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Abstract:

Earlier studies on the decomposition of cellulose, especially by aerobic microorganisms, are discussed.
Several methods for the isolation of aerobic cellulolytic true bacteria were attempted and three cultures
were finally obtained by following the technique of McBeth and Scales. A fourth culture was found as
a fortuitous plate contaminant.

The morphology and physiology of the four pure cultures were studied. Their characteristics were not
found to agree with those of any previously described organisms. Mo attempt was made to describe
adequately or to name the new isolates. The effects of variations in nitrogen source, pH, temperature,
type of cellulose, and associated microflora upon the rate of cellulose digestion were studied and are
discussed.
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ABSTRACT

Barlier studies on the decomposition of cellulose, especially by
aerobic microorganisms, are discussed. Several methods for the iso-
lation of aerobic cellulolytic true bacteria were attempted and three
cultures were finally obtained by following the technique of McBeth and
Scales. A fourth culture was found as a fortuitous plate contaminant.
The morphology and physiology of the four pure cultures were studied.
Their characteristics were not founid to agree with those of any previous-
ly described organisms. No attempt was made to describe adequately or -
to name the new isolates. The effects of variations in nitrogen source,
pH, temperature, type of cellulose, and associated microflora upon the
rate of ¢ellulose digestion were studled and are discussed.
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STUDIES ON AEROBIC CELLULOSE-DECOMPOSING BACTERIA
INTRODUCTION
Altﬁongh much:has been writtén concerniﬁg cellulose decompoSiﬁion by
microbial actlon, a survey of recent publlcatlons reveals that a- contro-.
versial state stlll ex1sts, not only as to how cellulose is decomposed but
also as to what organisms'can attack it and the conditions which favor
their oeliulolytic"activity, There is a need for more thorough.investi-
gaﬁions of pure cultures of cellulolytic bacoeria.under carefully con=-
trolled conditions Before the mechenism of deco@éosition can bé ‘succéss-
fully:deternined; 'At present the study of cellnlose breakdown.is beooming
more popular, nop only from the‘standpoint,of possible industrial utili-
zation but also from the points of view'of the preservation of cellulosic
materials such as fabrics, the utilization of cellﬁlose'by.ruminens animals,
and the pureiy acade;&ié irivestigation with its desire for a better'u,n'dernv
standing of naturally occurrlng act1v1t1es° As a chief component of plant
residues, cellulose -is one of the most abundant of organic materlals° It
~

is a highly insoluble substanoe and nnst be-put into a soluble form for
its utilization by l'ivingorganisrlns° Tnis action has been found to be
accomplished by aerobic and'anaerobic bacteria, by fungi; by actinomyoetes,
and by some anlmal specles° _ The work to date concerning aerobic cellulose
-decomp051t10n has been carrled out prlmarlly with fungl and organlsms of

the order vaobacterlales, whlch are not 1ncluded in the true bacterlao

Investigations ‘of these organisms have progressed in a fairly orderly
fashion with no great differences of opihion exisbing among the results of

various investigators. In contrast with this, the resuits of studies on
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the‘cellulolytic true bacteria (organisms belonging to the order ggbggr
teriales) are confiicbing. The available conclusions, when examinedlas a
whole, lead only to confusion.
It was tne purpose of this investigaﬁion to isolate puré cultures of-
aeroblc cellulose—dlgestlng representatlves of the true bacteria and to
study, in the laboratory, condltlons under whlch they would show the most

rapid decomp031t10n of cellulose. The cultures-and informatlon thus

. obtained could then be used in further studies aimed at understanding the

cellulolytlc process.
REVIEW OF LIThRATURE

=5Because“of the'inaccessibility of certain very early papers,vsome ol
the hlstorical background was obtalned from McBeth' and Scales (1913)9 Who
have- presented a4 good comprehenslve revlew of the early llterature on .
cellulose dlgestlon. .: : e

Accordlng to theni, Mltscherllch in 1850 was the flrst to arrlve at the
1dea that. cellulose decomp051tlon, ‘noted in the destructlon of potato,
could be carrled'on by-mlcroorganlsms, Examlnatlon of the material showed
a mass of vibrios which he considered to be the actlve-agents of the
destruction;_ |

In 1854 Haubner, in-the study-of ruminant animals, demonstrated that
it was- 1mp0531ble to recover from the faeces more thanh 50 per. cent of the
cellu1031c materlal fed to sheepv ThlS observation was confirmed by
Henneberg and Stohmenn, and similar results were obtained by other workers
with horses, goats, and rabbits. Their work probably’helped to arouse

later investigations which attempued to discover the agents of‘cellulose'




deceomposition.

Popoff in 1875 considered the methane formed in sewers and marshes as
being derived from celluldsé férméntafion, aﬁd made studies on the ferien-
tation of filter paper by action of sewer slime, |

In 1890 Van Senus published his observéﬁions on the destruction-ef
- cotton, pieces of bean, and other materials by an associative action of
two organisms, neither of which would ‘do the job alone.

Cmelianski in 1894 first used‘Winogradski?s "method of elecﬁive
culture” in attemptihg*to isclate the agents of'céllulose brgakdownﬂ. His
elective culture consisted of an imorgsnic minéral nutrient solution con=-
taining filter paper as a carbon-source and river slime as an inoculum,
.This_he incubatéd anéerobically and observed the changes in flora that
accompanied the disappearance of the cellulose and the formation of
hydrogen and methane. Although ke did not obtain pure cultures, his
numerous publications (Qmelianski, 1902) estébiished him as an authority
on cellulose fermentations and his methods were used by many subsequent
investigators.,

The first to discover that the destruction of. cellulose in soile can
be accomplished aerobically as well as anaerobically, and by fungi as well
as by bacteria, was van Iterson (1904) who stated the conditions favorable
for the development of the varioué flora as follows:

"Auch bei der aéroben Zérsetzung der Cellulose kann man 2 Fille

unterscheiden: :

a) Ist das Medium, worin die Cellulose sich befindét,
schwach alkalisch, so spielen bel der Zersetzung
gewbhnliche alrobe Bakterien die Hauptrolle,

b) Ist das Medium jedoch schwach sauer, so sind dabei
Pilze und Mycelien von hbheren Fungi wirksam."
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Others, Waksman and Sklnner (1926) and Dubos (1928b), have agreed with the
opinion of van Iterson, while McBeth and Scales (1913) and Seales (1915)
have shown thah the'fungl aré not conflned to acid soils, but are also of
.importance in alkallne soils. It appeared from his descrlptlons that

van Iterson's aerobic bacteria may have been of the order'Myxobacterlales9

although they were not in pure cultureu He obtalned them from 1norganlc :
nutrlent solutlons contalnlmg fllter paper whlch had been 1noculated ‘with
sewer sllme and 1ncubated aeroblcally, - ‘

