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I. IBTRODUCTION

The chemistry of ruminent digeastion is unigue in
that bacteria elaborate various enzymes which play an
essential part in the well-being of ruminent an&malg.
The mammelia de not have the espacity to seorete
eellulolytie enzymes, but in the rumen of the herbivore
large numbsrs of miaraarganiama ara present which digest
the cellulosic plant maﬁerial, throuzh the agency of
thelr enzyme systems, and produce end-products that
may be utilized by the host, A symblotic relationship
therefore exists between the rumen miercorgsnisms and

the animal Ain question.

The knowlelge of the enzyme syatem effecting the
primary attock on cellulose by rum@n miercorganiems is
very meager. The conventlionael view ie that exoenzymes
bring sbout the hydrolysis of this large polysaccharide
with consequent liberation of glucore. The latter then
1s subsequently further dissimilated within the baeterial

cell to form the various snd=products.
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It 42 not known whether gellulose dextrins are
produced in the enzymie attack of cellulose by rumen
mieroorganisme. Reese, S5iu and Levinson {102) and
Levinson, Mandels and Reese (67), using a nunmber of
cellulolytie mold filtretes, indleated that two types of
hydrolytie systems may be concerned in the degrasdation
of cellulose to the soluble sugars. The primary attack
on the cellulose molecule would be the rupturing of the
erogs~linkages in the molecule of the polysaccharide
thus resulting in the produetion of linear, polysnhydro-
glucose chaina, The second attack would then be the
subsequent hydrolysis of these linesr chaines to produce
so0luble, smaller moleeules capable of dlffuslon inte the
baeterial cell.

The present investigation was undertaken to further
the knowledge of the chemigtry of cellulose digestlion by
the rumen mioroorganisms with epeeclsl reference to the
earbohydrate intermediates formed. In order to elucidate
the serles of blochemical transformations undergone by a
substrate molecule, the breskdown products must be
identified. |

In this work, the use of becterisl and/ér enzyme
inhibltors and filter paper chromatograsphy have made

possible the study of the action of rumen micrcorganisms



on oellulose, such as filter paper snd alphacel, and sellulose
derivetives, namely the water soluble carboxymethylcelluloses.
Runen flﬁi&; washed rumen mieroorgsnisms, rumen isolates, and
cellulolytic cell~free bacterial extracts #rmyared from the
rnman\mxaraargan&ama and from a gulture isolated from the
rumen have 211 been studied as to thelr mode of aetlion on the
gellulose molecule.



II. REVIEW OF THE LITERATURE

A. Introduction

The subject of rumen mierobiology covers msny pages in
the selentifle literature and has been reviewed from time to
time by a number of investigatore (7,36,42,44,53,75,80,91).
The tople in general covers a vast fleld of mierobliological
aetivities including cellulose, stareh and protein digestion
a8 well as vitamin synthesis, The literature on all these
subjeets will net be reviewed here. However, pertinent
materisl on the metabolism of cellulose by the rumen baeteria

including related information will be discussed.

There are no cellulases in the &ig@utivé Julces of
mamnals and the breakdown of cellulose, whenever it ocours,
18 brought about by mleroorgenisms, whiech obtain their energy
for growth by the fermentation of this and related materlals,
Ruminante have in sddition to an enlarged ocaecum and colon,

8 modified and capacious gastric system. This forms the main
fermentation chamber and is well adapted to maintalin & large

and setive population of miercorganisms,

The early work on the breskdown of Tiber in the ruminant
has been comprehensively reviewed by Mangold., A condensation
of this review is given below: (74 p, 648)



The process of dlgestion of flbre . . . was
first obeerved by Sprengel in 1832, described by
Haubner and Bussdorf in 1855, and subjeoted to
exapgt chemical study by ﬂann&barg and Stohman
over the period from 1860 to 1B&L . .

* .

The bacterisl nature of Tibre digestion in
the rumen and intestines of ruminants was
demonstrated by Scheunert in 1909 and by
Ellenberger in 1915. The nature of the flora
wae carefully studled by Ankerschmidt, 1905;
Hopffe, 1919; Henneberg, 1922, 1926; and by
Bchieblich in 1929 and 1932. It has been shown
by Teppelner in 1882, 1885, and by Zantz with
Markoff and other collaborators, in 1913, that
the end produsts of baeterisl fermentatlon of
fibre are gases (carbon dioxide, methane and
hydrogen) and scids (acetic, lazctle, butyrie,
lesobutyrie, velerianie, formic, propioniec and
suceinie).
The presence ¢f the gass¢s and organioc acldn as end-
produete resvlting from the fermentation of eellulose in the
rumen has been confirmed many times by other workers (132,90,

97,144},
B. Nsture of the 6@11&1@1&%1@ Micerocorganlsme

~Little work has been wén&aataﬁ in order to éﬁtarmins
whether partieular mieroorganisms csn be sald to be funotional
menbers of the rumen populstion. Baker (73,6) classified the
normal rumen microflora and microfauna of cattle firstly on
theilr starch lodine reaction, seecondly on their size, and
lastly on their morphologicel type. Later, ¥laden snd
Phillipson (36) stated two requirements that must be fulfilled

before an orgsnism ean be classed ag an active rumen beseterium:
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{(a) the orgenism muet perform a chemiecal reaction known to
oeccur in the rumen; and (b) the organism must be present in
the rumen in numbers sufficlient to perform this resction.
Recently Cell snd Huhtsnen (b0) described a number of sriteria
for ludging vhether a becoterium 1solated from the rumen is &
true rumen organism, These criteria sre: (a) anaeroblosis;
{b) presence in numbers of at least one million per gram of
fresh rumen contents; (e) at lesst ten isolations of a similar
type bacterium from two or more animals; (d) isolation of
gimilar type bacteria in at lesst two gsographical locations;
and (e) production by the organism of end-products found in

the rumen from substrates found in the rumen.

The isolation in pure oulture of anasrobic cellulose
bacteriz has only been schieved with sucoess in recent years.
In the ruminant the breskdown of celluloge seemed to be
sssociated with lodophlle bacteriz which were found in
large numbers on the surfeee and within the enzymie cevities
of the plant tissue and sleo on pure cellulose (4,5).

Hungate, in his studies on cellulose fermentation (51,
52,54,55), has outlined a technigue for isolating anseroble
bacteria. He wes sugcessful in obtalning & pure culture of
Clostridium cellobioparus from the rumen of eattle, and stated
that 4t differed from other bacteria in this group in being
- easily isolated and in growing well on both glucose and



celloblose (51). A number of monogrephs have stated that
cellulose~digesting bacteria graduslly leose thelr fermentation
properties when grown in an lsolated state. Hungate (51)
suggested that this gradual 1088 of cellulose~fermenting
ability mey be due to the appearance of mutations in the
parﬁ&auiar strain., However this investigator observed that

um cellobioparus did not

show any tendency toward loss of cellulose-digesting cepaelty

his isolated culture of O

during four years of pure culture. The faot thet cellulose
bacteria aﬁyaaréa to retaln their cellulose-digesting
capacity to a2 graatar degree when in mixed cultures (54) may
be explained in that coexisting forms were present and pleyed
s symblotiec role in the stated fermentation.

The success in using mixtures has usually been inter-
preted as indleating that the accompanying forms in some way
214 the e¢ellulose dlgestion. Vartlovaara and his collaborators
(128,129), ua&ngvaaaaal and rumen contents as inoeculs, noted
that anserobie decomposition of cellulose was always assoclated
with the presence of cosel which could be seen in chaine or

pairs embedded in cellulose particles,

For purposes of clarity the different agents that are
gapable of dlgesting cellulose can be diseuseed under three
main headings: (1) aerobic cellulose fermenters; (2)

anaerobic cellulose fermenters; and (3) other agents of



cellulose digestion,

1. Aeroble gelluloge fermenters

Waksmen (132) in his discussion of the mierobiology of
- ecellulose decomposition, reported that the asroble cellulose-
digesting baocteris sen be definitely separated into at least
four distinet groups: {(a) long sinuous rods, belonging to the
wage: (b) short bent rods of the vibrion type,
under Cellvibrios (¢) short rods designated as Celfaloiculs;

and (d4) myxobacteria and myxoeoccl., These four groups of

baeteria are relatively unimportant in ruminal digestion.

Recently investigators at the TShoku University in Japan
(121) isolated merobleally 102 baoterial strains from the
rumen of the bovine and found that they 414 not decompose
cellulose, The ratlo of aseroble bacteris against the total
nunber of baeteria in the rn&en‘waé estinmated at 1:4300.
S1jpestei)n (107) stated that in order to obtsain an insight
into the neture of the microblal agents active in the process
of gellulose breskdown in the rumen,; the physiologleal conditiona
prevailing in that organ are the determining faetors and thus
she concluded that the miar@arg&niaﬁa predominating in the

runen aapahd on an snaseroblic metabolism,.



The enaserobic cellulolytic bascteris, which have been
isolated, fall into five categories: sctinomycetes, thermo-
philie sporeformers, nonsporeforming rode and cocel, and
mesophilic sporeformers, The attempted isolation of pure
cultures of snseroble cellulose beeteria has attraected the
attention of mioroblologlats for & very long time; however,
it ie only in recent yeare that unouslified success has been
schieved. Many workers have reported the isolstion of
cellulose decomposing mioroorgenisms from rumen contents,

The reviews of Hungate {55) and Sijpesteijn (107) covered
extensively the early work done on this problem up to 1950

and outlined the baotericlogicsl techniques involved in order
to isolate a pure culturs of a cellulose-digesting micro-
organism from the rumen, 3Since that time a number of
&nv&atigaﬁ&ana have been published reporting on improved
technigues employsd to isolate these ecellulolytie bseteris from

the rumen,

In April 1951, Gall and Huhtanen (40) reported that
sbout 5,000 isolations of bacteria from the rumen of cattle
and shesp had baen studied. A description of some of the
physilological cheprscteristics of five rumen bacteris was ineluded.
In November of the same year, Sijpesteijn (108) reported that

two strains of BHumlnoecoccus flavefaciens, important cellulose-
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decomposing hacterisa, were isolated, In the same month
Brysnt (15) dilsoussed some ahﬁr&e%arigta of the dlfferent
baoteris present in the rumen of cattle. Huhtanen, Rogers
and Gall (48), in Desember of 1951, reported on an improved
technloue for the isolatlion of rumen baoteris from high

d4lutions of rumen contents,

During the following vear Doetseh, Roblnson and Shaw
(36) presented data resulting from & eriticel examination of
gome of the cultural teshnicues publicshed earlier on studles
of rumen contents. They found that this investigation was
neeessary since diffieculty had been encountered with these

nethods,

During the latter half of 1952, Bryant (16) reported
the isolation and characterization of an snaerobie spirochete
from the bovine rumen, It wae found ﬁé grow rapldly st 39°0,
on medls containing rumen fluid, fermentable sugar, and with
an initisl oH of 6.5 to 7.0, Heeently Bryant and Burkey (17)
disoussed cultural methods and charecteristics of some of the

more numerous groups of bagterisa in the bovine rumen.

Qther agﬁntz,afk@erl;haaa ddgestior

The possibility of plant ecyteses hyirolysing the walls
of plant eells under favorable conditions in the rumen must

not be overlooked., Exciszed barley embrycoe have been shown by
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C. Chemistry of the Cellulose MHolecule

To elucldate the mechaniem by whioch cellvlose 1z de~
gra&@d by the microorgenismg of the rumen there must be first
a e¢lear understending of the chemiocal and physieal nature of
thé material invoelved. In the light of the present knowledge
the vredominating rortion of the cellulose molecule can be
assigned the following conventlionsl form, where pn 1s a very

large integer: .

¢H, oM

It is to be noted that the two end units differ from the
glucose residues in the middle of the chain in two respects.
Firstly the terminal msmbers contein four instesd of three
hydrexyl grouns. 8Seoondly, the glucose unit to the extreme
right of the structure, shown eabove, is aldehydle in nature
and therefore possesses reducing properties. OCarothers (21)
pointed out that the pleture of this linear molecular chain of
anhydrous units sccounts for sll of the properties exhiblted
by eesllulose ss satisfactorily as formulas of simpler organle

compounds explain their resetions.
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This long ehain structure involves 3,000 or more anhydrous
units Joined together by §-glyecosidie linkages end is ot
lesst 99 per cent correct (111). No exaet informatlon is
. avalleble 88 to the chemliesl nature, number and location of

the remeining 1 per ¢ent of the bonds,

Several theories have been sdvanced on the presence of
linksges which are more susceptible to hydrolysis than the
normel glycosidlie bonde. The cleavage of these lablle cross-
linksges are considered primarily responaible for the initiel

degradation of ecellulose,

Hess and Steurer {46) suggested that adjacent pyrenose
rings of parsllel &iigﬁ@ﬁyahains open up and furnish inter-
meshing oxygen bridges. Cross linkages would then involve
12 menbered rings which would be formed by the union of two

open snhydroglucose units., Buch a structure is given below:

CH,0H H OH CH,0H H oH
H QA —0 H H » o) H
° # Hoy o H H g =0
m OH HOHS H OH CHoR
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Haworth (43) accepted the poesibility of cross-linkages
between adjacent celluloesie chains and proposed chemieal bonds
Joining ad}acent polysaccharide chainsg at definlte intervals,
The approximate intervals were estimsted at 25 to 30 anhyiro-
glucose unite. He sssumed that on the sverage an ecusl number
of cheine would be aligned so that the potentisl redueing group

of the chains point in opposite direections as shown:

v

N

He further gtated that sellulese exlste in chaling of
limited minimum length linked together by a different kind
of bond from that of the general chain snd this would glve a

loop by the closure of the extremitiesn:

N

4 (4

The polymeric or interconnegting bonds were thought to
be of a weaker nature than that in the main chain. Therefore
during hydrolysis these would represent the potential breskdown
points in the chain and the free ends would immedlately reunite

to form & looped structure of smaller size. This concept can
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be diegrammed as followsd:

T IL\

K :‘4;;L7 Bresk
T 1 1
| } {

:;——L% ‘ ’

S
i 7
i R & 7

o

]
I
]

Break

<
8111 another concept has been advanced on the presence
of linkages between the long polysascharide cheins, Psscu
{92), in 1947, found that mild eseid treatment decreased the
reducing povwer of eellulose. Thie, he indiocated, would
suggest that cellulose contains another type of covalent bond
in addition to the normel l,4-glycosidie linkages. The acld-
gensltive bonds must comehow be correlated with reducing unite
of the gellulose molecule. Pasou (92) oconsidered the aeld-
sensitive linkages in the eellulose molecule 88 hemlacetal
bonds of an open glucose unit. Buch & grouping can be located
elther st the reducing end of the chain or as ercss links

between adjacent cellulose chainse. On the rupture of these
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linkages, linsear moleeules would result., A diagrsm showing

the essentisl features of this conscept is shown below!

LK

: oM H cmou

CH,0H
CH,0M CH;0H
H
—o—u
CH;OH

The originsl redusing pover of the cellulose molecule

" would correapond to the toisl uumba# of hemiacetsl linkages.
The gradual decrease in the reducing power would be ocaused by
the lose of the small moleoule during acld tresatment, Sinoce
these small compounds on lesving the iber after hydrolysis
of their scid-sensitive hemiacetal linkages, do not oreate
new reducing groups,; the redueing power of the hydrccellulose
would become less than thet of the originsl material (92).
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Despite Alsagreements over the ;:éref:sm& nature of the
erogs-linkages, these workers 21l seem Yo agree that in
native cellulose smell gmounts of chemleal bonds other than
the 1,4 0 -glycosidic type are present which serve to join
the linear chains together.
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.  Blochemistry of Cellulose Decomposition

Pasteur (93), in 1885, wes of the opinion that the
normel development of any aninmal depends wpon the presence
and zeotivities of its intestinal microorganisms. Since
celluloee is insoluble in water and therefore ecannot dlffuse
into the mloroorganism, 1%t is logical to expset that the
organism itself must secrete chemiocsl substanees, i.e.
enzymes, which solubilize nha-ﬁallulama, The soluble produet
or produsts can then diffuse into the ecells and be further
metabolized. The insolubility of vellulose alone 18 suffi-
clent resson why in pure culture-pure substrate studlies
decompogition 1le often glow in starting unless s heavy inocoulum
i3 smployed. Mammsle have not the ability to elaborate
eellulases in the digestive julees and thus the breskdown of
the large cellulose molecule, whenever it ocours, 1s brought
about by various microorgsnisme which obtain their energy for

growth by the fermentation of thie snd related materisls,

Consldering the extent to which cellulose is ingested
by animals, both vertebrate angd invertebrate; it ie¢ surprieing
that digestive secretions with cellulases &re.r@lativsly
uncommon., Among invertshbratesz such secretions are f@un& in
some woodboring beetle larvae and in some herbivorous mollusca,
for example certain snails (79). Borradaile, Easgtham, Potts
and Ssunders (13 p. 435) stated:
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« s+ « the great majority of insects do

not possess a cellulase and a8 all plant-cell

eontents oocur within cellulose enveloves it

18 olear that dlgestion can eonly follow when

either protoplasm is released by mechanieal

injury of the eell wall or when the enzymes

sre able to penetrate the cell wall . . . .

