fermentation industry, kinetic studies of 
the cellulose degradation process must be performed. This is required for the design of 
process equipment. Strains of microorganisms which are effective in producing a particular 
product must be selected. As noted from Tables 2-9 strains of anaerobic bacteria show 
considerable variation in their ability to produce a given product. If efficient strains are 
selected, process costs can be sharply reduced. Chemical reactor designs which are 
particularly favorable to the processing of coarsely milled cellulose should be investigated. 
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Methods of pre-process treatment which could increase the rate of reaction during processing 
should be investigated. 

SUMMARY 

Currently, the production of industrial chemicals from renewable resources, rather 
than petroleum, is being considered. Cellulose, which comprises one-half to one-third of all 
vegetation, is a potential source of such industrial intermediates. If terrestrial cellulose could 
be recovered as methane, it could be used to produce 500 trill ion f t ^ of natural gas with a 
value of $500 to 1000 billion per year. Although among U.S. cellulosic wastes urban refuse 
alone is collected on a regular basis, federal pollution control legislation and new machinery 
for crop-waste collection may make agricultural wastes more accessible. Cellulosic solid 
wastes are a renewable resource which could, if fermented or pyrolyzed, be used to produce 
methane; ethyl or butyl alcohols; methyl alcohol; and organic acids, all of which are 
currently produced from petroleum. 

The state of the art in anaerobic cellulose fermentation, including both the microbial 
and the process engineering considerations, has been reviewed. Cellulose degradation has 
been studied since the late 1800s because rumen degradation of cellulose and lignocellulosic 
materials is of considerable importance. However, pure culture studies of cellulose 
degradation were not performed until the invention of the butyl-rubber stopper and the 
development of rumen-fluid media. However, prior to these developments, microscopic 
observation of rumen contents by authors such as Baker (1943) provided considerable 
insight into the process of cellulose degradation in the rumen. Baker noted that alpha 
cellulose fibers were degraded in rumen contents, but that strongly lignified or cutinous 
fibers were not degraded. 

Following the development of culture methods for cellulolytic organisms from the 
rumen, Hungate (1944) isolated Clostridium cellobioparus, and determined that this 
organism could produce hydrogen, carbon dioxide, acetic acid, formic acid, and ethyl 
alcohol from the anaerobic degradation of cellulose using an extracellular cellulase. Hungate 
(1946) subsequently isolated an actinomycete, Micromonospora propionici, from the 
termite gut. The actinomycete was capable of fermenting cellulose to produce carbon 
dioxide, acetic acid, and propionic acid. Hungate reported that the use of a medium 
containing rumen fluid, a carbon-dioxide-bicarbonate buffer, and finely milled swollen 
cellulose could permit the isolation of cellulose-degrading bacteria from rumen fluid. This 
technique has been used to isolate several genera, including Bacteroides, Butyrivibrio, 
Clostridia, Cillobacterium, Cellulomonas, and Ruminococcus, which ferment cellulose. A 
report by Hungate (1950) indicated that he and his students had isolated 25 cellulose 
fermenting strains using the rumen-fluid medium. 

Most of the cellulose-fermenting organisms which Hungate isolated from rumen fluid 
produced carbon dioxide, hydrogen, and volatile acids as the products of cellulose 
degradation. The cultures isolated included Bacteroides succinogenes, which was isolated by 
serial transfer from rumen fluid; several colorless rumen cocci which fermented cellulose or 
cellobiose, but not glucose; some yellow-pigmented cocci which could only ferment 
cellulose; some spore-forming rods which could ferment either cellulose or hemiceilulose; 
and an organism which could ferment only beta cellulose or hemiceilulose. Cultures 
obtained from soil and from the Moscow, Idaho sewage sludge digester did not require 
rumen-fluid supplemented media, but fermented cellulose to produce primarily glucose, 
rather than volatile acids. 
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Using the techniques of Hungate, McBee isolated some thermophilic cellulolytic 
bacteria. Only one culture, strain 651, was able to ferment all of the cellulose supplied to 
products constituting acetic acid, carbon dioxide, and hydrogen. In some cases, lactic acid 
was produced. The cultures were able to be maintained on a cellulose-minimal salts medium 
spiked with 0.5% yeast extract and maintained at a temperature of 55 to 65° C and a pH of 
between 6.4 and 7.4. 