Ghrlstensen (1910) publlshed ‘his methods of settlng up enrlchment
cultures for® cellulosewdecomp051ng ab1l;t1es of dlfferent soils as an
index of soil fert;llty,'but dldanot atte@pt pure cultupe studles-ofhthe
active agents.’ .- f:t“ . | S o

Until 1912 work had been greatly hampered by the use of impure
cultures, although many of the-earlier workers~had believed thelr'cultures
to:be,pure; Kellerman:and McBeth.(l912)qdemoﬁstrated the need for-a solid
selective ﬁedlum for"hhe isolatioﬁ of pure cultures.' No better proofican
be given than the fact that with the use of cellulose agar and stareh agar,
they were able to 1solate from the very anaeroblc cultures of Omelianski,
three celluloseodecompOSiﬁg erganisms and seven contaminatihg forms. The
three cellulose decomposers were noted to be more efflclent when 1ncubated
aerobically., The results obtalned were cr1t101zed by Omelianski (1912),
who was supposed to have obtalned "gractically pure" cultures. through

rapld transfer and dilution in liquld media, The cellulose in the agar

used by Kellefman-and McBeth and later by MeBeth and Scales (1913), was

precipitated from Schweitzer's reagent. With the use of this uniformly
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opaque medium, colenies of cellulose-digesting bacteria could be defected
by the gfadual formation of clear zones suffounding them. - Until this time
it is very likely that no clear-cut colonies of cellulose-decomposing
' bacteria had ever been seen.’

Using agar contéining dispersed particulate cellulose, prepéred either
by precipitation from Schweitzer's reégent‘or by the hot sulfuric acid-cold
water method of Scales (1916), Kellerman and his associates (1912, 1913;
McBeth and.Scales, 1913; McBeth, 1916) did most of the pioner work on the
aerobic cellulése-digesting bacteria., They iselated and described a number
of species. However, their étudies on the decomposition of cellulese by
the aerobic true bacteria have been subject to a great.deal of criticism,
much of which seems to be due to the fact that their Wark has not often
been duplicated. -Thaysen and Bunker (1927) criticized the work and
expressed»the belief that the cultures were mixed. They cite that
?riﬁgsheim and.Liqhtegstein studied strains of some of Kellerman's organ=~
isms and were unable to confirm their findings.

Omelianski and Pringsheim; as quoted by Waksman and Skinner (1926),
were very critical of the fact that the celluloese-decomposing abilities of -
the organisms isolated by Kellerman et al.were based on tﬁe formation of
dissolved zones in the cellulose agar surrounding the colonies. It was
even claimed by Omelianski that the zones were caused by the reaction
beétween the caleium carbonate in the medium and acid formed in the tap
Water,constituen£° However, the results of Kellerman and co-woerkers were
‘confirmed b& Lohnis and Lochhead (1913), and Bradiey and Rettger (1927)

proved that the zones on cellulose agar were due to enzymatic action on the
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cellulose; resulting in its sclution.

Dubos. (1928a) statéd that the cellulose agar method was not good in
that it did not reveal strictly aerobic species, and that all organisms
isolated by Kellerman and McBeth were "more or less anaerobic." This
does not seem to be a valid objection because a great majority of the
aerobic species of bacteria are facultatively anaerobic.

Others, Hutchinson and Glayton (1919), Bradley and Rettger (1927),
followed more recently by Stanier (1942), by Fahraeus (1944, L1947, 1949),
and by Reese (1947), have conducted extensive research on aerobic
cellulose digéstiqn by organisms of the genus Cytophaga. As a result of

"their work our knowledge of these organisms is more nearly complete: The
cellulolytic true bacteria, on the other hand, have not received as much
attention. i

Norman and Fuller (1942) have presénted an extensive review of the
general picture of microbial decomposition of cellulose and the work that
had been done uwp to that time. They emphasized the chaotic condition
of the classification of cellulose-decomposing bacteria; and on the basis
_of their work, reached the following conclusion (Fuller .and Norman, 1943) ¢

. "The taxonomy of the cellulose—decomp051ng bacteria

has been confused by the pollcy of creating for these organisms

special genera within the families to which they belong on

morphological grounds. A physiological property has no plasge

in a genus description unless the characteristic in question is

obligate or so outstanding as to outweigh fiost other con-

siderations. Almost all of the cellulose bacteria are versatile
organisms, eapable of utilizing other polysaccharides and carbo-
hydrates to various degrees. In most cases the cellulose-

decomposing ability does not outweigh the other characteristics..

This property, therefore, is best relegated to the key, where

it may well be conveniently used for separating species within
the genus as morphologically described. The only exception to
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this might be the case of specific cellulosé organisms.

A few species which develop poorly on subtrates other

than cellunlose are known but wntil their phy51ology has

been more fully studied, it is probably unwise even to

set these apart from other organisms closely related

morphologically.m™

What appearéd to be the best work done to date was that of Harmsen

(1946), who in his thesis gave the resulﬁs of his studies with all manner
of agents of aerobic cellulose decomposition_ih the soil. He pointed out
that the different investigators arrived at various conclusions as a resﬁlt.
of using only one method of isolation. Consequently each one was inclined
to be skeptical of thé findings of 6ﬁhers, By combining and using as many'
differént isolation methods and materials as possible, and by varying con=
ditions; Harmsen was able to obtain representatives of nearly all the
aerobic cellulolytic orgaﬁisms méhtioned in the literature. In addition
he dlscovered representatives in taxonomic groups that had not been previ-
‘ ously recorded as belng cellulolytic; for example, the proactlnomycetes and
mycopaéter}a. He listed the cellvibrio, the cytophaga, the polyangides,
the ba¢illi, fhe actinomycetes and the proactino@ycetes as the chigf groups
contéiniﬁg aerobié cellulose~decomposing bacteria. Harmsen's work was more
extensive than that bf Fulier and Norman and led té substantially the same
cbnclusion; nanely;, that thelability to decompose cellulose should not be
regarded as an uniéue accompiishmeﬁt phét should sét these organisms apart
from those which are similar ﬁorphologiCally and biochémically. ' For
examblé; as a result of Harmsen's work; it can be said that the ability to
digest c¢éellulose is more cqmmon'among bagteria than the‘ability to ferment

jactose with the production of acid and gas. In support of his experimen- -
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tal data, Harmsen presénted excellent photographs of -his organisms, both of
colony growth in cellulose agar and of cell morphology. He was of the
opinion that the difficulties experienced by other users‘of cellulose agar
(perfegted by Kellerman and coéWorkers) were véry likely due te improper
preparation of the dispersed cellulose. '