Among vertebrates no record existe (79) of the presence
of cellulsse. The main site of breakdown of cellulose in
ruminantas 12 in the rumen, and in non-ruminante in the large

inteatine and oasoum.

Although cellulose is by far the most important carbo-
hydrate in ruminant nutrition, there is little knowledge as
to the method of 1ts actual breskdown in the rumen. Horman
and Puller {(90) stated thet the primery &tﬁaak‘en~aa11ulnse
during anseroble fermentation is se follows:

oellulose + water ———> celloblose

wadgw —> glucase

These workers were eble to leolate the degradation
produets of eellulose fermentation, namely celloblose and
glucose. Hungate (51) while studying the microorganism,
Clostridium celloblopar

obeerved that celloblose dld not accumulate in the medium

g 38, which he isolated from the rumen,
until after the fermentation ceased., The rate of formation
of cellulose digestion products was apparently the factor

l1imiting the rate of growth of the microorganisms. It was



‘488T Ut *{911) aeutedde] cesoTnITe0 eziToaviy o4 £310wdso
oul 5AvY 3vy) soulius ejwIoqeTe susTUEBIOOIOTW 38U AOYUS OF

epeu uesq esey sjdwessw BNOYIwA BIeed OL=-G9 38wd oy I0j

‘pegsedtp useq pey esoOTNTTEO

oU3 UOTYM Ul pedo(easp weds awelo ® seqny Jvde esoTnilev ue

AueToo yowe punocuy (1) ersduny Ly pegmajzeuomep ATIeeo eem

AAEU0TO01 100 UNIDIAGB010 Aq peudol eseTaTIed sys JO @danjwu

J8TnTle0sIgxe 9yl °Tetdessu 18U} UO 308ed 03 oTqe ¢ TTIA

gomdizue opjiToapdy eyl SOUBUD 8Y} #T $88T ¥YJ Jeql esoIniIe
8l WOJL] 8T UNTLSL0BqQ SUG JL8YUFJLEI SYI JeUS JUSpPTAS BT 31

"1

U3 03UT ¥0Eq esnJJTP 3snw Jslns syy (0) Puv lsssdns eiynlos
e38Ieq]T DUS SSOTNTIE0 8U3 UO DSQIOEDE oq BNW 3% (4) fejsiisqus
ey3 03 eBNJJTP PUER Pejedces eq J8nu aselnTier euy (8) fedw

980Ul °Tle0o Uy 03 InJesn suwevsqg BlONpOLd eyy puw periioapiy

87 osOINTTe0 6yl yoTum Aq sdsejs TwieAss 5Yj} JO UOT3eIIPTHUCD

% WoxJ SAOTIOJ 8Tyl ‘seulzue JBINTIS0BIAINe BLY WOLJ BOATJIEPD

31 11Jeuoq Jegsead syy enwdlzgns oYl seyowoddde uniaezosq eys
J980TO SUJ °*DOWACF B ePETRIIR0 JEINTIL0BIINS UB 3By} BES
-yaodiy eys uodn (15) peuteldze 87 soToTided ssoIniied &yl ag.

eaouD® ¥IL0308( SEOINTTE0 OUL UOTUM UM SH6USSOTLD UL

*@HOTQOTIO0 40 es0dNTI YL TA wipeuw ouws
8yl UBYS BIJLH308Q BYY JO FuUswdo[eAdD JOMOTE LPUASHOS B POMOUS

esornTied Bupuysiucod wibew PInbiT 39Ul (16) sdsdunyg Lq usoys

12



22

appeared to be the first to show experimentally that the
disappearence of cellulose in the dlgestive tract 1ls effected
by a fermentation brought sbout by miorocorganisme inhsbiting
the alimentary censl, In 1886 De Bary (26) was the first to
study the dissolution of cell welle of prlants by the action
of fungl. A few years passed till von Euler, in 1912, (37)
published his work "Zur Kenntnis der Csllulase® in which he

. elaimed to hsve obteined an enzyme preparstion from the wood
destroying fungus Merulius laorymane which acted not upon
cellulose itself but upon ite hydrolytie products (73). 1In
the same year, Pringsheim (101) demonstrated the production of
mallab&ase Trom the hydrolysis of celluleose., He postulated
the existence of two hydrolytic enzyme systems namely cellulese
and sellobliasge, the former producing celloblose from ecellulose
and the latter hydrolyzing the disesccharide to glucose. By
the use of various antiseptices such ss toluene and lodoform,
he wae able to inhibit the growth of the microorganiems in e
vigorous thermophiliec fermentation. This resulted in an
agounulation of reducing substances 1dentified as celloblose

and glueose,

Woodman (142) and Woodman and Stewart (145) using
praeticslly the same teehnique as Pringsheim, identified an
accumulated reducing substance in a thermophilie fermentation
as gluecose. IFf the eulture was incubated at 37°C. instend of
659¢. no eelloblose ocould be detected. XKalnin (59) found thet
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in the soll, no cellobliose was formed during the fermentation

of cellulosge.

Bimola {110), 4n 1931, obtained resulte while studying
the fermentation hebits of two aeroble cellulose baeterla,

, , : ilob g mucosus, that
gupported Pringsheim's theory of the existence of two distinet

steps in the breakdown of cellulose: cellulose—> celloblose,
and cellobiose —> glucose. Simole {110) also found that the
enzymes involved in this hydrolytie reagtion possessed the
greatest sctivity in phosphate buffers between pH 5.0 and 6.0,
Complete inhibition took plsce at pH 8.5, and the optimum
temperature was in the nelghborhood of 37°%¢.

In 1935 Poechon (99) similarily found thet an accumu-

lation of reducing bodles ocourred when toluene was added to

2 healthy culture of Plect um eeliuvloly Glucose was
partially identified and evidence for the presence of cello-
bilose was gilven., Vartiovasra (127) found that redueing sugarse
sccumulated in the deecompositlon of eellulose by fungi when
conditions were unfavorable for growth. These unfavorable
conditions for growth of the fungl were brought about by
preventing access of oxygen or by the addition of foluene or

iodoform to well established cultures.

To date cellulolytic enzymes are stlll far from belng

isolated in pure form. Aeccording to Siu (112) a number of
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investigetors have demonstrated cellulolytic activity of crude
enzymiec preparvatione from various sourcee such as the higher
plants (wheat, barley ete.), animsl 1life (shipworm, snail,
termite, ete.), protozoa, fungl and baecteria., Siu appeared
skepticel that many of these preparations were cell-free or

gterile.

In 1948, Saunders; Siu and Genest (103) were successful
in obtaining a eellulelytic enzyme preparation from the mold,
Myrotheeium verruceris and showed that the maln breakdown
product from cellulose was glucose. A few years later, Whitaker
(135,136) outlined 2 method of purifying the cellulase of this
mold and, with & colleague, performed various inhibition and
stimulation studiee on the purified enzyme preparation (10).
Regently Whistler and Smart (134) noted that & crude cellulolytic

enzyme preparation of Aspergillu

piger hydrolyzed swollen
cellulose to glucose as the only degradative product., However,
when the preparation was purified by adsorption on and elution
from powdersd cellulese, both celloblose and glucose were

isolated from the enzymie hydrolyzate of celluloee.

Farly investigetions (B81) indicated that cellulose under-
goes & direct gaseous fermentation to which a very large
percentage of the carben 1s converted into carbon dloxide and
methane., Such a direct gaseous fermentation, where a large

part or all of the cellulose cearbon forms waste gases, is
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addition to waste gases are the volatile fatty acids.

¥With the struecture of celluloee in mind 1% 1s poseible
to see what the end-products of bacterial digestion could be.
Up to now a number of theories have been proposed to explain
the blochemical trensformation undergone by the cellulose
molecule.

Winogradsky (140), in 1929, outlined a theory to explain
the blochemical breakdown of eellulose to various products.
He stipulated that the first step involved the oxidation of
the primary hydroxyl group to give é-carboxycellulose.

COOH

This earboxy compound was then, presumably, hydrolyzed
to soluble compounds. The svidence sgainst thie explanstion
is so great that 1t must now be discerded (112 p. 286). Siu
(111) stated that &lthéugh glucose has been isolated from the
breskdown producte of cellulose decomposition, the 6-~ecarboxy
derivative has not been reported. Furthermore, he continued,
preliminary studlies showed that 6-carboxyocsllulose was
resistant to cellulose-decomposing miocroorganisms., From these
observations 1t wase, therefore, difficult to expect that the

first step in the fermentation of cellulose by microorganisms
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resulted in %ha'farmatian of such a resistent compound,

Pringsheim {101) proposged an additional theory. He
atated that the enzyme cellulase hydrolyzes eellulose to
celloblose and then the latter is split furtharkt@ glucose by
the enzyme cellobiase. The genersl pattern in which the
glucose is metebolized by the cell seems to be well established
by the work of Lipmann (68) and Meyerhof (85,86) and is included
in many biochemical text-books.

The theory of Pringéhﬁim (101) hss been eritized recently
by Siu (111). Biu stated first that celloblose is not a
necessary intermediate produect asrising from the breskdown of
cellulose, He based this on the faet that he had obtained
enzymic preparations which were able to convert cellulose to
glucose but not celloblose to glucose, These preparations
were obtainsd froum miar@mvganigma growing on cellulose, With
the above statement Blu attempted to explain the transformation
of the insoluble native cellulose to the soluble sugar,
glucose, without passing through celloblose. He stated that
evidenoe showed that there were ot least two separate steps
concerned in the solubilization of native cellulese. The two

enzymic steps involved in the microblologlosl breskdown of
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native ¢sllulose would then be zs follows!
native ecellulose
linear polyssecharide chain
glugose

At the present time there is nothing known about the
mechanism of the first step (above) which is responsible for
converting the native cellulose to the linear chain. In regard
to the second step, Clayson (23) believed that the organism
proceeds at one end of the polysaccharide chaln and lops off
one anhydregluecose unit after another, In contrast to this
opinion Siuv (112 p. 293) cleimed that glyecosidie linkages in
the internel as well as terminal unsubstituted sphydroglucose

unite in the cellulose molecules are susceptible to attack.

8iu ebtained these results by inoculating substrates of
garmislly acetylated cellulose of dlfferent degrees of
polymerization or chain lengths with the eellulose~digesting
mold, Myrotheelum wverrucsria. The samples were prepared in
phosphoric aeld selution so that scetylation oscurred more ai'
lees at rendom throughout the anhydroglucose units in the
cellulose chein. The high degres of breskdown indicated that
the internal glyeosidie linkages were susceptible to micro-
orgenisms. $iu, Derby, Burkholder and Barghoorn {113) revorted
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that 1t wes not ceritain whether or not the terminal or the
internsl linkapges were attacked at greater rates, however it

was speoculated that they were eqgually susceptible,

In regard to cellulose derivatives, complete reslstance
to miercorganieme was exhibited only when there wssg one or
more substituents on every anhydroglucoss unit (113). The gly-
cosldic linkeges adjagent to any substituted anhydroglucose
unit seemed to be readily attacked, Sim et sl, (113) con-
tinuesd that the degree of resistance dld not appesr to be
affected by the nature of the substituent., The oellulose
derivatives that they tested included methyl, ethyl, tosyl,

lodotosyl, carboxy, carboxymethyl and acetyl compounds.

Langwell and Lymn (65) and Neuberg and Cohen (89), in
1923, studied independently the hydrolysls of cellulose by
mieroorganiams and in the cese of anaserobie baecteria eluclidated

the ah&raatar&atiﬁ products of the fermentation ass follows:

cellulose disaocharide conjugate
ﬁlzﬁzgﬁli + HpO > 2@6&1296
glucose

Y

2CgH 204 + Hp0 20HCHOHCOOH + OH,COOH +
@ﬁaﬂﬁzﬁﬁ + 2002 + ﬁﬁz
gm3g§§?0g — ’{%Hg@ﬁ + 2CH),
20H.CHOHCOOH CH,CH,CH,000H + 200, + 2H,
CH,CHOHCOOH 4+ 2H CH4CHC0CH + H20 (63)

Coy + LH, CHy + 2H,0

vov

A 4
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Although these reactions are largely hypothetical, they
serve, nevertheless, to explain the processes invelved in the
formation of the various scids, slcohols and gases in anaeroble

decomposition of cellulose,

Huch work hee been reported on the study of the ende
produets ariging from the fermentatlion of cellulose in the
rumen. Barker (8), in 1941, demonstrsted that methane wasg not
2 primery produect of c¢ellulose on decomposition but resulted
from a transfer of hydrogen Trom one of the primary fermentation
products to cerben dloxide by orgsnisms other than cellulose
fermaatﬁré. S8ijpesteiin (107) remarked that the presence of
methane in a cellulose digesting culture indlecates that the

bagterial population is not pure,

Eleden {(32,33) and Hleden, Hitcheock, Mershall and
Phillipson {235) showed that the mixture of lower fatty acide
formed from cellulose or other carbohydrate fermentation in
the rumen was made up of secetle, propionie and butyric aclds
with scetie ac¢ld 2lways predominating. The identity of the
scids present in the rumen has been made possible by the
development of partition chromatogrephy by Tlsden (34),
Peterson and Johnson (94) snd Gray, Pilgrim and Weller (43},

Acetic aeid, the main component of the volatile acid

mixture, has been shown to be both & souree of energy and an



fwead aed mwﬁ X £ gnoge punog 8y junod 30047 Ag  ‘senbjuysey

T84eae8 Aq BTI030Rq USWNL JO SISqENN Peypnis (29) IeTUON

*{701) wozojoad pus wyaezdeq JoO

B38T8UCO BIUGJUCO UBENI Te403 8L JO 80w J0 Juso Jeod QT 39Ul
poseutise ueaq ey 3T " (4O0T4w*9) PIRTS uweuwnd ey3 Uy juesead
wpaeouq Jo esdhy Teotdoroydaow Lueuw syy edw wozojold ous

wey) juejdoduy 8JOK DIV usund Jo ‘U Jed gOT X T 03 Q0T X g
woag pefusa [ejLelsw Usund 6y} U wozojoxd Jo Jequnu 9yl 3wl

pejaodad (i) edutryeey bue (#0T) 34%H puw jpessyog ‘{edny
uemny Y3 Ul susIusBI00I0tH Jo Joqumy *n

*uedoodTd deatl o3uyg

PogasAliod BEM DIOw 93ahing punog (@) 33eusey pus sdutisey

‘UBUEHONg U0 J8587T *83BI JO JIPATT oY) UT uwogariesodep usBood1d

qusotIIudte oasd pyow opafing 3wyl mﬁﬁ&»nﬁwﬁa@ gou prnoe (Lz)

4873n) pur uwew sy ‘sagng *iemey pue (TC) UTEIBIOH *TeTsI8A
~OJ4UCO BY USUMZ SYJ UL Peuwrol pIow opading jo 9o ey

*usdooh3 J6AYT 03UT POJJSAUCD BY PIOW

£398] oTYIwT0A BTUYY WYL UAOHS eawy (TL‘4Z*QT) saoguBiieeaus
Te30A88 *O3BLDAYOQIUD OJUT POJISAUCD 84 Of 088 UMOUY 87 pIoe
stuotdoag ‘uworasedip Jo sonpoud v Uwyl JOYlwa @3 TOUBIGH B
eq 09 PpeJdepisucd ATTensn BT UOTUA PUROGWOD ¥ ‘PIOw 07360% oyl

sgaosque pus seonpoad JuBUTENG UYL J¥YL JuUeptae snyl 87 31
*{cgtzd) Axepprudelut oplogsur juviJLoduwy

Tt



32

howsver by indireet proosdures he celoulated that there should

be over 1 x 1011 per grem, Gall, Stark and Loosli (41), using

2 direet slide count, found baeteriz in numbers renging from

5 x 1010 t0 1 x 1011 per gran of fresh rumen contents. Van

der Wath (124,125) alsc made direct counts of rumen miercorganlems
and found an sverage of 1 x 107 to 2 x 109 per ml. of rumen
contents., Recently Gall, Burroughs, Gerlaugh and Edgington

{39), while studying rumen baetsr&ayia cattle and sheep on
practical farm rationeg, reported an average count of 5 x 1010

to 9.61 x 1030 per gram of fresh rumen contents depending on

type of ration.