Enebo reported that a mixed culture of anaerobic cellulose-degrading micro
organisms, separated into three cultures, contained only one culture which was capable of 
fermenting cellulose. This organism produced lactic, formic, and acetic acids and ethanol 
from cellulose. In the mixed culture, the main product was lactic acid. Hungate (1963) 
indicated that there is considerable synergism in rumen degradation of lignocellulosic 
materials. Whole rumen cultures are able to degrade various cellulosic substrates which are 
not appreciably attacked by pure cultures. This is also supported by the observations of 
Halliwell (1957) who determined that a freeze-dried extract of whole rumen contents was 
able to solubilize 80% of the weight of an aliquot of Whatman cellulose within 72 hr, while 
a slightly purified cellulase-containing extract was only able to solubilize 30% of the same 
cellulose in the same period of time. The cellulolytic activity of whole rumen fluid was 
demonstrated by Halliwell to be comparable to that of M. verrucaria, a cellulolytic fungus, 
indicating that anaerobic cellulases are as potentially affective against alpha cellulose as are 
the commonly used fungal cellulases. Hungate (1963) indicated that, although 
cellulose-digesting bacteria, by count, represent only 1 to 5% of the total rumen bacteria, 
they perform one-third of the total degradation upon which the total microflora depends 
for its nutrition. Work by Hammerstrom, Claus, Coghlan, and McBee indicates that the 
cellulases of Clostridium thermocellum and Cellulomonas are constitutive, that is, are 
normally present in these organisms even when they are not grown on cellulose. In their 
work, the activity of the cellulases produced, measured by both the production of reducing 
sugars from cellulose and by the reduction of viscosity in carboxymethylcellulose, varied 
somewhat with substrate, but enough activity was present to indicate the presence of 
cellulase. 

A variety of microbes isolated from other sources also display cellulolytic activity. 
Goto and Okabe (1958) found that, of 13 Pseudomonads. 7 Xanthomonads, lErwiniae, 1 
Agrobacterium, and one Corynebacterium tested, 2, 7, 2, 0, and 1, respectively, were able to 
hydrolyze cellulose. Strider and Winstead (1961) reported the production of a heat-labile 
cellulase in filtrates of cultures of Cladosporium cucumerinum grown using carboxymethyl
cellulose, sodium pectinol, and sucrose as carbon sources. Moscatelli, Ham, and Rickes 
(1961) reported the determination of a beta giucanase in enzyme preparations derived from 
B.subtilis. Brooks (1963) indicated that healthy insects may harbor microorganisms which 
either degrade insoluble polymers or provide missing necessary nutrients for the host. 
Termite microflora, for example, degrade wood to form acetic acid, carbon dioxide, and 
hydrogen. In 1958, Husain and Kelman reported the demonstration of a cellulase in culture 
filtrates from P. solanacearum. 

However, the main work on cellulase production by anaerobic microorganisms has 
been performed using rumen-derived cultures. The main work on anaerobic cellulases, other 
than the early work performed by Hungate, was performed by King and his associates on 
Cellvibrio gilvus. In 1960, Storvick and King found that Cellvibrio cellulases were capable of 
producing cellobiose from cellulose, and that glucose was not generally produced during 
cellulolysis. King and Vessa! (1969) indicate that Cellvibrio gilvus produces several 
end-cleaving cellulases which hydrolyze cellulose to produce cellobiose and cellotriose. 
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C. gilvus appeared to metabolize oligosaccharides internally, or in an area near the cell 
membrane, indicating that it required a small, fairly soluble oligosaccharide, which would be 
transferred into the cell easily. 

The products of cellulose degradation generally include hydrogen, carbon dioxide, 
volatile acids, dicarboxylic acids, and ethanol. Several different authors have examined the 
products of cellulose degradation by different cultures. Hungate (1942) reported the 
degradation of cellulose by extracts of Diplodinium to produce reducing sugars. Hungate 
(1944) reported that a 73% recovery of input cellulose carbon as fermentation products, 
including carbon dioxide, hydrogen, acetic acid, formic acid, lactic acid, and ethanol could 
be made using Clostridium cellobioparus. Prins et al., (1972) reported that the main 
fermentation products of five strains of Eubacterium cellulosolvens isolated were hydrogen, 
carbon dioxide, formate, butyrate, lactate, and small amounts of propionate. Two of the 
seven strains isolated formed lactate as the chief fermentation product. All of the strains 
tested were able to carry the fermentation of cellulose to near completion. Kingsley and 
Hoeniger (1973) reported that, of eight rumen and three oral Selenomonads studied, all 
could be cultured on cellulose to produce acetic, butyric, formic, lactic, and propionic acids 
from cellulose and cellulose hydrolytic products. 

The various fermentations reported have generally been performed only at 
bench-scale. Most of the work has been done as either part of ruminant nutrition studies, or 
has been performed as research in anaerobic microbiology. Little emphasis has been given to 
the types of kinetic and strain selection studies which would be useful as a basis for the 
design of large-scale or pilot-scale process equipment. Although equipment capable of 
performing the aerobic fermentations which are used to produce various biochemicals is 
available, it is not known whether this equipment will be applicable to the fermentation of 
cellulose under strictly anaerobic conditions. 

The dollar values of products which could be produced from various anaerobic 
fermentations of cellulose were calculated for fermentation production of these products. 
The value from a ton of dry weight mixed cattle feed, based on a mixed-culture rumen 
fermentation was between $180 and $270. The potential value of one metric ton of 
cellulose which was converted to products using Bacteroides succinogenes ranged between 
$1250 and $2040. The potential value of products from the fermentation of one metric ton 
of cellulose by Eubacterium cellulosolvens ranged between $1170 and $1500 for five out of 
six strains tested. It may be seen from these calculations that there is a substantial economic 
potential in the fermentation of cellulose to produce volatile acids and other industrial 
intermediates. However, further research to provide a basis for engineering development is 
required. 
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