Perlin and his associates (x947) étill regard cellulose decomposiﬁion
as a mystical property. The&'conducted their sﬁudiéé on digestion of

cellulose with an impure culture of Vibrio perimasﬁrixa . This fact illus=

trates.the belief that is still maintained by many bacteriologists that
cellulose decomposition is unique and that the organisms involved will not
grow well in pure culturé. |

_ Although pure cgltures of cellgloseudecompésing bacteria have béen
obtained by several persons, they héve not beeh used to determine the mech-
anism of cellulose digestion. The workers interested -in the biochemistry
of these bacteria have too frequently used mixed cultures. Therefore, it
appearéd to be worth-while to re-examine the whole field starting with the
isolation of pure cultures, progressing to the study of their charactér-
istics, especially of the factofs related to cellulose digestion, and
eventually using the organisms and information so obtained for the study
of the cellulolytic process.
MATERIALS AND-METHODS

| Cultures
Aerobic cellulose-decomposing bacteria were isolated from samples of

soil from the Montana State College areas These samples came from

enriched garden soils as well as from uncultivated areas. However, not
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until a number of attempts had been made were the aercbic cellulolytic true

bacteria isolated in pure culbure.

Culture media

_ Thé basic niutrient solution of Kellerman and McBeth (1912) was found °

‘to be satisfactory for good growth and was used throughout this work unless

. , .
otherwise stated. 'It was composed of 0.05 pér cent dibasic potassium phos-
phate, 0.05 per cént magnesium sulfate, 0.05 per cent sodium chloride, 0.1

per cent ammonium sulfate, and 0.1 per cent calcium earbonate. GCellulose

égar was prepared by the addition of 0,5 per cent cellulose and 1.0-1.5 per

cent agar to theé inorganic base medium. For the purpose of the initial
work it was found adyantageous-to‘add~0.05 per cent yeast extract to the -
cellgloée agar. Glucose and cellobiose agar were prepared by adding 0.5
pér céﬁt concentrationé of the sugar desifed, 0.1 per cent yeast ethgct,
and agaf to the basal medium.

Except for filter paper in the enrichment cultures, thé cellulose
used in the experiments was of a finely dispersed iype and was uswally
present in a concentration of 0.5 per cent. :This fype inﬁellulose was
used becéuseﬂ as Boswell (1941) stated:

"What ever biolOgical‘agent is used for cellulosé decoi= .

position, it is universally recorded that the greater the .

degree of dispersion of cellulose the higher is the rate of

attack." =

With the use of agar containing this type of cellulose, decomposiiion was

very clear-cut and manifested itself by the formation of clear zones in

thé medium surrounding thé bdcterial colonies.

The cellulose designated as "ball-milled cellulose" was made abcording
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to the directions given by Hungate (1950). They are as follows:
"Finely dispersed cellulose is obtained by packing absorbent
cotton into a liter Erlemmeyer flask containing HCL (270 ml
conc., HCL diluted to 300 ml). Sufficient cotton is added to
absorb all the acid solutioﬁ. After standing at room temper-
ature for 24 hours, the fibers break up and a suspension of
Small particles is obtained. These are collected by filtra-
tion at réduced pressure, washed and air-dried. This material
(24 gi) is ground in a pebble mill with 600 ml water for 72

hours, giving approximately a 4 per cent concenbratlon of very
finely divided cellulose.

This cotton cellulose prepared in the above manner is said to be very
highly hydrated, but not so much altered in cempésition as the other types
of dlsperSeq qellulo§es-(§§rr and Eckerson, 1934),

Cé;luiose pkeéared aceording to the hethod of Seales (1916) is désnga
ngted_ag “$cales_qellulosee" It was prepared by dlssolvlng filter paper in
diiuté suifuric acid (100 ml conc. sulfuric aeid with 60 ml distilled water)
at a tempgraturé of 60~65 C, and inmediately precipitatiné it agaiﬁ’in'
small flocs by the rapid addition of ice-cold waﬁer. The resulting brecip—_
ita#e was then washed frée of agid Qith distilled water by f;ltraﬁion, It

was found that the washing procéss ecould not be completed in three hours as

‘Seales stated in-his paper. The diséolutién“iﬁ hot sulfuric acid forms

sulfo-ésters of céllulose which are soluble. However, the addition of cold

water hydrolyzeés the esteérs back to cellulose in a different form. . This -

process was also used; substituting "Rayocord F!, a highly purified wood

cellulose produced by Rayonier Inc., for filter paper. It tended to give
a lumpier precipitate. '

The third type of dispersed cellulose used and designated as

Meuprammonium cellulose', was prepared according to the directions of
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‘Kellerman and McBetﬁ (1912). Filter paper was dissolved in Schweitzer's
reagent (ammoniacal solution of coﬁper oxide) and precipitated out in
floes. by the addition of diiu@e hydrochloric acid. This then had to be
wéshed:repeatedly with water'in order to remove the chloride ions. The
waghihg process was be;t-carried out by allowing the precipitate to settle
qut in a giass cyiinder of several liters capacity. After_settling, the
supernatapt"water was siphoned off and fresp\water added and mixed with the
" flocculent mass. In this way after many washings, the supernatant ;iquid
would give a negative chloride test with silver nitrate and the cupram-
monium éellulo;e was -ready for use. It was concentrated by se£tling for
seyeral days, after which time the clear superﬁatan£ ﬁas removed. .The
percentage of cgllulase'was‘determinéd by drying and weighing 100 ml
§liquots of the resulting preparation. Thé-final product had a-conceqw
tration of 0.5 to 0.6 per cent cellulose. °
| | Préliminary studies