Both Eohler (62) and van der Wath (124) stated in their
publications that thelr direct elide counts were too low,
Johneon, Hamilton, Robinson end Garey (58) counted rumen
organisms by plating out on & simple medium and incubating them
serobloally. They obtained a very low figure of 6.5 x 106
organisms per ml. This figure shows only the number of micro-
organisms which can grow under the prevalling condltions.
Relisble visble counts of rumen population ean only be obtained
by the use of speeific eultural conditions, and it is certaln
that no one medium will be adecuate for all baeteria present

in the ruminal mass.
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F. Fate of the Ruminal Miercorganisms

The rumen is an excsedingly complex mierocoem and the
eellulose~digesting microorganisms are only one of many groups
performing significant functlons. The role of the ruminant
microflora is that of synthesis., This is based on the fact
that baeteria as well as the host utilize the products of

degradation.

Rumen microorganisms sre eliminated by varlous routes.
A considerable number of bapteria are inpgested by the protozoa.
The bacteris are then digested and the bacterial proteins and
polyssasoharides are thus transformed into protozoan protein
and paraglycogen respectively. Baker (i) demonstrated that
protozoa are more readily aeccesszible to the aotlion of the
digestive enzymes of the abomasum than are the lodophilic mieoro-

orgenisms,

The exlsting baoteria in the rumen may aleo be sliminated
by autolytic disintegration during thelr passage through the

alimentary tract.

4 great portion of the rumen microflora is probably
dlgested by the host. Baker (6) observed that thers was an
ebeence of the lodophilic bagteris in the faeces and the proven
utilization of the synthesized materisls was evidence that the

baoteria are eliminated and utilized, in part at least.
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III. MATERIALS

A. Bpeeclal Materials

Ag a source of celluleose, Whatman No. 12 filter paper,
Alphacel and carboxymethyleelluloses derivatives were used,
The filter paper was prepared for fermentation purposes by
grinding 1t through the fine mesh screen in a Wiley Mill,
Alphagel, the trade nsme for powdered cellulose, was obtained
from the Nutritionsl Blochemiesl Corporation, Cleveland, Ohlo.
The various carboxymethyleelluloses were obtained from the

Hercules Powder Company, Wilmington 99,; Delaware.
2, Inoouls

The source of the inoculs used in the experiments
reported here originated from the liguid portion of rumen
contents removed from & fistulated Holstein cow maln-
tained on a regular deiry farm ration and kept at the Iova
8tate College Dairy Farm, The material was stralned through
four thicknesses of No, 50 grade cheesecloth and placed in
warm thermos bottles. The rumen liguld was then teken to the
laboratory and used immedlately for experimentation purposes.
The rumen contents were removed from the animal between eight

and eight-thirty in the morning on the days the various
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experiments were initiated.

The mineral solution employed in the fermentatlon media
was the one given by Burroughs, Headley, Bethke and Gerlaugh
(20) and had the following compositions

Bodium phosphate, monobasie 52.50 gm.

B8odium blearbonste 52.56 gn.
Potagsium ehloride 7.50 gm,
Sodium chloride 7.50 gm.
Magneslum aulfate 2,25 gm,
Uslocium chloride 0.75 em.
Ferrous sulfate 0.15 gm.
Manganous aulfate 0.08 gm,
Zine sulfate 0.08 gm.
Copper sulfate 0.04 gm,
Cobalt chloride 0.02 gm.
"Pilstilled water 2000 ml.

b, Urea golution

A urea solution containing 84 gm, reagent grade ures per
liter of distilled water was used as a nutrient for the rumen

microorganisnma,

5.

osphoryiated sugars

‘ The phasphﬂr%&at@& sugare, glucose-l-phosphate (patassium
8alt), glucose-6-phosphate (barium salt) snd fructose-l,6-
diphosphate (barium salt), employed in this investigation were
obtained from the Nutritionsl Blochemical Corporstion,
Cleveland, Ohlo.
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6. Eugon agar (B.B.L.)

Eugon Agar was obtained from the Baltimore Biological
Laboratories, Baltimore 18, Maryland.

7. Ehytone

The powdered phytone, & pepalc digest of soya meal, wae
obtained from the Baltimore Blological Laboratories, Inc.,
Baltimore 18, Maryland.

B. ZIrypticase

Trypticase, & peptone derived from casein by panereatiec
digestion, was obtalned from the Baltimore Bilologlesl
Laboratories, Ine., Baltimore 18, Maryland.

This medium had the following composition per liter:

Trypticase (B.B.L.) 15.0 gnm,
Sodium chloride 4,0 gm.
Sodlum cltrate 1.0 gn.
Sodium eulfite ' 0.2 gm.
~Cystine 0.2 gn.,
Llucose 5.0 gm,

10, XYeagt extra

The yeast extraet used in this investigation was the
dehydrated powder form of Difeo Baote Yeszst Extract manufao-
tured by the Difeo Leboratories, Detrolit 1, Michigsan.
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B, Chemicals
All chemiesls used during this investigetion were of

the C.P. grade and were obtained through ordinsry commercial

aouraes.
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IV. METHODS

A. Termentation Apparatus

The study of the metabolism of esllulose by the rumen
baeteriel population esn be done adequately in the laboratory.
This in vitro study, used to similate the in vivo processes,
has been made possible by the aﬂakaf the laboratory rumen,

now more commonly termed the artificisl rumen (19,47,70,76).

The artifieclal rumen consisted of a number of Erlenmeyer
flasks or test tubes of various sires depending on the type of
experiment performed and the smount of cellulose~digesting
culture recuired. The culture vessels were placed in a thermo-
statically wantr@lla@ water bath at &eﬁe, for a presoribed
length of time; the physicel errangement, similar to that
deseribed by Burroughs, Frank, Gerlaugh and Bethke (19}, is
shown in Figure 1. A menifold was fived azbove the water bath
having an adjustable aaaﬁ;u valve for each fermentation culture.
The anr@mm»&iax&ﬁa wag introduced into the cultural meaﬁum by
extending & glass tube, which was connected to rubber tubing
leading to the needle valve, through the appropriste two-hole
rubber stopper to within one~half inech of th@ bottom of the
vessel, A small glass aeration tube was placed through the

geoond hole of the rubber stopper to serve as a vent for the
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carbon dioxide and water vapor. The earbon dloxlde gas was
bubbled through the medium 8% a& slow rate in order to malntaln

sneeroblic conditions in the fermentation oulture.
B, Fsrmentation Procedure

In a large pesrcentage of the experiments that were con-
dueted during this investigstion of cellulose dlgestion by
the mieroorgenisms of the rumen, the fermentation oultures
were prepared in 500 ml. wide-mouth Erlenmeyer flasks. The
materisls placed initieslly in the flaske consisted of 4 gnm.
eellulose or & derivative of eellulose, 32.1 ml. mineral
solution dsseribed under Materisls, 4.5 ml. urea solution,
and enough warm distilled water to meke & volume of 200 ml.
To this, 200 ml. of inoculum wese added., The pH of the medium
at this stage wes usually at the desired pH 6.5 - 7.0 and thus
dld not require sny slteration. Immediately following the
preparation of the cultures for experimentel purposes an alliquot
was withdrawn from each flagk for subsequent analyses. The
flaske were then placed in the thermostatleally controlled
water bath. The rubber stopper assembly for esch flask was
then inserted and the stream of carbon dioexide directed through
the media. The pH of the nulturma~wara‘nhaaﬂaﬁ periodically
throughout the experiment by inserting intc the medle long
lead electrodes from a ¥eBeth pH meter, and when found to be
below 6,2 they were adjusted to 6.8 with & solution of saturated
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80dium ecarbonate., During various time intervels allguots
were withdrawn from the fermentation cultures for subseguent

analyses,

C. Analytical Procedures

Samples of the fermentation medla were deproteinized
by the procedure of Doak {(29) using ocadmium hydroxide with
slight modifieation. Instead of filtering the solution during
the clarification prosedure, the deproteinized sample was
centrifuged and the elear supsrnatant decanted from the residue

for further use,

The method of Underkofler, Guymon, Rayman and Fulmer
(122) wes followed without modifieation for the guantitative
determination of reducing sugars, The total reducing sub-
stanoces in each sample vas caleulated in terms of glucose per

100 ml, fermentation medium,

3. Determination of tatal vglatila,aaias

The aistillation of the volatile fatty aclids wes conducted
as outlined by Neish (88). The distilled acids were tltrated
with standard sodium hydroxide to the phenol red end-point,

The total volatile selds was caleulated in terms of acetie
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aeld per 100 ml, fermentation medium,

The method to deteot reducing sugars by filter paper

ehromatography was essentlslly the same ss that used by Wild
(139)

The chromatograme were made on sheets of Eton and
Dikeman 613 filter paper cut to 8 5/B in. by 8 in., This
particulsar size was chosen beeause it could be used nicely

in the oontasiners thaet were availlable,

The samples from the fermentatlion media were firat
deproteinized by the method deseribed and evaporated to
&ryaasa by & stream of warm alr. The reeldue was then dlssolved
with & smell amount of distilled water. These samples of
carbohydrates were spotted equidistant from each other along a
line 2 om. from the bottom edge. In most ceses they were
spaced 3 e¢m, apart, however spots could be placed a&s oclose as
2 om., end still give satiefactory results. Small ¢ueantities
(3-4 pl,) of the samples and of control sugars (1 per cent)
were applied with & platinum loop. In some cases to obtein a
high enough concentration of wmeterial, successive loops of
golution were applied to the same apot after the preceding
spplication had drlied.
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Aseending type chromstography was used in all experiments,
The containers used were wilde mouthed gellon jars with screw
l1ids obtained from the Oweng-Illinois Glass Company, Bridgeton,

New Jersey.

After the apots were spplied to the fllter peper and
dried, the paper was formed into & eylinder by bringing the
edges together and loosely joining them with metal staples,
eare being taken not to allow the edges to touch. The paper
eylinder was then pleced in a gallon Jar which contalined
approximately 70 ml, of developing solvent and the bottle
capped. The aﬁremaﬁagram was ellowed to stand in the solvent
until the solvent had reached the top of the paper by capillary
action. This reculred from 6 to 8 houras, The chromatogrsm was
then removed from the jJjar, drled at room temperature snd

returned to the jar for another ascent if desired.

The developing asolvent consisted of three parts of water,
four parts of pyridine and six parts of n-butyl aleshol by
volume (22). The solvent, known se 3~l.6, was used for four
or five ascents and then discarded &s its effectiveness in
moving and resolving materials on the chromatograms waes

significantly reduced.

The reagent used to detect the reducing earbohydrates
was the alkaline copper reagent. It was prepared by dissolving

7.5 gm, of copper sulfate in 100 ml, of water and adding thls,
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with etirring, to a solution of 25 gm., of Rochelle salt and 40
gm, of anhydrous sodium carbonate in 300 ml. of water. To this
mixture wae added 500 ml. of methyl alcohol and the resulting
solution diluted to 1 1liter with distilled weter, This solution
was sprayed on the chromatogrem until uniformly molstened
employing a DeVilbiss No., 31 atomizer with a continuous air
stream., The chromatogrem was then heated in an oven at 110°C.
for 5 min. After thls perlod the chromatogram was sprayed

with a phosphomolybdie scid solution (117), which brought out

ae blue gpots the areas where reduction of the copper by the

sugar had occurred,

The phosphomolybdle aclid solution was prepared by adding
approximately 500 ml, of distilled water in small amounts %o
150 gm. ammonia-free molybdlie acld snd 75 gm. anhydrous sodium
carbonate. The mixture was then heated to bolling or until
2ll of the molybdle aeld had dlessolved. After the solution
had been filtered; 300 ml. of 85 per cent orthophosphoric aeid
- was added. The solution was then cooled and diluted to
1 liter with dletilled water.

This combination of resgents employed in this procedure
ean be used to deteet as 1ittle as 1 mierogram of glucose
(139).
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A, The Effeet of Toluene on the Cellulolytie Agtivities of
Rumen Miecroorgsnisms

Woodman and Evans (144) were the first to show that
antiseptiocs such as toluene favored the production of reducing
sugars in rumen liquid. This work was followed a few years
later by Meites, Burrell and Sutton (84) who stated that
toluene was the most effective antiseptic to prevent further
changes of reducing substanees that were produced during the
fermentation of c¢ellulose by rumen bacterla. A number of
experiments were conduected in order to confirm the results
given by Meltes gt al. (84). Cultures were prepared in 250 ml.
Erlenmeyer flasks by adding a definite amount of rumen liquid,
ag inoculum, to a medium consisting of buffer (mixture of
0,067 ¥ NapHPO, and KHzPO,, pH 6.98), cellulese (ground filter
paper) and toluene. The ocultures were then incubated in a
thermostatically controlled weter bath at 40°C. for 72 hours.
A typliesl culture hsd the following composition:

Rm@ﬁ liguid 25 ml.
Cellulose 200 mgm.
Buffer - 95 ml,
Toluene 10 ml.

At various Antervele an sliquot wae withdrawn from esch
flask and &naiyza& in duplieate for the accumulation of
reducing substances., For convenience the reducing substanoces

were oaleulated as gm. glucose per 100 nml, fermentation culture,



b7

From the ressults of this experiment, ss given in Table
I, it was found that toluene arrested the growth of the
cellulolytic baeteria and brought sbout sn asccumulation of
reducing aubgtanaas; It was noted however, that after 48 hours,
the acoumulation of reducing s&ﬁstaneae decreased markedly
in culture number‘&‘ This may be due to the fact that the
toluene was r@meve& by‘vaparizatiam to & level that allowed
the bacteria to use the available sugere for their nutrition.
The work of %@if@ﬁ,ﬁﬁ_ﬁ&. (84) did not mention this behavior,
and therefore in future experiments the volume of toluene wae
inereased. Neverthelese these results do confirm previously
reported work which ghowed thst the presence of toluene in
setive cellulose-digesting cultures resulted in the acoumu-

lation of reducing substances in the growth menstruum.

Ruf (103}, in his studies conocerning cellulose
utilization by ruminal maar@arganisms, employed a mineral
solution (see Materials) natterned after the composition of
sheep saliva, It was felt that 1t would be interesting to
compare this complete salt solution with the buffer solution
used by ¥eltes et gl. (84), as given previously, for their
capeelty to malintein the asotivities of the rumen mioroorgenisms
and/or their enzymes in in yitro fermentatione, In addition to
this, the congentration of cellulose, a&s ground filter paper,
and the volume of incculum were varied in the medlia. The

composition of the cultures is gilven in Table II.
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Table 1XI. Composition of the cellulose~digesting eultures.

Culture

Cellulose
gm,

Buffer
sol.
ﬁi‘-l

Minersl
gol.
mi,

Urea
8oL,
wl.

Toluens

ml.

Distilled
water
wl,

BRunen
1icuid

.

L3

»

" % & ¥ »

W OO0 O

-

285
285
285
285

28
28

&

90
90
90
90

252

148
1L48

64
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The resuvlte of thils experiment ss given in Tsble III
showed that elther one of the salt solutions contained adequate
nutrients for the microorganisme and/or their enzymes, It
wag also noted that the ineressed level of the antiseptie
prevented the accumulated reducing substances to be utilized

by the baeterias as was experlenced in the previous experiment,

S@varﬁl investigators (32,90,97,144) showed that
volatile fatty aclds sueh as formic, scetie and butyric, were
produced as end-produsts of cellulose digestion by ruminal
mieroorganiems, An experiment was designed to show the
relationship of the produetion of short-chain fetty acids %o
the accumulation of reducing substsnces during cellulose
dlgeetion in the presence and absence of toluene. The com~
poaition of the culture medis employed for this and future
experiments was designed after that employed by Ruf (103)

and deseribed under Methods,

During the fermentation, allicquots were withdrawn from
the cultures and deproteinized, The clarified solutions were
then used for the determination of total reducing substances
and total volatile aeclds. The results of thies experiment are
given in Table IV and Pigure 2, It is evident that the volatile
apids remained constant and the reducing substances scoumulated
in the eultures having toluene added during the fermentation.

