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Abstract .
¢ . .
" Cellulomonas sp., (NRCC 2406) was grown on

medium or in a complex medium,;with the addition of different

“cellyloses (solka floc, avicel, CF 11 cellulose, Whatman no.l

filter paper an? carboxymethyl celluloée) and/or glucose.
When grown in the basal medium with cellulose addition only

endocellulase production was observed, however when grown in

~complex medium with cellulose addition cultures produced endo

N

and exo-cellulases and nery little B-glucgsidase. . Addition
nf'cellniose to both media stimulated growth as measured by
cellular prntein and also stimulated the production of &ellu-
lases. Higher endocellulase activity was’obﬁainéd f:om .
whole cells than from the extratellulaf fraction suggesting
thaﬁ.some of the endocellulases remain associated with the
cells or with the cellulose fibers. B-Glucosidase was found
to be a membrane bound enzyme. Addition nf,glucose in the
p:ésence of cellulose inhibited growth and cellulose break-
down. fThe proteins of the supernatants obtained from |
cultufes grown in complex medium containing different kinds
of cellulose fibers\were examined by polYacr&lamide gel
elecﬁrophoresis. e supernatants contained a number of
different proteinsrconsiderably more if the cells were grown
in the presence of cellulose and the absence of gluboée
Cellulolytic enzymes were identified by transferring the
proteins from the polyacrylamide gels to agar gels containing
carboxymethy; cellulose and stained with congo red. Expe-.

riments with non-denaturing gels showed up to 5 bands of



activity.

The potential utilization of cellulose requires
microorganisms which have a high cellulase activity and/or
are no longer under repressive control. It was found
impossible to obtain mutants of Cellulomonas 2406 when ﬁsiné
conventional mutagenic agents such as: ultraviolet light,
methyl methanosulfonate and N-Methyl-N'-nitro-N-nitrosogqua-
nidine; |

?

Electron microscope studies showed that Cellulumo-
nas 2406 adhered to the cellulose fibers by producing a poly-
saccharide material. This thick outer layer was not present

when cells were grown in the complex medium without cellu-

lose. This polysaccharide layer probably helps in the

adhesion process but whether the contact between the cells
and the cellulose fibers is necessary for cellulase induction

is yet to be resolved.
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REsumé ' : S - ' - T

s
L'espéce'CeZZuibﬁands‘(NRCC 2406) croit sur*milieui

-

minéral ou ‘sur milieun complexe_contenang différenfés'sou;cgs
de cellulose (cellulose CF 11, papierlfiltre,ﬁhatman no. 1,
solka floc, avicel et cellulose‘Earboxy-méthjléé) et/ou‘du
glucése: Lorsqué ia pactérie cfgft sﬁr'lé miiigu minéral avec
la cellulose, seule l;endoceilulése ést'synthétisée: lorsque
la bactérie se développe sur milieu~é6mﬁ1exg avec cellulose,
les cellules produisent de l'indo et aé l'éxocellulase et une
trds faible quantité de B-glucosidase. L'addition de cellu-
lose aux deux milieux stimulent la croissance (mesurée par le
.contenu celluiaire protéique) ‘et la produptgpg-de cellulases.

Les cellules entidres produisent plus d'endocellulases’ qué leg

surnageant, ce qui permet de penser gqu'une partie de 1l'endo-

cellulase reste associ&e aux cellules ou aux fibres de cellu-- --

lose. La B-glucosidase est plutft 1iée aux membranes. En
présence de cellulose,'l'addition de glucose inhibe la crois-—
sance et la dégradation de la cellulose. Les protéines du

surnageant obtenugE/§ partir des cultures développées sur

milieu complexe avec différentes fibres de cellulose, ont &té&

examinées par électrophorése sur gel de polyacrylamide. ;;s
surnageants provenant de cellules s'&tant développées en pré-
hsence de cellulose contiennent.un nombre plus Elevé de pro- -
téines que ceux des cellules s'Etant développées sur %}udbse:
Les enzymes cellulolytiques ont &té identifiéékygprés le
transfert des proté&ines du gel de polyéérylamide d la gé&lose

-,

contenant de la cellulose carboxy-méthylée et aprés N

LA



. o viii )
colo;atibn par le rqPqé congo. Les expériences faites avec
les gels non dénaturés mont:ént 5 bandes ayant une activiténﬁ_\\\
ce{lulolyfiﬁueJ | S SR

* p—

Llutilisation effective de la cellulose nécessigé
des orggnismés qui possédent uLe bonne aciivité cellulolytique
et/ou des organismés gui ne sont pas soumis & un contrﬁlé
catabolique. L'utilisatioh d'agents mutagéniques convention-
nels tels gue les radiations ultra;violettes, le méthyl
méthane sulfoﬁate, et la N-méthyl—ﬁ;nitrosoguahidine, ne nous
a pas permis d'cbtenir des mutants de Cellulomonas 2406.