In order to beéome acquainted with the aerobic celluloéefdecomposing
Bacteria,'the firét investigation was an attempt to study five ?ultures
of bacteria which at one time were known to be céllulolytic., These
bacteria were very versatile and would grow on ordinary laboraﬁory media.
To check the purity of the cultures and to determine ﬁhether or not they
were truly cellulolytic, they were plaﬁed and streaked on a mineral ‘base
cellulose agar. Thelr failure to grow on thls minimal medium prompted the
addition of a small concentration of yeast extract to the medlum to pro-
-vide growth factors. On‘thig medium - there was growth but no cellulose

digestion, indiqéting that the organisms were growing by utilizing the
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1yeast extract. Repeated attempts to demooetrate cellulose digestion by
these organlsms were carried out over ‘a perlod of twd months. All of’the
results were negatlve. It was therefore concluded that the original
cultures were contaminatéd ‘and that the contaminants had overgrown the
cellulose-decomposing bacteria during the several months that the cultures
had been maintained on_stock culture agar. It is very likely that at the
time these cultures Were obtained there were no celluloseé-digesting
‘ oacteria_pre_sent° .Thereforé, these cultﬁree were discarded ah& the attempts
to isolate fresh'strains of aerobic cellulose—decomposing bacteria were
initiated..
‘Isolation techniques
An attempt was mede to obtain enriched cultures of‘cellulolytic

bacteria by partially'burying.pieces of filter.paper in small diehes'of
soil collected from various sites. The soil.sample and the partially—
buried filter paper were kept moist by the daily aodition of water or a
dilute solution of potassium nitrate. Other enrichments were tried by
~mixing ball-milled ‘cellulose with soil which Was‘kept moist. ’TheSe, how-
ever, were discarded‘because the addition-of that type of cellulose altered
the soil structure in such a way that it tended to dry to a hard 1mpenem_
traple_mass. The fllter paper-soil mixtures were left standlng in the
laboretory and were examined daily for signs of disintegration of the paper.
According to Waksman and Sklnner (1926), the'additioc of cellulose to a
eoil made relatively little oifference iﬁ the numbers of bacteria present
in the. sample, but brought about an appreciable 1ncrease in the numbers of

fungi. Apparently that was the case with the above-mentioned filter paper-
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soil mixtures, because the paper observed to be disihtégrating was covered
with mold growth. It may have Been that the soil samples used were acid iﬁ
reaction, .in which case the filamentous fungi would have been very dctive
(Waksman and Skinher, 1926; Dubos, 1928b). The pH of the soil was not
determined. All attempts to isolate celiulolybic bacteria firom these en-
_richments were unsuccessful, They were abandoned because of the diffi-
culties involved in separating aerobic bacteria from enrichmenfs overgrouwn
with filamentous fungi.

At the. same time that the filter paper was buried in soil, similar
soil samples were placed into . .liquid eﬁfichmenh media dontaining cellulose
in the form of filter paper strips. These enrichment media were prdpdsed
by Bradley and Rettger (1927) and Dubos (1928a) and were éssentially the
same. They consisted of inorganic minekral nutrient solutions in whiéh the
strips of filter paper ﬁere partially immersed. According to users of this
technique, the aerobic bacteria were supposed to grow on the filter paper
at £he liguid=-air juncturé,'and to cut the paper qleanly across as they de-
composed it, In some cases the filamentous fungi were dominant and were
seen growing on the moist filter paper just above the liquid. These
.cultureslwere discarded because of the difficulties previously encountered.
From those flasks which wére apparently freé of mold, bits of disintegrat-
ing paper were transferred to fresh flasks of similar sterile media, ¥rom
these cultures dilutions of the decomposing paéer were made'in an attempt
to isolate the cellulelytic bacteria in pure culture. This was done by
plating in celluloée agar and alse by adding some of the diluted material

directly to the surface of nutrient agar plates which had been first
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covered wigh rounds of sterile filter paper. After four days incubation
X .

at 35 C, the cellulose agér showed signs of digestion. Sma;l areas of the
plateés showed cleéring of the opaque medium without the formatien of a
well-defined colony. Accompanying the dissolution of the cellulose were
smgll_indenta@ions in the agar, -indicating that the agar, too; was being
Qigestgﬁ, _Picking from tﬁese areés.an attempt was made t6 purify the
organisms causing the~breakaown by again plating on cellulose agar. .Again
similar zones of cleafing appeareq and these were picked under the dis=-
secting microscope (27x) to slafits of éellulose agaf. About three weeks
'later, a check for purity was made from tﬁoseAglants showing excellént di=
gestion, Microsecopic examination sﬁéWed mixtures of cocci; spore=forming
rods and weakly-staining filaments. The mixed cultures were purified with
the use of celiulosé, glucose; and starch agars; None of the spore-~formers
_were cellulolytic,- Digeséion stafted'onlthe ¢ellulose agar platés with
small areas which iri¢creased in size with age. At the same time; dépreév‘
sions in the agar'accompanied the cellulose digestion, and also grew iﬁ
size with age. However, in those areas, no definite colony wWas ever de-
tected, Gram stains made from smears of the areas showed gram ﬁegatiVe
weakly~staipingvfi}amep@s and large yeéstalike(ccccié Thege were considered

to be members of the Myxobacteriales, with which the investigabioh was not

concerned and the cultures were abandoned. The agar plates wulich had beén

COVered with filter paper became overgrown with molds and were dlscarded°
In order to prevent drying out of the medium during prolonged incuba=

tion periods, it was necessary to use moist chambers as containers for the

'pebri plates,v For this purpose wet absorbent cotton wasg placed in a
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coffee'pan or similar container which had & lid. When a larger container
was used for incubation purposes, small bedkers of water were placed within
it to creat a humid atmosphere. Moisture was a factor which seémed im-
portant in thg decompogition, for when plates were incubated without added
' moisture, the digestion of cellulose was prolonged or did not. occur at all,
At intervals the moist chambers had to be steriliééd to kill the mold -
.spores wﬁich bec;me abunaant.
The enrichment culture method, used and described by McBeth and