The breskdown of the cellulose by the microorganiems teo produce



Table III. The accumulation of reducing substances in cellulose-~digesting
cultures in the presence of toluene

Cul ture Reducling substances (as glucose) formed, grsms per 100 ml.
Determined at: hours

0 o ug 2

1 0.000 @.002 0.002 0.000
2 0.000 0.085 0.098 9,098
A 0.000 6.000 0.003 ¢.002
B 0.000 0.028 ¢ .@?3 6.090
I 0.000 6.000 0.000 0.000
Iz 0.600 0.059 0.072 0.07%
I11 0 .i}éé 6.000 O, %@ ,, ¢.000

1%



Table 1IV.

snfl absenna of talusns

Fermentation of %&11316&9 by rumen mlercorganism in the presence

Culture Cellulose Toluene

Redueling substaneces
{as glucose) formed,
grams per 100 ml.

Determined at: hourse

Total volatlile aeids
acetic acld) forwed,
gramg per 100 ml.

{as

Petermined a%: h§arn"

0 24 b8

] 24 L8

0.000 0.000 0,001
0.000 0,107 0.120
0.000 0.059 0.068

0,000 0,287
0.000 9.013
0.000 0.075

0.620
0.023
0.121

41



GRAMS REDUCING SUBSTANCE (AS GLUCOSE) /100 ML.
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Figure 2., Fermentation of cellulese by rumen micro-
R mmwmg»gu in the presence and absence of
toluens ; :
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volatile fatty scids as end-products was not hampered in the
absence of the antilseptie. It appeared that toluene had the
ability to inhibit the growth of the mieroorganisms, but not
the aetivity of the enzyme system which catalyzed the hydrolysis

of the cellulose to smaller reducing compounds.

An additional experiment was conducted in order to
supplement these results. A vigorous fermentation of eellulose
{as ground filter paper) by rumen microorgsnismg was prepared,
whioh recuired a period of 24 hours in 2 thermostatiecally
controlled water-bath. At this time toluene was added and the
fermentation allowed to contlnue. At various intervals the

media were analyzed for reducing substances and volatile aclds,

The results from this experiment (Table V) added
additional evidence that toluene inhibited part of the organie
metaboliem of the rumen microorgenisms, It is clearly shown
by culture number 2 that digestion of cellulose continues to
the point at which volatile acids as well as other gaseous
produsts are produced st a fast rate, i.e., 24 hours of
fermentation., At this peak toluene and 2 gm. cellulose were
added to the eulture., The produstion of short-chain fatty
acids stopped abruptly while the redna&ng subatances accumulated
rapldly in the culture medium. The other three cultures were

uged as controls in this test.
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B, Fermentation of the Carboxymethyleelluloses by Rumen
Microorganisme

The previous experimentsl work on this subjeet has
ghown that the rumen microorgenisms are able %o digest
sellulose, in the form of finely ground filter paper, to
produse the various end-produsts., Sinee this form of cellulose
ie & =01id, insoluble msterlal, contaoct of the rumen bacteria
with the ecellulose fibers cannot be very uniform. Experiments
were therefore conducted awgi@ying goluble cellulose deriva~
tives; namely the carboxymethyleelluloses, as the source of
the eellulosic materisl in the various fermentation media.
Thege compounds ﬁawa supplied by the Hersulee Powder Company,

Wilmington, Delaware, under the industrial designation of CM(.

&Mﬁ, techniocally, is the sodium selt of carboxymethyl-
cellulose having & olosely contrelled number of sodium
carboxymethyl groups introduced into the cellulose molecule
to bring @ba&% solubility in water, The product is menu-
fagtured by a process which involves gm}lulﬁse of high purity
to be treated first with alkell and then reasted with sodium

monochloracetate ag Tollows:
RONa + CLCHpCOONa —> ROCH;000Na + Rall

where "R" represents the celluloss struscture.
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Since each anhydroglucose unit in the eellulose structure
containg three resetive hydroxyl groups with which the sodium
monochloroacetate can reaot, theoretically complete reaction
would mesn the introduotion of three sodium earboxymethyl
groupe per anhydroglucose unit. Such a completely rescted
produet would have 2 substitution of 3.0. The Hercules
Powder Company manulfsetures these cellulose derivetives
having a substitution range of 0.3 to 1.2 (0.7 being the
regular type). For example CMC<70 has a degree of substi-
tution of 0.7 or 7 out of each 10 anhydrous unite have one

subgtituent carboxymethyl group.

The fermentation of CMC-70H by rumen mieoroorgenisms was
garried out utilizing the artificlal rumen technique as
‘ &aaaribe& previously. The CMO ecompound wae put into solution
by vigorous agitation using the Waring Blendor. Toluene was
added to the various cultures to act as the antieeptlc or
inhibitor.

The results of this experiment, as given in Table VI,
and Filgure 3; show ¢learly that the rumen basoterls had the
eapaocity to attack the soluble eellunlose product, and degraded
the large molecule to smaller, reducing constituents., As wves
exneected a larger soncentration of CMC inereased the sxtent of
fermentation vhich resulted in & lerger asccumulation of

redueing substanees.
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GRAMS REDUCING SUBTANCES (AS GLUCOSE) /100 ML .
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Figure 3, TFermentation of CMU-70H by rumen miero-
| mw.mg Lams in the presence and absence of
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Upon recuest, the Hercules Powder Company supplied a

nunber of c¢arboxymethyleelluloge produsts for experimental
use. An experiment wes designed to observe which soluble
cellulose compound woae most suspeptible %o the aﬁtiﬁn»@f the
rumen mieroorgeniems, The results of this study (see Tsble
YII) showed that ell the CMC samples used were dlgested
rapidly by the mierobial #sti@n. The finely greaaﬁkrilﬁwr
paper and Alphscel were degraded to E/maﬁh slower or lesser
degres. In all cases toluene was found to prevent the con-

version of the reducing substances to volatile fatty aclds,

As & result of these cbservations a number of chemlical
compounds were tested in order to find other inhibitory sub-
gtances that would prevent the gonversion of formed redusing
sugars to short-chain ra%t§'a@iaa during the digestion of

cellulose by rumen mieroorganisms.

The fermentatlion of CMU~70H by the rumen bagteris wes
carried out utilizing the artificlal rumen as deseribed under
Methods. Eight chemieal compounds were tested in a preliminary
experiment in order te note which eompound would bring sbhoul
the greatest sccumulation of redueing substances in the

fermentation medium,.
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Table VIII. Fermentation of CHC-70H by rumen mieroorgenisms in the presence
or absence of various chemicsl compounds,

?1ask aallaia$e ﬁa@ias&tie and Kaﬁﬁﬁlﬁm R&&ﬁeiag aubstanaes {&s g&uﬂ@ﬁe}

molar concen- formed, grans per 100 ml.
tration Determined at: hours ,
o -1z 24 - b8
1 1% Toluens 35 ml. ¢ 0.000 0.192 0.202 0.211
2 1% Sodtum ;
eyanide 0.01M + 0.000 6,001 ¢,008B ¢.611
3 1% Iodoform 0.01¥ + 0,000 6.001 0.008 0.008
b 1% Sodium , . '
V fluoride 0.01¥ + 0,000 0.00k 6.007 0.006
5 12 Isdcacetis ,
ecid 0.01H + 4.000 0.010 0.013 0.013
é 1% Form-
‘ &lé@hgés 20 ml. + 2,000 8.000 8.000 0,800
g %g hymol 0.01% + 3,000 0.092 0.111 8.117
fora 71 mi. <+ 2,000 0.139 0.131 0.046
g - -Toluene 25 ml.,  + 0.000 0,047 0.049 ¢.014
10 1% - ' + 0.000 0.002 0.004 0,003
11 - 8.000 ¢.003 0,003 0.0006

1% Toluene 135 ml.




Table 1IX .

Fermentation of CHU-?0L by rumen miervorganisms in the presence
or absence of aaéiaw ﬁyan&as

Flask

Holar con-

Redueing substances (as

Totel volatile ecids (ae

;aaaaium;

cMe
4 centration plueose) formed, grems acetic neid) formed, grams
of sodlum per 100 s, Determined per 100 ml. Determined at:
eyanide at: hours hours
¢} 12 25 Lg €] 12 25 L8
1 1l 1 0,000 0,000 0,001 0,001 0,000 0,001 0.000 0,069
2 1 0.1 0,000 0,054 0,050 0,062 6.000 0.004 0,010 €.092
3 1 0,01 0,000 0.025 0,035 0.037 0.6000 0,025 0.075 0.085
5 1l 0,000 €,000 6.012 0,012 ©.015 0.000 0.21h 0,505 0,616
6 1 0.5 0.000 0,000 0,000 0.000 0,000 0,003 0.003 0.000
no




GRAMS REDUCING SUBSTANCES (AS GLUCOSE) /100 ML.

o7

68

® L.OM NaGN

° 0.IM "

m0oOIM

A 0.00IM *

G 20 n P

o o

N
GRAMS VOLATILE ACIDS (AS ACETIC ACID) /100 ML .

o

)

0" L —* : = ,"ll?,."/ko
0] 12 24 36 48 .
48 36 24 12 0

——TIME IN HOURS —»

Figure &, Fermentation of OMC-70L by rumen miere-
- organisms in the presence and absence of
sodium oyanide



or sbasence of fodoform

Fermentation of CMC-70L by rumen mleroorganisms in the presence

CHC Holar con-
etentration

Flask

of lodoform

Reducing substances {as
gluecose) formed, grams
per 100 ml., Petermined

Totel volatile aselds (as
seetic scid) formed, grems
per 100 nl. Determined at:

at: hours hours
o 12 24 hg 0 12 2h L8
1 1 0.1 ﬁ 000 0.033 §.§5§ 0.069 0.000 0.060 0.088 0.088
2 1 0.05 0.000 0,027 0.048 0.056 0.000 0.041 0,081 0.066
3 1 0.0l 0.000 0.035 0.04k 0.050 0.000 0.058 0.077 0.076
B 1 0.001 0.000 0.02k 0.033 0.033 0.000 0.068 0.178 0.250
5 1 _3;&%&3 0,000 0.023 0,022 0,023 0.000 0.141 0.276 0.347
ﬁﬂ

inoculum)

99
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Table XI.

Fermentatlon of CHC-70L by rumen mleroorganisms in the presence
and absence of sodium fluoride

Holar con-

eantration

of sodium
- fluoride

Reduecing substances {as
glucese) Tormed, grams
per 100 ml. Determined

2t: hours

Total volatile aclds {as
scetic acld) formed, grams
per 100 ml. Determined ai:
hours

o 12 24 48

6 12 24 Lg

ONn B 1o B

b ot b ok o ok

0.5

0.1
0.01
8.001
0.060
0.5

{no

inoeculum)

-
DO
DL OO

3388383

L

@‘@fﬁﬁﬂﬂ'
Q?'@w@@
a8

8

@Q&ﬁ@ &43?1 &'ggg gﬁa
6.000 0,008 0,076 0,087
0.000 0.128 0.210 0,285
0,000 0.124 0.207 0.326
0.000 0.132 0.224 0,316
8,000 0,000 0.000 €.000

89
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Table XII. Fermentation of CMC-70L by rumen miercorgenlisms in the presence
or abgenece of maloniec aeld

Flask (MC HMolar con- BReduelng substances {as Total volatile acids {(as
% centration glucose) formed, grams aeetic acld) formed, greme
of malonie per 100 ml. Determined per 100 ml. Determined at:
seld at: hours ' hours
] 12 24 L8 o 12 2h 48
g 1l 0,01 0.000 0,036 0,046 0,046 0.000 0.201 0,288 0.352
1 0.001 0.000 0.037 0.045 0.060 0.000 0,027 0.231 0.267
5 1 0,006 0.000 0,005 0.019 0.018 0.000 0.181 0.328 0.404
6 1 ?.5 0,000 0,000 0.000 €.000 0.000 0,001 0.000 0.001
no

inocoulum)
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Table XIII, Fermentation of CMC-70L by rumen micrcorganlisme in the presence
pr absenee of thymol

¥Flask CMC ‘dolar con-

Reducing substances {(as

Fotal volatile ascids {as

centration glucose} formed, grams scetic aecld) formed, graus
of thymol per 1060 ml, Determined per 100 al. Petermined at:
at: hours hours
o 12 24 L3 g 12 24 Lg b
i 1 0.5 0,000 0.715 0.351 0.472 a. 6.00C 0.000 0.006
2 1 0.1 0.000 0.283 0.h56 0.475 0.000 0.008 0,000 6.000
2 1 0.01 0.000 0,272 0,455 0.424 9.000 0. o485 0.046 0.039
h 3 0.00% £.000 0,040 0.067 0.078 0.060 0.191 0.240 0.253
5 1 0.000 0,000 0,00k 0,019 0.018 0.060 0.182 0.7329 0.404
8 1 ?.5 0.000 0.002 ©.002 0.002 0.000 0.000 0.000 0.000
no

iaaaalm?
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Table XIV. Fermentation of CMC-70L by rumen micrcorgsnlsms in the presence
or sheence of lodoanetic seld

1

Flaek CMC Molar com~ Redueing substances (as Total volatile aema {&a
£  centration glucose) formed, grams acetic acld) formed, grame
of iodo- _per 160 ml. Determined per 100 ml. Determined at:
acetie s%: hours hours
aoid
o 12 24 b8 o 12 24 b8
2 1 .1 ﬁ @@ﬁ 0. ﬁ?i &;ﬁ % %ﬁé 0,000 0,066 0,117 0,162
g 1 0.0} 0.000 0.038 0.044 0,045 0.600 0.095 0.115 0.150
L 1 0,001 ﬁ.&@% 0. i}lﬁ mesg 0.03%8 0.000 0,123 0,153 %.186
6 1 ? 5 i} ﬁﬁé 3 ﬁﬁ@ 3 % 16 0.000 ¢.000 0.000 0,000 ﬁ.éﬁﬁ
no

inaauz.m}
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Table XV.

Fermentation of CHC-70L by rumen microorganisms in the presence
or absence of variocus organic compounds

ﬁzask ﬁ§$ Qrg&nia

compound

Redueln sabataaeas {as

glucose) formed, grams
per 100 wl, Determined
at: hours

Totsl volatile aelds (as

acetiec acid) formed,
grems per 100 ml.
@atar&iﬁe&~&tz_h§urs ‘

0 12 24 L8

6] 1z 24 L3

~f o Pl bk

R

Toluene 50 ml,

Form- 15 ml,
aldehyde
Phenol 19 gm,

Chlero- 50 ml.
form

m-Xylene 50 ml.
Benzole 5 gm,
acid

Control

{no

inhibitor)

6,000

0. 0.222 0,222
0.000 0,011 a.azg 0.025
0.000 0O, 212 0. 32& 9 3?2
0.000 0,166 0,213 .16?
0,000 0,043 0,054 0,054
0.000 0,027 0.027 0.024

0.000 0.009 0.010 0,012

0,000 0.005 0,008 0.014
0.000 0.000 0.000 0,027

0.000 0.012 0.031L 0.031
0.000 0,213 0.263 0.278

0.000 0.124 0.189 0,203

9d
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that the added inhibitory agents prevented the complete
conversion of simple sugars to the volatile aclds ag end-

produets.

It is interesting to note, at this point, the action
of malonate during the cellulose fermentation process, The
results obtained using this compound as &mhibltav'appaarea
to be the reverse to those obtained from the other compounds,
In this case as the concentration of malonate inecreased, the
agoumulation of reduscing substances decreased and the
production éf volatile aplds inoreased. High concentration
of this organic compound in the fermentation medlium had a

bagteriocldal effaet on the yrumen microorganisms,

The abgolute mechaniem of the inhibitory aetion of these
chemical compounds 1s unknown, however, it is felt that these
compounds either prevent the growth of the bacteria or
interfere with the phosphorylation of the formed gluocecse
and/or other a&mpié sugers before they can be metabolized to
the usual end-producgts. The phosphorylation of these soluble
sugars may be required before they can gain entrance into the
interior of the baoterial eell. The enzymes responalble for
the hydrolysis of the cellulose moleecule %o smaller soluble
sonstituents were not affeected by these inhibitory compounds
as demonstrated by the forepoing experiments,
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Verzdr snd Sullman (130) and Verzér and Wirz (131)
belleved that iodoscetiec acld inhibited the process of
phosphorylation in farmgnt&t&an and glyeolysis. Later
- Laszt (66) reported that phosphorylation of sugars can be
controlled by orel sdministration of monolodacetic acid and
sodium pulfide in diabetie snimeals. In the same year
Beevers (12) concluded from hig experiments that ilodoacetic
acid in concentrations greater than 10~3 M inhibited yeast
mymaae fermentation, suggesting that the phosphorylation

mechanism of the sugars was impalred.