Scales (1913) for the isolation of their cellulose-digesting organisms, was
tried next. The nﬁtrient enrichment medium consisted of 0.l per cent di~
basic potassium phOSphate; 0.1 per cent magnesium sulfate, 0.1 pér cent
sodium carboﬁate, 0.2 per cent ammenium sulfate, 0.2 per cent calcium car-
bonate, and tap ﬁater. 100 ml portions of phis inorganic nuﬁrient solution
were placed in Erlenmeyer flasks pontaining rounds of filter paper which
had been folded to~quartersr The‘paper was entirely immersed in the liquid;
One gram soil samples wefe used as inocula, and thq flasks were incubated
.at 35 C. In é few days there was a noticeable fraying of the upper quar-
ters of the folded filﬁér papers in the flasks., In some cases this was
Preceded_by a plbuding of the solution and accompénied by a yellow or
brgwn”diﬁcploration of the paper. One flask, however, showed none of thisl
prelimiﬁary turbidity aﬁd no yellowing. As soon as the frayed appearance
became apparent, bits of the disintegrating filter paper were transferred
to a fresh‘flask.of the same medium. The paper readily fell apart wﬁeq it
was shaken in a tube of sterile water in contrast to the uninoculatea_con-

trol paper which retained its structure. Three or four successive trans-




o B
fers were made as soon aé decomposition of the filter paper becamé evideﬁt.
This tended to inc?easé-the numbers of bactérié ﬁhich would attack the
cellulose without.alloWing the. development of the bacteria which might grow
on the decomposition products of the cellulése. From the latest transfers,
attempts were then made to isolaﬁe the agents causing the‘destruction of
the filter paper by streaking gellulose agar plates. Here there was a
digreésion from.the oriéinal method advocated by McBeth and Scales, who
;9¢ommended pour-plates instead of streaked plates. The cellulose agar.
st;egked-plates were incubated at.BS,C and in four days, showed abun&ant-
growth with vague patches of digestion of the cellulose. Some of the
growth over the area. of digestion was suspended in sterile water and re=
sﬁreaked; Eurther streaking from the digested areas, no matfer how dilute
the inoculum, gave rise to a uniformly spreadihgzgrowth which showed
digestion but ﬁo isolated‘colbnies; This typé of growth could not be éon—
sidéfed to be pure. Since the type of spreading growth indicated that the
bacteria were motile, it was' obvious tﬁat the only alternative was to pre-
pa?e dilutions frOm the bacterial growth and also from frayed paper in the
enrichment cultures, and to make pour-plates as McBeth and Scales directed.
These were made with agar containing ball-milled cellulose and also with
that containing Scéles cellulose. Because guantitative studiéS'Were not
involved here, dilutions wére made by suspending small pieces of diéinteé
graﬁing paper or bacterial growth in a tube of sterile water, mixing well
and pouring a small amount of the mixture to a second tube of sterile water,
and so on to about eigﬂt’dilutitha About one ml of each dilution was -

placed in a pétri dish and mixed with cellulose agar, After three or four




- =21~
days incubation at 35 C, isolated colonies surrounded by small clear zones
were observed on plates of ﬁhe.higher dilutions. Such isolated colonies
were picked by means of micro-pipettes under a dissecting microscope. In
this way one colony could be picked‘carefully witﬁ less chance of éontami—
nation.  The colonies picked in thié manner were replated in cellulose agar.
by the dilution method just described. if was .soon found to be more advan-.
tageous to make pour.plates from test tubes containing 10-12.m1 of sterile
cellulose agar, instead ef first making the dilutions in sterile water.
Part of a cellulose-digesting colony waé suspended in the first tube and
'the'tube closed with a sterile rubber stoppef.. The tube,was then inverted
several times to insure thorough mixing. One large loopful waé trans-—
ferred from the first tube to a second which wés similarly stoppered and
inverted. Two loopfuls of the second dilution were transferred to a third
and final tube, At first five dilutions were made in this manner, but it
was soon found that three were sufficient. The media in the tubes were
then poufed ipto pgtri plates and allowed to I';arden° Usually the first
plate was too thickly seeded but the second had well-isolated colonies,
vhile the third had only a few colonies or none at all, This was especial-
ly useful'in'conserving time and media.

After several transfers, all coléniés on the cellulose agar plates of
any one culture appeared to be the same, A critical tes£ for culpure
purity, however, wés then appliéd in which a sinéle coioﬁj was picked from
"a cellulose agar plate to glucoée‘or cellobiose agar bour—ﬁlates and from
the subsequent groﬁth,‘a siﬁgle well-isolated colony was pické§ for further

study. This passage through cellobiose or glucose agar would allow any l
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contaminants to'grow and indicate..any impurity of’the'cglturés. The cellu-
lose-digesting bacteria wgrévalso able to grow faster on these media, '
1esséning the danger of contamination of the plates from the air. The
colonies éickéd from the sugar media were then inoculated into cellulose
agar to make sure tﬁat cellulolytic baétepia instead of cpntaminating
colonies had been picked. This rigorous proof.of culbture purity appeared
to be necessary‘because of the confusing morphological charactgristiés of
the bacteria and also because of tﬁé fapt that.many bacteriologists are ex-
tremely skepticél_of the‘pufity of all of the cﬁltures of the cellulose-.
digesting bacteria. | | '

| ~Cultural studies

The pure cultures of cellulolytic bacterié were examined for morphol=—
ogy by studying gram-staired preparatioﬁs from 20-hour cultﬁres in glucose
broth and also from coloniies on cellulose agar. Dimensions were determined
by means of an ocular micrometer. Motility was ascertaiged in semi-solid -
agar and in hanging-drop pfeparapionsa- Flagella stains using Gray's method
were also prepared. Observations of colonial appearancé Were_méde-from
cellulose agar. The type of growth ip nutrient broth and also on nutrient
agaf slanis ﬁas-observedg,-

Physioiogical characteristics were determined in duplicate éets of
tests. The orgahisms were tested for reduction of nitrates in nitrate
,broth, for production of indole in tryptone broth, fér liqueféction Of
nutrieﬁt gelatin, for changes produced in milk, and for the,fermentation of-
glucose, lactose, sucrdsé, starch and celluleses

Several factors influencing the rate of cellulose digestion were also
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examined. These were various organic nitrogen sources, pH, incubation
" temperature and type of cellulose.
EXPERIMENTAL RESULTS

Successful isolations of pure cultures'of three strains of aerobic
cellulose-digesting bacteria from'the soil were'ﬁade.oj'following tne
technique of McBeth and Scales (1913). Briefly.tnis consisted of eﬁriching
the numbers of cellulose-decemposing bacteria ih a'liéuid;medium'conteining
1mmersed filter paper, followed by 1solat10n of the pure cultures wrth the
use of solid cellulose agar,_ Pefinite purlty wa.s” establlshed when a 31ngle
colony from glucose agar could be plated on cellulose'agar and glve:rlse to
cellulose-dlgestlng colonies which were all allke. A fourth-culture~was-
encountered as a fortuitous plate contaminant. Gultures 2-R, 2-F, -and
11-A were isolated from the soil., Culture 11-C wes:tne plafe contaminent.

Cellular and colonial morphology ) R

The four stralns of cellulolytlc bacterla 1solated were of two morpho
%oglcal types. Culture ll-A when stained from a 20—hour glucose broth
culture, showed sma}l gram positive rods, some w1th one end p01nted,
meesuring about 0.4 to 2;0 microns. The cells appeared in typicai angular
diphtheroidfarrangements. Stains made from colonies on cellulose agar
showed:small gram variable rods of uniform size and with rounded ends.
Some of the cells had a granular appearance. No spores have been seen in
the course of many examinations. A fiagelie stain by Gra&'s method shoued
the presence of 1 to 3 lateral flagella. .Thé morphological appearance of

these organisms was variable with age and variations in media and cultural

methods.
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Cultures 2-R, 2-F, and 11-C were very similar to each other morpho-
logically. On gram stains made from 20-hour glucese broth cultures, they

were gram negative to gram variable straight or curved long rods, with

rounded ends and an average size of 0.5-0.7"% 5.6 microns. Flagella stains

were not successful, but growth characteristics_in semi-solid agarland of
surface celonies’indicated'that the strains were motile., Polymorphism was
very noticeable, especially when the bacteria were transferred from cellu-
lose to a new type of hedium.i This‘exhibiped'itself as lengthening of the
rods, central swellings, formation of gram peositive granules ard faintly
staiping "ghost cells." Spore:fermation has not been o@served but ip_was
interesting to nete that culture 2-R, whenvgrown on glucose agar slants,

sometimes exhibited subterminal roumd to oval swellings which looked very

much like Tetrault's (1930) drawlngs of his piémented thermophilic bacteria.

He theorized that the strange morphology might be a stage in the life cycle
Colonles of straln 11-4 in cellulose agar plates, had a characberlstlc
popcorn ball appearance when v1ewed under ‘the dissecting microscope
(figure 1). Tlear zones appeared surrogndlng them after three or four days
and became gradually larger as the culture grew older. The clearing,
therefore, appeared to be due to the action of a cellulase which was dif<
fusing outward from tﬁe colony. It was also noted that these bacteria
appeared to be agar digeeters as shown by slight sunken areas above deep
eolonies after prolonged incubation. . Ih celluleee and nutrient agars, the
growth had a sllght yellow coloratlon° Surface colonies were raised,

butyrous, and sllghtly spreading. Growth in broth was uniform,

2




Figure 1.

Colonies of strain 1l-A-in agar containing
ball-milled cellulosé, incubated 1, days
at 35 C. The large colonies are on the
surface of the medium; the small ones are
embedded within the agar. '
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‘Colonies of culture 2-R (figuré 2) in cellulose agar characteristic~
aily had a flower-like appearaﬁce with parts of the colony projecting like
petals. Chromogenesis was never obsgrved; Clear areas of cellulose
digestion first appeared in aboﬁt two days increasing in size as the
colonies became older.

. Btrain 2-F produced coloﬁieé which differed from 2-R in that ﬁhey were
initially disc-shaped (figure 3). In a short time, however, they acquired‘
the appearance of threé disc-shapes coming together at a point, similar to
the pefais of the trillium. These sometimes.kepf the trillium-shape or
gradually added on more digcs. Insertion of the fine.point of an inocu;

' lating needle showed that these dises of growth were hollow. Digestion of
the celiulose was evident sometimes as early as 36 hours. Afeas of

" digestion aé large'ag nine millimeters in diameter were sometimeé produced
in 10 days. | | |

-Cnlture‘nﬁmber 11-¢ was‘fqﬁnd as an air contaminant on a plate of
cellulose aéar, "Colonies of ﬁhebstrain'in cellulose'agar were npnmchromoa

genic and were characteristically round with serrated edges. Cellulose

digestion usually appeared in four or five days but was not as complete as '

with the other cultures. - \

On glucose and cellobiose agar.slants, sﬁrains 2-R, 2-F, and 11-C had
thg same appearance. Growth was translucent and had a clear syrupy appear-
-ance. It was not luxuriant. In broth media, the growth’of these three
strains was initially uniform; but in 58 hours it had becdﬁe a granular

sediment .




Figure 2. Culture 2-R in ball-milled cellulose
agar, incubated for 14 days at 35 C.
The large spreading colonies are
growing on the surface of the medium;
the small colonies are subsurface,
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Figure 3.

Colonies of culture 2-F growing in
cuprammonium cellulose agar, incubated
7 days at 35 C. The characteristic
trillium shape is present.
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:Physiology
The physiplogical characteristics determined were the same for all of
the four cultures, Nitrapes were reduced ﬁo nitrites, Glucbse; lactose,-
sucrose, and starch were fermented with.thé production of acid bui no gas.
Tests for the production of indole and for gelatin liquefaction were négam
tive where growth occurred. No change was noted in litmus-milk. Differ-

ences could be'noted only in morphological and colonial characteristics -

(table I).
Table I

Physiologicél characteristics of cultures

Physiological reaction . - Culture number
11-A  2-R  2-F 11-C

Nitrate reduction £ £ 4 #
Indole production - - - -
Gelatin liquefaction - - - -

Fermentation of:

Gluéose # # # *
Lactose # # 7 #
Sucrose #~ # # #
Starch “ # # # #
Changes in litmus milk none none none none

Classification

Bergey's Manual Qi Determihative Bacteriology (Breed et al., 1948)

was.searched-in order to find some clue as to the classification of the
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organisms isolated. Strain 1l-A is possibly a member of the genus

Corynebacterium, but @he oqiy baseé for this designatién are the gram re-

a%fion and the diphtheroid afrangemént'of the cells. The only cellulo-

lytic Corynebacterium listed in Bergey's Manual is C. fimi, which differs

from strain 11-A4 by not being motile and by the production of indole.

Comparisen with the geﬁus=Cellfalcicula was also aﬁtempted, but differ-

encges were so great that tﬁisAgehus was exeluded. It is very possible

that this organism has not been previously described.
The description of the genus Cellvibrio suggeéts that the strains 2-R,

2-F, and 11-C may Be members of that genus. The description is as follows:
"Long slender rods, slightly curved, with rounded ends, show deeplj
staining granules which appear to be concerned in reproduction.
Monotrichous. Most species produce a yellow or brown pigment with
cellulose. Oxidize cellulose, forming oxycellulose. Growth on
ordinary culture media is feeble. Found in soil."