¥ith these conocluslons in mind 1t ie noted from the
expariments revorted here that ss the concentration of
lodoseetic aold ig increased in the oulture media, the
sccumulation of redusing substances in@re&ae& markedly and
the production of volatile &&iﬁﬁ daaraﬁwad. At & con-
centration of 0,05 M iaaaaeatié aeld, practically no volatile

aclds appeared in the fermentation medium,

Selective poisens have been used for many years in the

study of enryme syetems, Most of this work has been confined
to seellular preparstions and enzyme extracte although a
1imited number of studies have 2lso been msde in which the

respiration of intaet cells wee investligated in the presence
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of various poisona. Desplte the faet that the intaset cell

paaeéaeea a mosale of enzyme systems, this approach appears
promising in sttempts to further elucidate the synthetie

| and degradative processes in the living cell (98).

Barron {9) stated that since the oxldative enrzymes
are systems made up of a number of componente, inhibitors can
produce thelr effset either on the enzymne protein, or on
the oxidative-reduction svatems. The asetivity of the protein
may be altered in anﬁ&bﬁr of ways (9): (&) the inhibitor
m&y combine with the initial prosthetie group (inhibition by
fiuariﬁa or phosphete of Mg™ proteins); (b) the inhibitor
may destroy or combine with the essentisal slide chaln of the
protein (e.g. -8H, -0H); (e) the protein may have its
spatial confipguration altered (e.g. densturation); send (4)
the aective centers of the enzyme may be blocksd by combination
with substences of close chemicsl configuration to the sub-
gtrates, the prosthetic groups or to the oxidation-reduction

systems,

411 enzyme resctions do not necessarily occur on the
gurface of the cell {9). Enzymes are dietributed inside
the cytoplasm as well as at the surface of the cell in the
cell membrane. It seems, therefore, that hexokinsse is
dlstributed st the surface of the cell and that glucosse,
before penetrating into the cell's interlor, has to be
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phosphorylated., The latter resction was shown to occur in
the 1iving cell by Wiggert and Werkman (137,138). It sppears
now that phosphorylation is a mechanism by which energy ie
made avéilahla to the organism. There ie evidence that a
blologieal oxldation mskes 1ts energy avallsble te the
organism through phaaphgrylatian reactions (133).

Dixon (28) in his study of multi-enzyme systenms,
gtated that the phosphokineses apparently required Mgh* and
«~2H in their moleecules for aetivity. There is some resson
for belleving that the enzyme-subsirate combination involves
the formation of an -BH~Mg-POy; eomplex. The resulte of a
number of experimente previously deseribed here showed that
the presence of godium fluoride in an astive cellulose
dlgesting oculture brought about a large accumulation of
reducing sugars in the growth menstruum. An insoluble
protein-magnesium-fluerephosphate could very well have been
formed which would prevent the normal phosphorylation of the
formed glucose from the enzymiec hydrolysis of the eellulmaa>
molecule and therefore an socumulzation of reduoing sugars in
the fermentation medium resulted. Munez and Leloir (87)
found that the epeeific inhibitor of phosphorylation, the
fluoride ion, inhibited the oxidation of butyrate by liver

enzymes,
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A3l and Werkman (1), while studying the oxidative
decarboxylation of AxiWaaamwﬁﬁ@&w@;m@wgg noticed that
fluoride inhibited the reaction and thus suggested the
partieipation of a phosphorylated intermediate in the above

oxidative reasction,

Pett and Wynn (95), Massart and Dufait (78) and Utter
and Werkmen (123) showed conclusively that megnesium or
manganese were required in phosphorylation resctions, The
latter workers (123) observed that sodium fluoride seemed
to inhibit the unstimuleted enzyme and the megnesium enzyme
completely, but merely decressed the asetivity of the mangsnese

enzyme.

Thus when manganese was used in plsce of magnesium,
fluoride was ineffeetive in inhibiting the enolase, Mangenese
does not form & sufficlently inesoluble aaawaﬁwa. with the
fluoride, and enough remains available to activate the

enolase system (123),

With these publishied results in mind an experiment was
designed in order to show whether the addition of manganese
to & cellulose fermentation oulture in the presence of sodium
Tluoride would reverze the inhibiting sotion of this compound.
The results are tabulated in Table XVI., I%t is notlced that
the addition of the mangsnese lons to the CMO-fluoride culture

media resulted in sn ineressed accumulation of reducing sugers,



Table XVI,

The effect of added manganese te the fermentation of CHC-70L by
rumen mioroorganisms in the presence of sodium fluorilde

Redueing substances {(as

Total volsatile sclds

Flask CHC Holar con~ Holar con-
% centration centration glucose) formed, grams (as acetiec amelad)
of HaF of MnS0Oy per 100 ml. Determined formed, grams per
at: heurs 100 ml, Determined
at: hours

0 12 2h L8 ¢} 12 25 48
}. :- 3 g g.ﬁ@ﬁ g.ﬁ@ﬁ 9«&&3 ﬁqﬁ@? 3.3@% 30236 3.3?}. é-k‘k‘?
2 1 0.5 L 0.600 0.211 0.234 0,280 0.000 0.065 0,070 0.082
g }. 3.5 @nﬁfi Q,@@@ 9323? @QBlz ﬁc3@ ﬁ.ﬁ@%} @.933 9.@3&8 ﬁ.@@g
L 1 8.5 0.175 0.000 0.208 0.253 0.297 0.000 0.047 0.047 0.050

Z8
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and a substantial deorease in the production of volatlle aoclds.
In this cese mangeness did not reverse the action of the
fluoride ion, however it was pointed out by Utter and Werkman
{123) that manganese ions in high concentration, had an

inhibitory action, such wee the case in this investigation.

Other phosphorylation inhibltors have besn studled in
this investigation, and in esch case these enzyme lnhibitory
ecompounds have been shown %o result® in an sccumulation of
reduceling substances and a deereszse in the production of
volatile aclds in in vitro cellulose fermentations using

rumen microorganisma,

A number of investigators (61,69,118,119,120) showed
conclusively that 2-4 dinitrophenol inhibited phosphorylation
resgtions., A gellulose fTermentation experiment was con-
dueted»having various concentrations of this organie compound
added to the culture medium, The results are glven in
Table XVII snd Figure 10. Agein it was noted that, ag the
concentration of the inhibitor was ineoreazsed in the fer-
mentation media, & greater accumulation of redueing substances
appeared suggesting an impalrment of the phosphorylating
mechsnism of glucose or other simple sugars before they ocould
be oxldized to short-chailn fatiy acids. 1t was aleo noticed
from these results that the inhibitor réquirad approximately

12 hours before it became effective.



Table XVII.

Fermentation of (HC-T70L by rumen mlicroorgsnlsme in the presence
or absenes of 2-4 dinitrophenol

Flask

¥olar con-

Redueing substances (sa

Tatal volatile acids (as

Oug
% eentration glucese) formed, groms aecetie acld) formed, grams
of 2-4 per 100 ml. Determined per 100 ml. Determined at:
dinitro- at: hours hours
phenol
1] 12 24 48 0 12 211} 3%8
1 1l 0.1 0.000 0.018 0.130 0.13%% g.000 0,272 Q 393 0.399
2 -} 0.01 0,000 0,013 0.094 0.105 5.000 0.210 0.280 0.291
3 1 0.001 0.000 0.018 0.077 0.080 0.000 0.142 0.206 0,214
i 1 2,000 0.600 0,011 0.021 0.026 0.000 0,088 0,209 0,272
5 1 ?.i 6.000 0.011 0,012 0.011 0.000 0.003 0.000 0.003
{no

48
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Two other compounds, phloridzin and sodium azide have
been recognized as phosphorylsting inhibliors By a number
of workers., Lundsgaard (71) found that phloridszin inhibited
glucose phosphorylation in tissue extraets, Later several
workers (60,106) gmvafax&uting,aviaéhﬁs that this glucoside
possessed the ability to specifieally insctivate phosphor-

" ¥lation or vhoaphatase sotion. A |

A number of publications hava*apyearaa lately coneluding
that sodium azide slso mcted as an inhibitor to this
phosphorylase action, Wingzler (141) showed that azide
inhibited anserobic assinmilation of glucose by yesst.
Sptegelman (114) and Spiegslmen and Keman (115) diseussed
the site of uncoupling of phosphorylation from carbohydrate
metabolism in the @rasaaﬁa of sodium azide, TheyAahnwad that
coupling reection between oxidative processes and the
formation of high ensrgy pvhosphate bonds are inhibited by

S8ince there is evidence that phloridzin and sodium
azide oan agt as baoterial enzyme inhibitors two experiments
were econducted to show the effeet of warious concentrations
of these compounds on in yitro cellulose dlgestion by ruminal
mieroorganisms,
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The results of these experiments are tabulated in Table
XVIII and XIX, It is noticed that phloridzin brought about
an accumulation of reducing sugars and prevented the pro-
duetion of short-chain fatty acide in the cultural medium st
e concentration of 0.03 M, At smaller concentrations, though,
there was s glight accumulation of reducing substances, with
2 normel or inereased production of volatile fatty acids.
This 18 an interesting point as these results may be interpre-
ted in the sense that phloridszin may bring sbout &
stimulatory effect in 1aw poncentrations, rather than an
inhibitory effest (77 p. 2)

Sodium azide (Tsble XIX) also appeared to prevent the
glucosge or other redueing sugars to be utilized by the
cellulose~digesting microorganiems to produce fatty aelds.

At 0.1 M and 0.5 ¥ concentrations this agtive agent seemed to
decrease markedly the production of aclds by the bacteria
and thus an socumulation of reducing compounds appeared in the

multural medium.

In reference to phosphorylation inhibition by various
compounds it ie generally notieed that glucose tends to
inhibit the growth of 1solated cellulose<digesting mioro-
erganisms, however ne explanation of this inhibltory mechsniem

hae been suggested. A possible explanation for this resction



Table XVIII.

The arffesct of various concenirations of phlerldszin on the
fermentation of CMO-70L by rumen microorgsnisms

Holar cone

Reduoing substances (as

Total volatile aeclds (as

Flagk  GHC
. 4 centration glucose) formed, gramse scetic aeld) formed; grens
of per 100 ml, Determined per 100 m1. Determined at
phloridzin a2%: hours hours

0 12 24 L8 0 12 24 L8

1l 1 0,0025 0.000 0,030 0,040 0,040 0.000 0.285 ésﬁﬁﬁ g.h20

2 1 0.005 0.000 0.0k3 0,043 0,006 0.000 0,280 0.351 0.458

3 1 0.0%. 0,000 © a?3 0.077 0. a?? 0.000 0.225 0,285 0,474

5 1 0.00 ngﬁa §¢@§% ¢.008 5.%%9‘ 0.000 0.236 0,361 0.Lbko

g8



Teble XIX, The effeet of various concentrations of sodium azide on the

fermentation of CHMU-70L by rumen miercorganisms

Redueing substances {as Totsl volatile aelds {as

Flask HMolar con-
centration glueese) formed, grams acetic =2cld) formed, grams
of sodium per 100 ml. Determined per 100 ml, Determined at:
azide at: hours hours

0 12 28 kg 0 12 2k k8

g 1 0.5 0,600 0.7392 0,467 0,466 0.000 06,005 0.112 0.115%

1 0.1 0.0600 0,178 0.200 0,207 6.000 0.112 0,222 0,207

5 1 0,01 0.600 0,054 0,095 0.095 0.000 0.094 0,100 0.142

{no

inoeculum)

68
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in these isolated cases may be the inhibitory setion of
glucose on the phosphorylese system. Corl and Cori (24)
observed that glucose had the gbility to inhiblt a-~-glucosen
vhosphorylase, an enzyme that transforms glycogen into
glucose~l-phosphate. A similer enzyme may be elaborated by
varlous cellulose-digesting mieroorganisma and thus could be
inhibited by an inereased coneentration of glucose in the

cul tural medium,

Binee 2 number of chemicsl compounds were tested for
their inhibitory effeet during the fermentatlon of CHMC-70L
by rumen microorganisms, dats are tsbulsted in Table XX in
order to compare the effectiveness of one compound with
another. The values for the exset accumuletion of reduoing
substances and wvolatile fatty ascids produced in the various
fermentation experiments wara'ﬁwtarmine& by taking the smounts
that were formed in the partiocular medium at 48 hours
fermentation. From these figures, thymol, sodium azide,
ehloroform, sodium fluoride, phleoridzin, toluene, m-xylene,
2-l ainitrophencl and iodoscetic aeid, in deoreasing order,
appear to be the mogt effeotive in preventing the conversion
of simple soluble sugars to short-chain fatty aclds, As a
regult reduecing substances sccumulate in the eellulose
fermentation media. In subsequent ax@érimanta thymol or sodium

fluoride were used %o stop the fermentation of cellulose by



Teble XX, The zccumulation of reducing substanees and the produetion of volatile

acids in polisoned and non-poisoned fermentation media

Inhibiter

Reducing substances (as
glucose formed, greams

per 163 ml.

Total velatile acids (as
acetic acild) formed, grawe

per 160 ml.

Mediun with Hedlum withe

Hedlun with ¥edium withe

inhibiter out inhibiter inhibitor out inhibitor
Sodium cyanide 0,062 0.013 0.092 0.616
S8odium fluoride 0.328 0.021 0,088 0.316
Malonle meld 0,060 0.018 0,267 0. 40k
Thymol 0. 474 0.018 0.000 o. 404
lodoacetie aeild 0.103 0.016 0.062 0.22%
Teluene 0.222 6.024 0.012 0.203
Formaldehyde 8.025 0,024 0.0580 0.20%
Phenol 0.026 0.024 o.01h 0.203
Chloroform 0.372 0.024 0.027 0.203
m~-Xylene 0.167 0.024 0.031 6.203
Bengzole seid 0.054 0.025 0.278 0.207%
2-& Dinitrophencl 0.134 0.026 0.399 0.272
Phloridzin 0.277 0.09 9.000 0. 449
Sodium szide 0.h66 0,022 0.115 0.593

b
ok
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the rumen microorganisme at the glucose stage. By this means
the pathway of eellulose degradstion by rumen basteria with
gpecial reference to the carbohydrate intermediates formed

gould be studled,
C. Filter Paper Chromatographlic Studlies

A numher of preliminery experiments were condusted in
order to obtein information as to the identity of the
redueing sugars thet scoumulsted in a eellulose-digesting
eulture having an &nuisﬁptia»aﬁéad. The fermentation media
eontaining ground filter paper or CMC-70L, as the cellulosic
substrate, and toluene as the inhiblitor, were inoculated
with fresh strsined rumen 1&@&1@ and incubated under carbon
dloxide at #@aﬁ. for 48 hours. After this period of time
the medis were tested cuslitatively for reducing sugars

employing the filter paper chromatogrsphiec technique,

It wae found An all cases, using xylose, glucose and
eelloblose for controls, that only glucose and a trace of
xylose were present in the cellulose digestion medisa. There
was, however;, no trace of the dlsaccharide celloblose in any
of the samples tested., Bowever, after 48 hours incubation,
the height of the eellulose fermentetion hsd passed, and if
celloblose was formed during the degradation of the cellulosio

substrate by the microorganismes of the rumen, it could very
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esglly have been hydrolyzed to glucese during that perlod of
time. With this probability in mind s more comprehensive
investigation was gondusted to study the earbohydrste inter-
medlates formed during the rumen mierobial breskdown of

eslliulose,

Before studying the pathway of cellulose digestion by
the rumen misroorgenism, an experiment was condusted to show
the effect of variﬁua‘canﬁﬁmtwmfiana of CMC-70L on the
digesting ablility of the rumen bhacteria. In order to follow
the fermentation of CHMC-70L by these microorganisms 1t was
xam§ that a greater initlsl concentration of OMC-Y0L in the
fermén%&timn medium might result in larger ylelds of
degradative cellulose products and thus a2 greater concentration
of these smaller sugar molegules could be more easlly deteected
by chromatogrephic meana., The medis were prepared, as deacribed
before, using thymol a8 the setive inhibitor. Each flask was
inoculated with fresh rumen 1iculd end incubated anaapabiaaily
Bt 40°C. The results of thie experiment are tabulated in
Table XXI.

It 18 noticed from these results that the accumulation
of redusing substances in the eculture medie inereased with
inerenged concentration of (MC-70L ss the cellulosic substrate.
In prepering the media prior to inoculation the larger con-
centrations of the CHC-70L made the finsl culture medla very
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viscous, Since this hindered the securing of a homogeneous
gemple at various time intervsls for analyticel purposes,
the 2 per cent concentration was chosen 28 the most sultable

level to use in the folleowing study.