Although the cultures were motile, the type of flagellation was not ascer-

‘tained. Pigment production was not noticeable after the cultures were

' purified. The oxidation of cellulose to oxycellulose could not be used as

a classification criterion because the description of this compound is ex-

tremely vague (Siﬁ, 1951). Again a diligent éearch,of.Bergey's Manual has

not rgvealed a p9ssible clagsification of the organisms isolafed'and they,
too, must be cpnsidered as possibly being heretofore undescribed.
Effeet of varioﬁs factors onfcelluldse digestion°
In order to determine ﬁhe conditions best suited for‘cellulose decom=
-pqsition by the four st?ains-of aerobic cellulolytic bacteria isolated, a.
series of testes were performed to find the effects of various modifica-

tions of the medium used for isolation.
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Nitrogen source. :Iu addition to the ammonium hitrogen of the basal
cellulose medium, single organic uitrogen sources in the form of aspara-
gine, beef extract human blood serum, peptone, sheep rumen fluid, or
yeast extract were added in the concentrations shown in table II. 'In
these media, both cuprammonium cellulose and Scales cellulose were used;‘
Duplicate sets of plates uere made of'eech'strein in each nitrogen source
and in each cellulose. One sé£ Was'iﬁcucated'et room temperature (about
28 €) and thée other at 35 C., Plates wefe'observed‘daily,and‘the reading of
the tentﬁ'def appears in table.II. -Iﬁ this'fsble and in all subsequent '
tables, V= b 1nd1cates elther no growth or poor growth w1th no v1S1ble
decompogition of thetcellulose, An 1ndlcates slight dlgestlong nLLL L
signifies,good digesfioﬂ, and the other'velues are relative to these. In
cases'in which digesﬁion could not be observed without the. use of magnifi-
cation, the:fesults were recorded as negative., As a result of thls eXperiu
ment, most of the subsequent cultures were grown w1th thHe added nitrogen
source which gave max;mal cellulose decomp051t10n namely, beef extract,
peptoneAQr yeast extract. Increased amounts of beef extract and.yeast emQ
tract did_not lnCrease'the rate of cellulose digestion, Culture. ll=C was
not used in this experiment because it had not been obtained in pure
culture at that time. /

pH. The cultures were plated in ball-milled cellulose media from
which calcium carbonate had been om:.tted° Portlons of the media were ad=

justed to pH values of 5 5, 6.0, 6.5, 7.0, 7.5, and 8.0 with sodium
hydroxide or phosphoric acid using a Beckman pH meter. It was found..

necessary to adjust the media after autoclaving because the sterilization
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process éhéngé&‘tﬁé“bﬁ, The plates were'incuba£ed at 35 C and observed
every other day £or 10 days. Thé benth day reading appears in table III.
Good cellulgéé'déébﬁpdsition was observed atlpH values Qf 7.0 or above in
a;l cases., This is in the pH range méinbained by the use of caleium
carbonate; thereforg,'all later experiments were carried out on mgdia‘COnQ o

taining 0.l per cent calcium caivbof_late°

Table III - o ‘ - |

Effect of pH on céllulose decomposition

qulﬁﬁre Nifrogen pH

. source - : _
5.5 6.0 6.5 7.0 7.5 8.0 ‘

-4 0.5% - - s oo M
peptpne ’

2-R 0.2 % beef - - aa Vs e aal
extract

2-F 0.2 % beef .
extract

11-¢ 0.2 % yeast - - - Add A A
extract . .

Temperature. In order to determine the optimum temperature aﬁ which
the cellulolytic activities éould take place, the aerébic cellulose~
digesting bacteria were plated in‘quadruplicate in cuprammonium cellulose
.agar apd replicatéS'were'incubated at temperatures of about.26 ¢ (room
temperature), 35 C, 40 C, and 535 C. These were observed daily for nine
days. ‘Maximum differences were shown on the fifth day and the results are
recorded in table IV. Except for. culture 11-A, which showed ‘maximum

digéstion at 35 C, there was little difference between the results obtained
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at 35 C and 40 G. None of the cultures grew at 55 C.

Table IV

Effect of temperature on cellulose digestion

Culture  Nitrogen source - Temperature (C)
26 35 - 4O 55
11-A 0.5 % peptoﬁe 4 Aok - -
2-R 0.1 % yeast extract 4 vy, ;;; .
2-F 0.2 % beef extract: / At ;; -
- 11-C 0.1 % yeast extract . / ;*. it =

Method of cellulose preparation. Since various:invéstigators'have
'recomﬁended different metﬁods of preparing cellulose for the demonstram
fion of cellulolytic activity and since pellulose'prepared by three
different methods had béen used in these sﬁu&ies, it was thought to be
advis;ﬁle to determine which gellulose was most readily attacked by ‘the
organisms isolated. Media containing cellulose in concentrations
sufficient to give a good dpacity were prepared aﬁd used fof plating the .
different culturegq The plates were incubated at-35 C and observed for
five days at the end of which time the results given in table V were
recorded, It appears that either cuprammonium cellulose or ball-milled

pel}ﬁlose gave about equivalent results. Scales cellulose (precipitated
from sulfuric acid), however, was podrly digested by most of thelorganisms
in this experiment.. This may have been due to @he preparation of this
particular batch of ‘cellulose since great variations in the appearance of

the several lots were noted.
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Table V

Effect of method of preparation of cellulose upon its digestibility

Cﬁliure‘ ' . Cellulose
0.5 % cuprammonium 0,3 % ball-milled 0.5 % Scales
cellulose cellulose ‘ cellulose
11-A £ | 4 y
2-R # : # | : -
2-F e # s
n-¢ A A #

Associated microflora., During the process of purification of the
11-A culture, an interesting phenomenon was observed. The growth and
digéstion of.cellﬁlose were markedly greater beneath and suproﬁnding a
large round créém—colored ﬁlatg contaminanﬁ; ‘Believing tgat this new
colony must be producing some growth factor or other substance which E?j=
enhanced the growth and cellulose-decomposing.abilities:of strain il—A,
the contaminant was isolated in pure culture and the followiﬁg prelim-
" inary tests wgré made to determine the nature of the enhanéing factor,
Cellulose agar plates uniformly seeded with culture 1l1-A had one drop of
eaéh of the following preparations of the contaminant placed on gseparate
guadrants of'the blate. |

(1) A broth culture .

(2 A filtrate from thé broth culture

(3) (1) boiled for five minutes

(4) (2) boiled for five minutes
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" Visible growth of the contaminating organisms on (1) was present in
.24 hours, but no cglluloééadiéesting bacteria were observed until the
third day of incubation at 35 C. At that time, with the aid of a
dissecting microscope (27x), colonies under the section marked (1) were
noted to be somewhat larger than those on the rest of the plate,and there
was slight digestion visible. By the'fourth day there was definite cellu-
lose digestion under area (1) and slight’digestion under (3). The areas
(2) and (4) showed no differenéés from the untreated areas of the plates,
and at no time up to a montb_did any differences appear. Howe&er,‘the |
area (1) colonies grew to. a greéter size and had larger areaé of
digestiqﬁ than ény-othér part of the plate. Area (3) seemed not to in-
fluence the size of the colonies as much as it did the digested areas..v

Prom the results of the above experimeﬁt, it may be assumed that what-

- ever was affecting the growth an@ cellulose-digesting abilities of culture
.ll-A must have bgén closely assbciafed with the cells of thé contaminant
and was not necessarily pr;sent_in the medium in any large concentrations.
Also, the product must have been somewhat thermostabile since it was not
entirely inactivated by the action of heat.

Since the contaminating bacteria gréw 50 reédily on the celluloﬁe
‘medium, it was thought to be at least weakly cellulolytic in itself. Pfo-
longed incubation of“pure cultures of the contaminant'reyealed that it was
weékly Celiulolytic, This may have been one §f the symbiotic relation-

ships so often mentioned in the literature.

Sanborn (1926a, 1926b) studied associations of Cellulomonas folia

with Actinomyces colorata, Azotobacter, Bacillus mygoides, Bacillus
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subtilis, and Bacilius ceréus, and found there was a stimﬁlation in the

growth and physiolpgicél efficiency of the cellulose-destroying

\Cellulqmonas folia. Harmsen (19L6) did work on the stimulation of cellu-

lolytic activity by the addition of extracts of vegébable and animal

" matter, soil, and metaboliec products of other microorganisms to the culture -

medium° ‘He, too, observed that accidental ihféctién of the platés by
Bacillus species often furthered the growth and decdmposing,abilities of
the cellulose bacteria growing around them.

) ;Périin, Michae;is, and Mgfarlane (1947) grew their cultures of Vibrio
Qeyimgstrix iﬁ association with another vibrie because the cellulose
decomposition was more active than when:‘l° perimastrix alone wa§ used.
DISCUSSION

A variety of culture'methods were used in attempting the isolaﬁion of
aerobic celluloi&tic true bacteria from soil.

The first method trieé, that of putting filter paper in/the moist
soil samples, was not satisfactory because the fungi were the firét to
visibly digest the paper. These, of course, would be difficult to
separate from the aerobic bacteria because of their sporve forma#ion and
their rapidly spreading growth, ‘

The technique of using filter pépef stfips partly immersed in the -
nutrient solution was not found te be successful beecanse this method, too,
"tended to bring forth flora that was not sought in.the inves’t',iga.l‘,iorll°
'Sometimes the moist paper abqve the liquid surface was suitable for mold
growth, but moere frequently ﬁhe method resulted in the enrichment of

members of the Myxébacﬁeriéles, These grew at the liquid-air junction on
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the filter paper. ‘
Tﬁe method of MeBeth ahd Scales.appeared to be thé most_satisfactory
if one follbwed'their directions exactly. Using this method, three cul-
tures of aerobic cellulelytic true bactéria‘were successfully isolated

without difficulty, and it is to be supposed that other cellulolytic bac-

teria could also have been readily isolated from other soil samples. “This

confirms the results of Kellerman et al. and Harmsen and'makes it appear
that much of the criticism aimed at Kellerman and His co-workers was un-
founded. |

It appears from the above that the method of enrichment aﬁd/ér iso-
.lation is an important factor in the type of organism which is finally
isolated. ,Sinée there are so many groups which contain cellulose—décom—
posing representatives, this is not surprising. In view of this‘fact, one
must use an isolation method found most suitable for iéélation of the par-
ticular groﬁp sought .

‘Although Harmsen H&é:expressed a similar view and has éultiygted
cgllulolytic representdtives of many groups of microorganisms, a complete
Su;vey of the cel}ulose—decomposing micro&rganisms and their classfication
has not'beeh attemﬁted, The results of this study indicate that the .
classifidation of cellulose~digesting ofgaﬁisms is in a sad state.

The four cultures obtained in this study were not found to agree with
any organism described in Bergey's Manwal, énd thefefore, may be new pfe~
viously undescribed species. It is thought uﬁwise'to attempt to estab-

lish the organisms as new species until classification of cellulose-decom-

posing bacteria has been revised.
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The conditioﬁs that were found to favor cellulose digestion were
about those that Woulq be expected from the results of earlier workers.
On reflection. it was realized that these were the.coﬁditions that were
used for their enrichment and isolation. This information is valuable,
however, in planning future experimeﬂ?s with these organisms that may
lead to a better underétanding of the'modes of their attack on
cellulose,

SUMMARY
Three s@rains of aérobic gellulolytic‘bacteria,of the order

Eubacteriales were successfully isclated from soil samples of the Montana

s

State.College area by making use of the technique of McBeth and Scales.

A- fourth sﬂrain came from accidental contaﬁinatioﬁ of a plate.of cellﬁlose
agarg Physiological stgdies and cultural characteristics of the four . .
pure cultures fajled to give any hint as to their positive identity and
they may be considered as possibly yet undescribed species. The flora
isolated is depehdent upon the méthod or methods and conditions used

for isolation,

h Studies made on optimal conditions for growth and cellulose~decom~
posing abilities of these organisms y?elded results comparable to those
of other qukerg in the field., It was found that a pH in the ;ange‘of‘
7.0-8.0 was most favorable for cellulose digestion. -The addition of
small amounts of beef extract, peptone, or yeast extract to the medium
increased the rate of growth and cellulolytic activity. In generai it
was.found that a temperature of 35-40 C.was the most favorable for

-growth, Ball-milled and cuprammonium cellulose were found to be more




40~

uniform than that prepared by Scales method and consequently_gave more

consistent results when used for measuring the rate of cellulose digestion.

Some cases of ihcreased cellulose-decomposing activity by the

b

-. presence of associated microflora were observed.
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