In the previous experiment an aligquot from e 48 hour
cellulose-digesting culture, under the influence of an
inhibitor such as toluene, was tested for reducing sugars by
chromatographle meana, The results showed that glucose wzs
yraaént a8 well as & smaller molecular size reducing sugar.
Since 1t was felt that at the 48 hour point, most of the
cellulolytic aetion had ceamsed, this result wes not con-
sidered to be the true pieture of the pathway of cellulose

digestion by rumen microorganiams.

A number of cellulose fermentation ecultures having
CHO~70L or Alphacel as the cellulosic subetrate and sodium
fluoride or thymol as the inhibitor were prepared. At
hourly intervsls for 16 hours an sliguot was withdrewn from
each culture and prepared %o be analyzed quantitatively and
cualitatively for redueing sugers, It was found that the
usual method for elarifying the media ﬁas inadequate and thus
the samples to bhe snslyred chromatographleslly were deprotein-
ized by using methyl slecohol. The sample was first brought
t0 & boil and hot methyl alecohol was mdded until its concen-
tration reached 75 per cent in the mixture. The sample was
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then heated for & few minutes, cooled znd centrifuged, The
¢lesr supernatant was &eaantaé;aarafﬁliy snd eveaporated to
ene-third of its original wvolume, After the sample was
cooled, 1t was cualitatively snalyzed for reducing sugars by

neans of filter paper echromatography.

The resulte of thig experiment, as seen in Table XXII
and Figures 11 and 12, indlcate that during the fermentation
of Alphacel and CMU-70L three reducing sugars vere formed,
a8 evidenced by their appearance on the chromatograms., Of the
three sugars, glucose appeared in the greatest coneentration,
while celloblose and xylese were noticed to be present in
very slipght traces. There was no evidence of sny redueing

molecule larger than eellobiose on the chromatagrams.

Since xylose was detected in all these samples 1t
appeared that traces of xylan mast be presgent in the cellu-
losic substrate as » econteminant, therefore acid hydrolysais
of CHC-70L was performed using 1 ¥ and 2 ¥ sulfurie scid,

A 5 per cent solution of CHMC-70L wes prepared and brought teo
& boil. An equal volume of bolling sulfuric acid was added
and the solution allowed to boil for 30 min., After this time
half of the solution was poured over caleium earbonate and
mixed until a'yaliaw methyl red end-point was obtained. The
remaining acid mixture was sllowed to boil for sn additional
30 min. to meke the total hydrolyzing time 60 min. This
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Figure 12,

Degreadation of CMO-70L and Alphacel by rumen
mieroorganisms in the presence of sodlium
fluoride and thymol

CHC-70L 4+ sodlium fluoride
Alphacel + sodium fluoride
CMC-70L + thymol

Alpheoel + thymol

Control
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golution wasg &leo neutralized with cslcium earbonate aa

desoribed sbove,

Each neutrallized solution was flltered and the clear
1iquld analyzed for degradative sugars employing the
ehromsatographic method, The results showed that several
reduecing sugars wére formed during the aeld hydrolyzing
egtion, A definlite compound eppeared above glucose on the
chromatogram, At first this was thought to be gluouronic
aeld because during the prepsration and purification of
cellulose (as filter paper or Alphecel) or cellulose derivatives
(as CMC-70L), 2 number of primsry alcohol groups present in the
glucose residues are oxidlzed to the carboxyl group (112
p. 31). Therefore when the refined csllulose produet was
degraded by the aecld, 1t was thought that glucuraenie acid
would be freed and thus would be detected on the chromatogram.
The unknown compound above glucose was proven not to be
glumurmn;a aeld as the latter” was tested shromatographically
and was found to hﬁve'a lower Rf velue than glucose (Figure
13)}. By ueing as controls known xylose; glucose and celloblose,

the unknown compeund was found te be the pentose, xylose.

*A sample of glueuronic acid was obtained from Dr. G,N,
Bollenback of Corn Produscts Refining Jompany, Arge, Illincis,
A subsequent letter from Dr. Bollenback stated that the
glueuronic aold sample wae sontaminated slightly with
glucuronie aecid lactone, -



Figure 13, Hydrolysis of @Kﬁ4?$h by 2 M sulfuric scid

{1) Hydrolyzed for 30 min.
3} Hydrolyzed for 60 min.
{3) Control

(A) Oluocuronic aclid laotone

éﬁ) Xylose

C) Glucose

(D) Celloblose

(E) Gluoursnie aeld
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The compound above xylose in Figure 13 18 glucuronie
seid lsotone, This compound waes present as & contaminant in

the control sample of gluocuronic acid used,
D. Faetors Affeoting the Aetivities of Rumen Mieroorgsnisnms

From previous experimente 1t hae been shown that a
nunber of known phosphorylating inhibisting compounds arrested
the fermentation of cellulose by rumen microorganisms st the
glucoee stage, It is the opinion of the writer that phosphory-
lating enzymes such &8 hexckinases are dlstributed on the
surface of the bacterisl eell end that glucose before passing
into the cell's interior must be phosphorylated. 3@
experiment was designed to study the effeet of phoephorylated
sugars on the agtivities of rumen bacteris in the presence
and absence of sodium fluoride, Glucose-l-phosphate,
glucose-6~phosphate and fructose-l,6-diphosphate were added
to astive cellulose-digesting cultures., The inooculum used

in this sxperiment was fresh rumen fluid.

The results of this wxyariment, tabulated in Taeble
XXI11X, show that a gresiter amount of reducing sugars scoumulated
in the c¢ellulose~digesting cultures having the phosphorylated
sugars and inhibltor present. The active oultures with added
phogphorylated sugars with no inhibitor showed greater pro-

duaetion of wolatile aecldeg as cemg&rs& with the control
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Table XX1IV.

The effeet of yeast extrast on the fermentstlon of CMC-70L by rumen
migroorgenisme in the presence and sbssnce of sodium fluoride

Flask CMC Ra¥ 1Inooc- Yesst
1€ 0.5 wlum igt&aﬁt

Redueing substzneces (as
glucose) formed, grams
per 100 ml. Determined
at: hours

Total volatile ascide (zs
asgetic mcid] formed, grams
per 100 ml. Petermined at:

hours

0 12 24 18

¢ iz 24 L8

ONR B Pa b

+4+++ 1+

P+ 4+ 4

+++++ 1

++ 113t

0.000 0,000 0,000 0,000
0.000 0.004 0.138 0.157
6.000 0,017 0.017 0.018
0.000 0.233 0.278 0.321
0.000 0,000 0.000 0,004

0.000 0,000 0,000 0,000
©.000 0.000 0.000 0.000
0.000 0,093 0,187 0.197
0.000 0.000 0.006 0,000
0,000 0.005 0.026 0.039
6.000 0.425 0,484 0.601

801
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In the experiments reported above the inooculum used
wes rumen 145uid which had been strained through severel
thicknesses of cheesecloth, Ey~ﬁaing'thia'liqa$& to in-
oculste the 1&bura%¢py‘artifiaza1 rumen & certain amount of
éeliulsas present in the liqu&ﬁ would be introduced into the
fermentation medis. Since this was the case as seen from
the results of the p#aviaus experiments (Table XXIII and
XXIV) weshed éaa§$nﬂians of rumen miorcorganisme were employed
in subsequent experiments., These washed mioroorganisms were

prepared as follow:

A fresh sample of ruminsl liquid, obtained from the
fistulated cow, was strained through four thicknesses of Ro.
50 cheesecloth. The sample was then aanﬁr&f&ga& at 1,000
r.p.m, for 5 min, to remove the course materisl, The resulting
solution wea decanted and ecentrifugsd at 10,000 r.p.m., for 20
min, The gsntrifugste was then devanted and the bacterial
é@lia were washed two times with sterile 0.067 M phosphate
buffer solution, After the final centrifugation the wash
solution was dlisearded and the eells resuspended in sterile
buffer solution. BEach ocultural medium under test was inoculated
with the amount of bacteriasl ecells that would be present in
75 ml, of fresh rumen liguid.

An experiment was designed to show the effeet of the

presence and absence of various nutrients such as fructose-
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1,6-diphosphate, eterile rumen licuor and yesst extract on

the cellulolytic agtion of the weshed rumen baecteria. The
results of this experiment, tabulated in Table XXV, showed
that sterile rumen 1licuid and yeset extrset contained nutriente
that were required by the cellulose~digesting bacteria. A4
aambinatian‘ar both the sterile rumen licuid and yeast extract
sdded to the fermentation cul turesg brought about the best
bmﬁ%ari&l aotivity. The addéition of rtaetasawlgéwﬁ&phaspha%e
to the various cultures resulted in & grester accumulation of
redueing &ugarﬁ in the inhibited cultures and a greater
produetion of volatile fatty aelds in the non-inhibited

oul tures,

E. ITsolation of the ﬁa&iﬂlasa«ﬁigaating Microorganisms of
the Rumen

A number of isolates were cultivated from the rumen of
the bovine @mpl@g&%g,ﬁrﬁnmipally the technigues of Hungste
(55) and Doetsch et al. (30). A deseription of the teechnique
employed to lsolate these culturee inecludes preparation of
the dilution blanks and oulture media, source of sample and

proceseing procedure,

1.

In order to incubate rumen samples under controlled

anaeroblc conditions, dilution blenks of the composltion given
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below were prepared which were light orange when snaerobile
and 1ight pink when exposed to traae amounts of oxygen. In
addition Tween 80 waz added to disperse the microorganiens
from the large cellulose fibere. The blanks were prepared

on the same day they were used and sterilized at 15 p.s.i.

for 15 min. 4in 100 ml, square, milk dilution bottles. Short
glass rods were inserted in the one-~hole rubber stoppers of
the dilution bottles so thet during the auteclaving procedure,
the stoppers could be placed on the lip of the bottle.
Immediately after sterilization these stoppers were placed

in position to insure anaerobilc condition in the dllution
blanka. The latter were gassed with carbon dloxide for 2 min.

prior 1o use.

The composition of the blenks was as follows (30):

Ammonium sul fate , 0.05 gm.
Potassium phosphate, monobasie 0.02 gm,
Potassium phosphate, dlbasio 0.05 gnm,
Caleium ohloride 0.005 gm.
Magnegium sulfate 0.005 gm,
Sodium chloride 0.1 ga,
Sodium bilearbonate 0.4 gm.
~ L-Cystine 0,075 gnm.
Bodium thioglycolate 0.05 gm,
(lucocse 0.05 gn.
Resagurin 0.001 gnm,
Tween 80 0,01 gm,

Distilled water to 100 ml



Three media were smployed in thie investigatlon.

(a) Meodium A

This medium, proposed by Hungate (55), was used
with good results. It consisted of the following:

Inorganic salt solution A" 20,0 ml.
Filtered rumen liculd 15,0 ml.
CMO~70L 1.0 gn.

This mixture vas sterillized at 15 p.s.i. for 15 min,
After 1t was cooled, 50 ml. of Solution B", whieh

*Solution A: Ammonium sulfate 0.05 gm,
Potassium phosphate,

monobasle ‘ 0.05 gm.
Potassium phosphate,

dibasio 0.02 gm.

Caleiun chloride D.005  gm,

Magnesium sulfate 0.005 gm.

Sodium chloride 0.1 gm.,

Pletilled water to . 100 . ml.

**Solution B: Sodium thioglycolate 0.1 gn,

u~Oyatine 0.155 gm.

lucose 0.4 gn.

(=1loblose 0. g,

Cystiene hydrochloride 0.04 gm.

Sodium carbonate 0.6 gn.

Sodium blearbonate 0.5 gm,

Dietilled water %o 160 ml .
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was previously sterilized by filtration through & Seltz
filter, was added., The totsl mixture was made up to a

volume of 100 ml, with sterile dlstilled water.

(b) Medlum B,

This medium, proposed by Doetsch et al. (30) was
uged primarily to avoid the necessity of using rumen liguid,
It eonsisted of the followingt

Eugon agar (B.B.L.) . k.34 gm,
Inorgenie salt solution A 20,0 ml.
Bolution B 50.0 ml.
Distilled water %o 100 nml,

The method used to prepare this medium was the same

as that used to prepsre Medium A,
(e) Medium C.

This medium was_ essentiazlly the same as Medlum B,
however it dlffered in that 3,05 gm. powdered Trypticase
phytone medium (sse Materials) was used in place of the
Eugon Agar (B.B.L.)

3. Bouree of am

Fresh rumen contents were obtalined from a flstulated
bovine snd s%rained through four thicknesses of No, 50

cheesecloth,
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Ten grams of the well-mixed sample was sdded from a
gterile graduate to & gassed 90 m&.’dilutian blank, The
sample wag sheken vigorously for 2 min. Serial 1 ml.
transfers were made in the seme fashlion using gassed 9 ml.
and 99 ml. blanks to & dilution of 1&”19 of the original
sample, ’

One milliliter of dilutions 107, 1078 ana 10°% were
sdded to 6 ml, of melted, cooled Medlia 4 anﬁfﬂ contained in
rubber stoppered (125 mm. x 16 mm.) teef tubes. The samples
were mixg& in the agar under carbon ﬁi@%i&& and then the agar
was solidifled in & thin film on the waila of the test tube
by rotating under sold water (55). In & number of cases the
rubber stoppers of the culture tubes were covered with molten
paraffin, however in later experiments this step was omitted
as anaerocbie conditions were m&&ngainaé‘in the culture medla
without this preceution. The tubes were incubated at 39°C,
for 48 hours. After thie time interval or sfter well defined
microbisl colonlies had developed in the culture medls, a
nunber of well isolated colonies were trensferred to the
broth Medium O. VWhen good growth had occurred as evidenced
by turbidity in the broth medium, thé relatively pure
cul tures were once sgaln cultured into Medilum A, From these

cultures 22 well defined and well isolated colonies were
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Figure 15. Electron microphotographs of 2i~hour oultures
of rumen isolates

A and B - Culture 31 (magnifieation 10,000 X)
¢ and D - Culture 32 (megnifieation 10,000 X)
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F, Fermentation of Carboxymethyloellulose-70L by Bacterial
Cultures Isolated from the Rumen
The effecta of varlous inhibltory compounds and nutrients

on the fermentation of CMC~70L by rumen mleroorganisms have
been studled. Bince two pure rumen cultures were lsolated

end found to dlgest cellulose in preliminary experiments it

wes Telt desirable to conduct a number of investigations to
ghow the effecte of inhibitory compounde and nutrients on the
fermentation of CMC-70L by these lsolates.

Inhibitors sush as sodium fluoride, thymol and toluene,
and the nutrient, fructose~l,6-diphosphate wers added to the
various cellulose fermentatlons by Cultures 31 and 32. The
inocule were prepared by transferring Cultures 31 and 32
into Medium C in which 1 per cent CMC-70L was added in the
place of the glucose. After 24 hours incubstion at 39°C, the
cells were harvested by centrifugation, and washed with sterile
dletilled water. After two washings the cells were resuspended
in sterile distilled water. The compositlon of the culture

medium was ag follows:

Bagto yvesst extract 1.5 gn.
Minersl solution 11.7 ml,
Urea solution 1.7 ml,
Inoeulum {Culture 31 or 32)20.0 ml,
Distilled water to 150 ml.

From the results of this investigation, as seen in

Table XXVI and XXVII, the section of these chemical ecompounds



Table XXVI. Permentation of CHC-70L, by cultures 31 and 32 in the presenee and
abeence of sodium fluoride, thymol and toluene

¥o, MG Inhibitor Isolate Redueing substances (a2 Totsl volatile seclde {(as

1% glucose} formed, grams acetic seid) formed,
per 100 ml. Determined gramse per 100 al.
at: hours Petermined at: hours
0 25 Lg 72 a 24 Lg 72
1 + - ) 3 $.000 0,000 0.000 0.000 0,000 0.719 0.BED 0,526
2 - Bodium 31 0.000 0,024 0,028 0,025 0.000 0.000 0.000 0.000
fluorids ,
3 + Sodium 1 0.000 0,966 0.072 0.072 0,000 6,000 0,041 0,041
fluoride
L + Thymol 31 0.000 0,061 0.062 0.062 0.000 0.032 0,032 0.032
5 + Toluene a1 0.000 0,083 0,066 0.066 0.000 0.000 0.000 0,000
6' + - 3;} ﬁ‘ﬁf}ﬁ ﬁ‘u&’?@ ﬁ.e% ﬁv@f}@ Q.C}@Q 3:3%? @.%ﬁ @uﬁﬁ?
7 -  Thymol 32 0,008 0,022 0.026 0,027 0.000 0,000 0,000 6,000
8 + Sodium 32 0.000 0,009 0.112 0.128 0.000 0.047 ©,092 0.126
fluoride
29 + Thymol 32 0.000 0.051 0,052 0,055 G.000 €,.000 0,060 0,000
o+

Toluene 32 0.000 0,049 0.052 0.655 ©.000 0.012 0.012 0.012

1



Table XXVII.

Fermentztion of CHC.70L by culture 32 in the presence and absana@

of thymol and fructose 1,6 diphosphate (FIP)

Flagk CHC Thymol

1%

FDP

Reducing substances (as
glucose) formed, grams
per 100 ml, Determined
at: houre

Total volatile aelds {as
ag¢etiec zeld) formed,

grems per 100 ml. ’
ﬁstam&ﬁeﬁ at: ms ,

o 24 Lg 72

o 2h &8 ?2

B

4+ +

++ 113

0.000 0,000 0.000 0,000
0.000 @.ﬁﬁz 0,049 0. @%’9
QQQQ@‘ @;@6 @ Q?S gt 35

0.000 0,000 0.000 0.000

6.000 0,000 0.000 0.000
0.000 0.204 0,362 0.403
0.000 0.067 0,013 0.013
0.000 0,000 0,000 0.000
0.000 0,251 6.410 0.476

A



<133

was the same as occurred whenm rumen llguor and washed rumen
miercorganisms were used as inocula, In the presence of an
inhibitor, an accumulation of reducing substances occourred,
while in the absence of such an inhibitor the digestion of
the soluble esllulose derivative by the rumen 1solates weas
not arrested at the glucose stage and thus the familiar end-
products of such & fermentation were found in the culture
medium. Fructose-l,b-diphosphate appeared to stimulate the
activities of Culture 32 (Table XXVII) and thus it seemed
that thie particular microorganism could utilize phosphor-

vlated sugars in 1ts metabolie processes,

By the uese of paper chromatogrephy, the reducing sub-
gtances which accumulated during the fermentation of CMC-70L
by Cultures 31 snd 32 were found to consist of two reducing
sugare, glucose and xylose, There was no evidenece of
celloblose or cellulose dextrine as the breskdown products
being present in the culture.

G. Preparation and S8tudy of a Cell-Free Cellulolytic Extract
from Rumen Microorganisms

In the mieroblologlesl degradation of eellulose
specific enzymes ere elaborated which are able to split the
large polysaccharide molecule into smaller water<soluble
compounds, These latter compounds can then 4dlffuse into the

interior of the organiesm for further metabollem., It 12 not
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certain but it seems probeble that these smaller sugér ;
identities must be phosphoryleted before entrsnce intoe the
cell, There have been several observations that the cellu-
lelytic microorgenisms aet upon the insoluble cellulose
fiber only by direct contact with that substance.

Various experimentsl attempts were made to show whether
the cellulose~splitting enzymes were exocellular and present
in the rumen liguid. Fresh rumen contents were firat strained
through four thicknesses of cheesecloth and then centrifuged
at 10,000 r.p.m. for 20 min. Part of the centrifugsate wae
tested for its cellulose-digesting activity. The remaining
portion was then flltered through a Berkefeld filter to
remove any baeteria that were present in the previoue clear
1iguid. This filtered eample was also tested for its cellulose-
digesting aectivity.

The resulte of thie investigation, as shown in Table
XXVIII, indiceted that the filtered rumen 1iguid had no cellu-
lolytic setivity while the centrifuged, non~filtered sample
possessed slight activity. Thie slight enzyme aotlvity could
have been the result of & small number of cellulolytic micro-

organisms present in the non-filtered sample.

It esn be postulated from the above experiment that the
pellulose-splitiing enzymes were striotly endoenzymes., This



Table XXVIII.

Fermentation of CMC-70L by centrifugate (C) and filltrate (F}

from rumen l1icuid in the presence and absence of sodium

fluoride

Flask

cHE
1f

HaF Inog-
L5 ulum

Reducing subetances (as

gluscse) formed, grans
per 100 ml. Determined

at: hours

Totsl volatile selds (as
agetiec aeld) formed,
grams per 100 ml,
Petermined a2t: hours

0 24 bg 72

o 24 k8 7

A B N

+4+ 1 ++ 10

+HEF+

vaf haf vl €8 €3 €3

£,

0.000 0,012 0.01% ©
0.000 0.055 0.055 0,055

73 0

0

o.000 o,00k 0,

-
DDA D
 SDDODD
2383838

*

mwﬁzwam
o o oo oo
a?m?mw
Lo R ]

o e R
DO O ND

.

621
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hypothesis cannot be resdlly reconciled begause 1t 1s
difficult to envision that the insoluble molecules enter
into the interilor of the bacterial cell for the initilsl
degradation. The speeific enrymes in guestion may be
tightly adeorbed on the outer surface of the cell membrane

and not liberated as such in the externsl medium,

The next step to locate the site of the eellulolytie
ensymes was to sndeevor to prepare a cellulolytic cell-free
basterdal extrsct. Enzyme extraets from rumen microorganlsms
and from Culture 32 1solated from rumen contents were
prepared by the use of the conventional 9 ke. Model 5~102
Magnetostriction Osoillator®. However, the preparatlon wes
shown, experimentally, to be of low cellulolytic activity.

As this was the case the method sutlined by Mellwain (82)

wag used to prepare an enzyme exiract from rumen micrcorgeniems,

Four quarte of a fresh sample of rumen liguid was
obtained from the fistulated animal and paesed through four
thicknesses of No. 50 cheesscloth., The resulting solution
was centrifuged at 1,000 r.p.m. for 2 min. to remove plant
meterial and protozoa {109). The bacterial cells in the
supernatant liculd were then harvested by high speed cen-

trifugation, employing the Sharples Centrifuge., After the

*Menufactured by the Raytheon Manufseturing Company,
Waltham, Massachusetts.
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cells hed been washed three times with a pH 6.98 phosphate
buffer, they were repacked in the centrifuge, weighed and
pleced in & previously cooled mortar. Pollshing Alumina

&im@w* was added in the smount of 24 to 3 times the weight

of the celle. The mixture wes then thoroughly ground with

& cold pestle for § to 10 min, After this time sterile
physiologiesl saline solution was added, the amount being
two times by volume of the welght of the cells. The mixture
wag thoroughly stirred until a uniform suspension was
obtained. This suspension wae then centrifuged under
refrigeration for 1 hour at 12,000 to 15,000 r.p.m. The
resul ting olear liquid was decanted carefully and used as the
cell-free cellulolytic bacterisl extraoct.

An index of eellulolytic activity of the different
preparations was cobiained by the amount of redusing substances
formed from CMC-70L under anserobic conditions with carbon
dioxide and inocubsted at 40°0, Mﬁ.@wm test, 5 ml. of the
preparation was added to 5 ml. of a phosphate buffer (136),
pH 5.5, and 100 amm, ef OMC~-70L. BSBodium fluoride (0.21 gm.)
or thymol (0.20 ma‘w,zﬁa amma& as an antiseptic to the mixture
in the reaction vessel. A% various times during the period
of ineubation, alliquotes wers withdrawn, filtered and analyzed

for reducing substances.

MObtsined from the Aluminum Ore Oompany, East St. Louls,
Illinois,
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A number of experiments wsre condueted in order to
determine the aotivity of the prepared eell-free extract.
The extract was added to medls conteining 1 per cent
G%€~7GL in the presence and sbsence of sodium fluoride and
thymol. It was observed (Table XXIX) that this extraect
possesged good cellulolytic activity. The addition of
sodium fluoride or thymol prevented the resction mixtare
from becoming conteminated. Kach culture was analyzed at
0 and 24 hours for total volstile acids, however it was shown

that no short-chain fatty acids were produced.

Paper strip chromatogrephic snalysls of the degradation
of CMC-70L by the aﬁilulélytie extract was also done at various
time intervals during the sbove experiment. In the early
hours of the 1&?&&%&3&%1@& only giﬂaaaa was deteoted in the
meﬁiag however &t 20 and 24 hours of incubation glucose and
xylose sppeared ﬁnkthﬁ chromatograms,. The presence of xylose
suggested that xylan was praaanﬁ in the gellulose substrate
and that the c@llulalytié preparation sontained & number of
anzymes @#e of whiech was capable of aegfaaing the xylan to

xylose.

Cellobiose was not deteoted in any of the medias as a
degradative produet of CMC-70L by the extraet. It was possible
that celloblose wes not formed or that if 1t was, it could
have been rapidly hydrolyzed to glucoss during thakrarmeatattan.



Table XXIX,

Enzymic breskdown of CHMC-70L by a eell-free extraet of rumen

miercorganieme in the presence and absence of thymol and
sodlium fluoride

Redueing substances (28 glucose) formed, grams

Tube CHC Inhibitor Extract , ,
1% | per 100 ml. Determined at: hours
0 0.5 0.,7% 1.5 3.0 6.0 20 2%
1 + - + 0.000 0,011 0,053 0,071 0.08h4 0,113 0.057 0.062
2 -  Thymol +* 2.000 0,000 0,001 0,002 0.003 0,006 0,006 !.ﬁi}é
3 + Thymol - 0.000 0.0 o 3 a.am 0.003 0,003 0.003
b +  Thymol + 0. 7 0.085 0.087 0.102 &.1@&»@.112
5 + BSodiunm + 0 0.06 ’.ﬁ?é 0.106 0.131 0,10
fluoride

0.5%

621



130

In view of the latter possibility, the action of the cellu-
loytiec preparation on CMC-70L, Alphacel and celloblose was
studied. The reaction mixtures were prepared as desoribed

above,

From Table XXX it may be observed that the extract had
the ability to hydrolyze Alphacel as well as (MC-70L.
Cellobiose w&svaagra&@d likewise to gluecose (as shown by
chromatographic analysis), ite rate of hydrolysis was greater
than thet of OMC-70L or Alphacel (Figure 16). It is probably
true from these results that the detectlion of celloblose in
the reasction mixturees during the fermentation of OMC-70L or
Alphacel would be 4Aiffioult because of the rate in which the
cellobiose would be hydrolyzed to glamaaa.

In order to ensure that the aption of the cellulolytie
‘preparation wasg not due to contaminating mioroorganisms,
gamples of the enzyme solution were tested with and without
gterilization by bastericlogiceasl sintered glase filtration.
The resulte given in %aﬁle XXXT elearly show that the
conversion of GH%&?@L into reducing sugars wes not brought

. about by contaminating microorganisms.

A number of investigations were conducted to study the
properties of the praparé& cellulolytic beoterial extract.
Phosphats buffer solutions (64) were employed in this and

subsecuent experiments. A series of enzyme~buffer CMC-70L



Table XXX, Fermentation of CMC-70L, slphscel snd eellobiose by the
eellulolytie eell-free extraet in the presence of sodliun
fluoride

Tube CHO
Source

‘Redueing subatances (as glucose} formed, grams per 100 ml,
Deternlined at: hours

L.

-2

5

20

26 s

oMo

, 1%
2 Cello-
bicse
0,5%
3 Alphagel
1%

& -

0.000

0.006

0.081

6.015
0,001

0.072
0.109

0.616
0.001

0.102
0.203
0.02%
0.002

0.106 0.113

- 0.282 6,253

0.022 0.033
0.002 0,002

w1



GRAMS REDUCING SUBSTANCES (AS GLUCOSE) /100 ML.

0.28

0.24

0.20

0.08

0.04

132

CELLOBIOSE

CMC -70L

)
[1l

/br_u HACEL
1 | , | | | |

0 4 14 21 28 35 42

TIME IN HOURS

Figure 16. Fermentation of OMC-70L, slphacsl and
acllobiose by the cellulelytic oell-
free extract

49
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Table XXXI., Effect of fi&twaﬁian on the aetivity of
the vell-Iree gellulolytic preparation

Treatwent of
preparation

Beduoing ratetances (as glucose)
forned, grams per 100 ml.
Determined at: hours

0 é 29

Hot filtered

Slntered glass
filtered

gontrol

8.000  0.090 0.09k
0.000 0.094 0.099
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mixtares of pH b.0 tm‘pﬁ.8.e were prepared and incubated
snserobicelly at 40°C, The results in Table XXXII and
Figure 17 indicated that the optimum pH for the sellulolytie

setivity of the sxtrast ocecurred at 5.5.

In testing tﬁs stebility of this extract, portions of
the same prepsration wers kept at -15%C., 109C., end 259C, for
1&& hourg, During thles time esllulolytic setivity of the
samrlee were tested using CHC-70L a8 described befors,

Results showed, a3 given in Teble XXXIII, that after 1Lk
hours of storsge the frogzen and chilled samples showed no
loug of sotivity, However, the semple kept a2t room temperature

lost 34 per ecent of itz enzymic sotivity.

The optlmum temperature for enzymic sction wee determined
by preparing a number of enzyme-buffer~CMC-70L mixtures
(pH 5.5) and incubating them at temperatures from 10°C. to
80%C. under earbon diexide. The results of this study, as
given in Table XXXIV and Figure 18, ehaw@ﬁ‘that the optimum
temperature for maximum cellulolytie aetivitly of the extract
was between 40° te 5090, “The ocurves in Figure 18 showed that
the incubation temperature of 50°C. inecreased the metivity of
the extraet during the 6 hour reaction period. However after
& longer period of Aincubstion, the extrset showed an optimum
temperature of 40°C,
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Table XXXII. The effect of pH on the agtivity of the
cell-free e¢ellulolytic preparstion

pH CHC~70L Redueing substances (as glucose)
formed; grams per 100 ml,
ﬁgte?mxaeﬁ at: hours ‘

0 6 20
h,0 + ¢.000 0.021 0.031
k,5 + 0.000 0.057 0.084
5.0 + ¢.000 0.090 0.110
55 + 0.000 0.094 0,116
6.0 + 0.000 . aia?s 0.096
7.0 + 0.000 0. asa 0.066
7.5 + 0.000 0.030 0.036
g.g + 0,000 0.024 0.031

0.000 0.010 0.016




GRAMS REDUCING SUBSTANCES (AS GLUCOSE)/ 100 ML.

0.08

0.06

0.04

0.02

136

20 HR. INCUBATION

6 HR. INCUBATION

[ ! _ _ |

4 5 6 7 8
i pH

Figure 17. Effect of pH on the aetivity of the
sellulolytic cell-free preparation
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Table XXXIII, Effect of storege at different temperatures
on the agtivity of the ¢ell-free cellulo-
1ytie preparation

Btorage time Storage Redueing substances (as

of sample temperature glucose)} formed, grame per

hr, g, 100 ml, Determined at:
hauxs &amuhatian | |

0 6 20

2n 25 0.000 0,079 0.091

X 0.000 0.087 0.102

L8 25 0.000 0.074L 0.086

10 0.000 0,087 0.100

bk 25 0.000 0.058 0.061

10 0.000 0.087 0.099

~15 0,000 0.087 0.106
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Table XXXIV. The effest of tempersture on the astivity
of the cell-free cellulelytic preparation

Temperature CMC~70L Redueing substances (as glucoss)
og formed, grems per 100 ml.
batarmlne& aﬁ: hmursk

0 6 20

10
20
o
50
60
70

80
Lo

0.000 0.070 6.113
0,000 0.104 0.143
0.000 0.125 0,166
0.000 - 0.132 0.158
0.000 0.097 0.115
0.000 0.037 0.0
0.000 0.032 0.040
0.000 0.000 0.000

L+ +++




GRAMS REDUCING SUBSTANCES (AS GLUCOSE) /100 ML.

0.2l

0.12

0.09

0.06

0.03

20 HR.
INCUBATION

b—

6 HR. INCUBATION =

! ~ 1 | ! |
10 20 30 40 50 60 70 80
TEMPERATURE (°C)

Pigure 18, Effeot of temperature on the sotivity of
, the cellulolytic cell-free prepsratilon
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It was indiested previously that yeesst extract in-
ereased the utilization of cellulose by the rumen miero-
organisme, Bince this wag the csse a number af'experimﬁnﬁu
were conducted te study the effect of ysast extract on the
sction of the ecellulolytic preparation. It was noticed,
a8 shown in Tahle XXXV, thst the addition of yéast extract
#timulated the aetion of the enzymle solution on the hy&rﬁlysis
of Alphacel, hovever little or ne increase of degradatien of
CHC-70L appeared,

Hellwaints procedure (82) for obtaining & vell-free
baeterial extrsot, was found to be useful in preparing an
enzyme solution from rumen microorganisms., As a result a
8imilar extract wag prepared from rumen Culture 32, The
extrast obtained was tested for 1ts cellulolytic aotivity
{Table XXXVI) and 1t was shown to have the ability te
hydrolyze CHC~70L and Alphaeel., OGlucose was detected by
filter paper chromatographic means, as the only degradative

product of the cellulesic substrates in the reasction media,



Table XXXV, The effeot of wmmmwtmm«awmw on the fermentatlion of CHC-70L and
aliphseel by the eellulolytie gell-free rumen bacterial extraet

Tube Csllulose Yeast Redueing substences (as glucese) formed, grame

gOUrss axtraet per 100 ml. Determined at: hours
1% 0.5%
L 3 6 20 24
1 cHG - 0.000 6.057 6.072 0.102 0.106
2 CHG + 0,000 0.059 0.081 0.107 6.123
3 Alvhacel - 0.000 0.015% 0.016 0.621 6,022
i wW%wwwmw + 8.900 0.045 - 0.050 0,057 0.060
5 - B.000 8.001 8.001 0,002 0,002
& - + 0.000 0.005 6.010 6,011 0.811
A CMe - 0.000 0,015 0.038 0,086 0.049
B CHC + 0.000 0.020 m.me 0.048 0,051
€ Alphacel . $.000 6.019 06,027 0.035% 0.035
£ Alphacel + 0.000 0.035 0,038 0.05 0,057
B - + 0.000 0.002 8.011 8.011 0.011

Wi
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Table XXXVI. Enzymie breskdown of CMC-70L and alphacel
by a eell-free extract of culture 32
Tube Cellulese Extraet  Reducing substances (as
% | glucose) formed, grems per

100 ml, Determined at:
hours

0 16
1 QMC-70L + 0,000 0.026
2 Alphacel + 0.000 0.017
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Vi. (ENERAL DISCUSSION AND CONCLUSIORS

The chemistry of celluloge digestion by rumen micro-
organisms has been investigated with spesial reference to
the identification of the carbohydrate intermedistes formed.
The end-products formed during & normal fermentation of
cellulose by the rumen bacteris are principally the short-
ehain fatty solds, such as formle, acetic, proplonie and
butyric aecids, Therefore in ar&ééyta study the pathway of
cellulose degradation during this type of fermentation, the
process must be arrested at an sppropriaste astage so that the
various compounds formed during.the hydrolysis of callvlose
gan be identified.

The use of the lsboratory rumen of Burroughs ¢t al.
{19), now more commonly termed the artificial rumen, has made
possible such an investigation. Strained rumen contents,
obtained from a fistulated bovine, was used as the initisl
inooulum in early experiments. However, in later studies
washaed rumen microorganiems, rumen isolates and cellulolytie
goll-free baoterial extracts were slso employed as inooula.
The flask cultures of nutrient solution containing cellulose,
were incubated in a thermostatieslly controlled water-bath at
LO%C. with a slow stream of carbon dloxide bubhled through

to maintain enaerobie oconditions.
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Preliminayry work showed that when the ftoluene was added
to the cellulese~digesting cultaraa,;séﬁuﬁing sugars accumulated
in consldersble amaants in the medie; but in the absence of
toluene very liﬁﬁia redueing sugars could be deteoted. The
yields of volatile sclds were merkedly decreased in those
cultures having toluene added a8 compared with the ylelds of
end-products in the abaaﬁae of toluene. In a 48 hour
fermentation culture containing 1 per cent original sellulose,
as finely ground filter paper, in the sbsence of toluens,

0.620 gm, of volatile acide (a8 acetle acid) and auiy 0.001 gm.
reducing augura {as glucose) were yr@éﬁaaﬁ, while in the
presence of toluense, e.aég gm. of volatlle acids and 0.120 gm.

of reducing sugars were formed.

It appeared that toluene arrested the growth of the
miereorgenisms thus affeoting the action of the enzyme
systems whish satalyze the conversion of the soluble sugars
to the volatile fatty soclds. However the inhibitor had
1ittle or no effect on the anzﬁm@a that. catalyze the con-

version of cellulose to the soluble rs&ﬁaimg sugars.,

Since cellulose 18, even in the form of finely ground
filter paper as used in these experiments, a solid, insoluble
materisl, contset of the organisms with the cellulose csnnot
be very uniform. Experiments were ﬁharaﬁarﬁ conducted
employing the soluble cellulose derivatives, namely the
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carboxymethyleelluloses (CMC) as the oellulosie substrate.

In comparing the fermentation of ground filter paper, Alphaeel
{a commereial powdered cellulose produet) and seversl grades
of CMC by rumen microorgenisme, it was found that in all
cases the extent of digestion was greater with the soluble

CHMC samples than with the ineoluble celluloses. Thus the
results of these experiments indieated that (MU-70L wes a
gultable oellulosic substrate for the ocellulolytic rumen

bacteria.

It was felt thet in order te identify the carbohydrate
intermedlates formed during the degradation of the cellulase
moleoule, sn efficlent 1nhib1§arvw@ﬁ1& be required so that a
large accumulation of reduecing sugars would occur in the
eulture. Previous experiments showed that toluene had the
abllity to inhlbit cellulose fermentatlon by rumen miero-
@rg&n&ams at the glucose stags. Therefore eleven other
compounds were tested as to their effectivencss in blocking
the metsbolic pathway of cellulose digestion by the same
bacteria., Of gll compounds tested thymol, chloreform, sodium
fluoride, toluene, m-xylene and lodoacetic aeld, in the order
of decreasing aff&étiw&naﬁa, were Tound to prevent the further
utilization of the reducing sugars by the rumen baoteria to
form the volatile fatty acide as snd-productes. Of these

compounds listed, thymol and sodium fluoride were chosen to
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be used in future experiments to study the ldentity of the
sarbohydrate intermediates formed during the degradation of
& @11“1@ Bge.

The hydrolysis of the cellulose molecule by the rumen
baeterial enzymic systeme appeared to be a hydreclastic reaction
not affected by the various inhibitery compounds. It was
felt that the action of these substances affected the enzymie
processes that phosphorylate the soluble sugars before they
entered the bacterisl eell. It seemed probable that before
the sugars can galn entrance inte the c¢ell's interior for
further metabolism to the various end-products, they must be
phosphorylated. With this hypothesis in mind, genersl
phosphorylation inhibitors, such as 2-4 dinitrophenol,
phloridzin and sedium azide, were tested to observe if they
would inhiblt the rumen fermentation of cellulose at the
glucose stage. Results indlcated that they hed such inhibitory
capacity, and thus reducing sugsrs accumulated in the culture

Phosphorylated sugars such as glucoese~l-phosphate,
glucose-b-phosphate and fructose-l,6-diphosphate, were added
to cellulese-digesting ocultures and it was noted that
increased produetion of end-produste resultel a8 compared
with the control oultures having no asdded phosphorylated
sugars. These results indicated thet the rumen miorocrganisms
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can utilize phosphorylated sugers and that the various
inhibitory compounds may have srrested the growth and re-
produetion of the microorganisms by affeeting the hexckinases
that are distributed on the surface of the cell in the cell

membrane.

Preliminary experinments that were condueted in order
t0 elucidate the pathway of gellulose digestion by rumen
microorganisms suggested that glucose was the only product
formed, However, these investigatlions were done on inhibited
oultures that had been incubated for 48 hours. It is reasonsble
to assume that the helght of the cellulose fermentation had
passed, and 1f celloblose,; cellotriose, cellotetrose, ete.,
were formed during the degradation of the c¢ellulosie sub-
strate, they ocould have been sasily hydrolyzed to glucose by
microbial aetlon during that period of time. With this
assumption in mind a more comprehensive study was done %o

follow the rumen basterial hreskdown of esellulese.

Gellulose-digesting cultures, inhibited with sodium
fluoride or thymol, were prepared and the media were analyzed
gualitatively at hourly intervals for carbohydrete inter-
medlates. During thils etudy it was found, by filter paper
chromatography, that three redueing sugars appeared as the
intermediate compounds of cellulose degradation.' Of the
three, glueose wae in the greatest concentration, while
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xylose and celloblose were detected only in tracee.

ms various enzymloc starch degrsadation studies,
wa@aaﬁﬁWNq with | n {38), an amylo-
gluocosidase has been found, the principsl catalytioc activity

tridium scetobutyll ou

of which was the hydrolytic removal of individual glucose
units from the non-redueing terainus of a sterch chain, When
a branch point in the structure wae encountersd the enzymic
sction was slowed down. From the resulte of the study of
cellulose degradation deseribed %ﬁm4poﬁuww§ i1t sppeared thet
the aawpavaaonmuwvaawwa,aﬁmaam elaborated by rumen mioro-
organisms may be a "ecelloglucosidase”, one which waan@wwman
individual glucose units from the ends of the oellulose
chains, This postulation 1g similar to the one proposed by
Clayson (23) in 1943, He believed that ths sellulolytie
microorganisme begen a2t the end of the celluloge chain and
lopped off one anhydroglucose unit after the other,

The presence of & small amount of celloblose may be,
therefore, due to the aotion of 2 small number of mlero-
organisms such as , 1lobioparus. Hungate (51),
who isolated the waa«aw from awa xﬁa¢§~ found that s pure

culture of this wwawaawﬁa degraded eellulese %o celloblose
but not to the glucose stage.

The presence of the xylose molecule in the cellulote~
digesting media may be explained in that the cellulosie



149

substrates were contamineted with xylan. This polyeaocharide
is very susceptible to enzymle attack and thus would be
hydrolyzed easily to the pentose, xylose.

An important eonaideration in the digestion of cellulose
by rumen microorganisms is whether the cellulolytie enzymes
are extracellular, intracellular or perhaps held on the
surface of the bacterlia. In the microblologiecal degradation
of cellulese specific enzymes are aiabaraﬁaa which are able
to split the large, polysaccharide molecules into smaller,
water-soluble compounds. These latter compounds can then
diffuse into the interior of the organisms for further
metabolism, It is not certaln, but it seems probable, that
these smaller sugar identities must be phosphorylated before
entranee into the sell. There have been several observations
{51) that the attacking miar@@rﬁaﬁismﬁ act upon the insoluble
fiber only by direct contact with the cellulose.

A number of experiments were conducted using centrifuged
and filtered rumen fluid as inocula. The results showed that
the filtered liquid had no eellulelytie activity, while the
centrifuged, naawfiikaruﬁ sample possessed slight activity.
This slight motivity could have been due to the presence
of a emall number of microorganisms ip ths non-filtered
sample, It could be paseuiatea rrém these results that
cellulose~pplitting enzymes were etrictly endoenzymes.
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However,; this hypothesis is difficult to believe beceuse the
insoluble cellulose molecule could not pass into the bagterial
gell for the init&alwﬁegraﬁaki@n. It oan be aanﬁlu&aa; however,
that the cellulolytic enzymes of the rumen microorganisms are
not preaent as such in the rumen fluid, but are assoclated

with the baeteriel cells.

The preparation of a eellulolytic cell-free extraet
from washed rumen micrcorganisms ané Trom & eunlture isolated
from the rumen sdded additional evidence that the cellulolytic
enzymes are oriented anﬁktightly adsorbed on the outer surface
of the cell membrane and are not liberated far into the

externsl medium.

A number of experiments were conducted to study the
effeet of yveast extraet on the action of the eellulolytie
¢ell-Tree preparation on Alphaeel and OMC-70L. 1% was notioced
that the addition of yeast exitrascet seemed to stimulate the
aetlon of the enzyme extract on the hydrolysie of Alphaocel.
However, 1ittle or no inerease of hydrolysis of CMC~70L
compound sppeared. In addition to the enzyme and the sub-
gtrate many enzymes reculre or are asotivated by a2 third
substance called a "coenzyme” or an "aetivator®. In meny
cases certain inorganic ions are neogessary, but there are 2
number of coenzymee that are organiec in nature. In the

experiment described briefly sbove it asppeared that yeast
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extract contained a "eco~factor" that activated the cellulolytie
aotion of the cellulose-splitting enzyme on insoluble cellulose
while the degradation of OMC-70L was not influenced by the
pregence o0f yeast extreet, From this informetion and the

gtudy of the pathway of cellulose dagr&d&ti&n with reference

to the ldentity of the carbohydrate intarmaﬁiatﬁa formed, the
digestion of geliulose by rumen miecrcorganisme can be explalined
on the basls of at least & three-step breskdown asg follows:

(a) transformation of the insoluble csllulose molecule inte
'1lnaar polyanhydroglucose chsins; (b) the breskdown of the
linear hydroeellulese struecture direetly to celloblose or
glucose; and (¢} hydrolysis of celloblose (if formed) %o

glucose,

If a "ecelloglucosidase” is elaborated by the rumen
Qi@rﬂorganisms, its actlon would tske place during the second
atage after the insoluble cellulose molecule had become

golubllized by another enzyme system.
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VII. BUMMARY

1. The chemistry of cellulose digestion by rumen micro-
orgenisms has been investigeted with specilsl reference %o

- the identifiecation of the ﬁar%@hyﬁraza intermedistes formed.
Flask cultures contelning cellulose éna,minarai solution
were inoocvlsted with strained rumen fluld, obtalned from a

fistuleted cow and ineubsted under carbon dloxzide at 40°C,

2. Preliminary experimentsal results showed that when %toluene
was added to active vellulose-digesting cultures, reducing
sugars aawumulate& in the medium in considerable amounts
with little or no produstion of volatile fatiy aelds. In
the absence of such an inhlibitor little or no redusing sugars
acocunulated in the culture medium and the production of the

various end-products (volatile acids) was considersble.

3. BSoluble derivatives of cellulose, namely the sarboxy-
methyleelluloses (CMC) were found to be actively digested
by rumen microorganisma. As a result experiments were
oonducted employing CMC=70L a8 the source of the cellulosie

substrate in the fermentation media,

4, Twelve chemicsl compounds were tested as to their
effeetivenese in blocking the metabolic pathway of cellulose

digestion by rumen mioroorganisms, OFf all the compounds
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tested; thymol, chloroform, sodium fluoride, toluene, m-xylene
and lodoscetic aold, in the order of decressing effectiveness,
were found to prevent further utilization of the reducing

sugars by the rumen beaeteria to form the various end-products,

5. Three genersl phosphorylating inhibltors, 2-4 dinitro-
phenol, phloridzin and sodium azide, were found to inhibit
the eellulose digestion by rumen bacteria at the glucose

stage,

6. The addition of phosphorylated sugars to the cellulose
fermentation medls rvesulted in a greater produetion of
volatile fatty acids by the rumen miercorganisms thus
indiecating that these bacteria can utilize phosphorylated

sugars.

7. The pathway of cellulose digestion by rumen microorganisms
wes studled with special reference to the carbohydrate inter-
medlatees formed. Aliguots were withdrawn at hourly intervals
from gellulose fermentetion cultures having CHC-70L or Alphacel
ag the cellulosic substrate with sodlum fluoride or thymol
added as the inhiblter., Glucose and a slight amount of xylose
and cellablose were detected by filter paper chrometography

in the fermentation media. Other possible carbohydrate
degradation produetes fronm the @allalaaia substrate, such as

cellotriose, ecellotetrose, ete. were not detected.
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8. A number of bacterlsl lsclestes were cultivated from the
rumen of the bovine and tested for their fermentation habits
on seversl carbohydratee. Of the 32 cultures isolated, two
(Cultures 31 and 32) were found that would ferment CMU-70L
and Alphacel at an aptive rate. Investigations revealed
that Culture 31 was anaercbie, non-motile, sphericel in shape
and invariably stained Gram positive. OCulture 32 wes & rod
form of varying length, strictly anserobic, motile snd
gtained Gram negative or CGram positlive depending on the age
of the eulture. FEleotron microphotographs were prepared of

asoh oulture,

9. The inhibltors such as sodium fluoride, thymol and toluene,
and the nutrient, fruetose-l,6~diphosphate had the same

effect on the astion of the two isolates on CMC-70L as reported
fav the mixed cultures above. @nly glucoee was detected as

the degradative product of CMC-70L by the esllulolytic asotion
of Cultures 31 and 132,

10. Experiments showed that the cellulolytiec enzymes of the
rumen mioroorgenisms are not present as such in the rumen

fluid, but are sssociated with the bacterial celle.

11. A method was deseribed for the preparation of a cell-
free enzymic extract from rumen bacoteria capsble of degrading
cellulose and CHO-70L.,
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12, The aetivity of the cell-free cellulolytic enzyme (or
enzymes) wes maximum at an optimum temperature of 40°C, and
an optimum pH of 5.5, It was partielly inaetivated when
allowed to stand at room temperature for 1bL4 hours. The
main hydrolytiec produet resulting from sotion of the enzyme

cellulose wae shown to be glucose.
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