Des &tudes au microscope électronique montrent que
 _la Cellulomonas 2406.adhére aux fibres de cellulose par le
biais d'une couche dg polysaccharides. Cette couche externe.
épaisse n‘;st pas présente lorsque les cellules se sont
développées dans un milieu complexe sans cellulose. Cette
couchg de polysaccharides est probablement nécessaire pour le
processus d'adhésion; par cé%tre, on ne sait pas si le contact

entre les cellules et les fibres de cellulose est indispensable

pdur qu'il y ait\induqtion des;cellulases.
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l. Introducticn

~ Cellulose is the most abundant natural polymer,
comprising more than 50% of all carbon in“veget&tion. It is
a major component of municipal waste and it is also produced

.~

in vast quantities from activities éuch as food processing,
lékbering, paper making and cereal harvesting. In recent
years its -utilization as a source 6f fuel and chemicals be- .
came of e;en greater importance  since it is_rapialy
renewaﬁle.. . "Planévmateriql such as cellu-

lose can be used .as feed stock for fuels and chemicals (Table
1). Cellﬁloﬁe may exiét in relatively pure form such as
cottoﬂ or in agsociation with dthgf cgmppunds such as, hemi-
cellulose and lignin.- Table 2 lists.;he cel;uiose conten;s
of somé agricultural and indystrial materials. Most of the
celiulose in such materials is converted’to-carbon dioxide

by biological oxidation or cpmbusﬁion and returned to the

-

atmosphere. _
& , o :
Microbiél degradation is a major c$use of cellulose
conversion. Howevgy, attempts, to uti}ize cellulose as an
imp;rtant source for energy have been @isappointing. At
present, mineral acid hydrolysis is the only technology used

to release sugar from cellulolytic waste. However, acid

hydrolysis is not an economzcally feasible process.



Table 1. Utilization of plant material®

Plant Conversion Products : References
material process .

Cellulose Fermentation by ethanol Arcuri (1982)
Zymomonas mobilis Flickinger (1980}
Cellulose Fermentation by . ethanoi Coohey (1978)
Clostridium ther-
= mocellum
xYlan. Fermentation by ethanol Dekker (1982)
yeasts butanol Maddox (1982)
Lignin | ‘Microbial degra- low mole- Kirk & Chang (1981)
dation by fungi cular weight Crawford (1981}
phenolic - ’
compounds

~* Table from Woodward, 1984



-

Table 2. Cellulose content of different materials* ;

Material Percent cel{ulose . Reference
Cotton 91 Gascoigne & Gascoigne
‘ {1960)
Wood (pine) 41 Virkola (1975)
 (birch) S 40 -
Pulp ¢ ’ 41 -
Wheat 30.5 .
. : ) 4 -
Oat , 42.8 Donefer et al;;£1969)
Bagasse ) _ . 46-55 Sricivasan & (1969)
. Newspaper | ' . 40-80 ~ Updergraff (1971}

* Table from Goksgyer and Eriksen, 1980

]
]
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) Cellulose is a linear polymer of D-glucose linked - - -

by B-1, 4-glucosidic bonds (Fig. 1). The number of glugose_
units in a cellulose molecule was found to vary between ES'i
and 14,000 (smtoia & Neimo, 1975). Natural cellulose was
found to contain more than 10,000 glucose units, giving it a
molecular weight of approximately 1.5 million. The length

of a glucose molecule is 0.15 nm, which would make the length
of natural cellulose molecule 5 ym. - —-.--

The rate of hydrolfsis of cellulose depends on the
cellulase enzymes prpdﬁced'by different organisms and on the
ability of the enzymes tp attack cellulose fibers, It is now
known that cellulose fibers are made of two different distiné-
uishable parts; an easily hydrolyzable poftioﬁ called
«amorphous» cellulose and a resistant portion called «crys—
talline» ceilulose (Fig. 2). Cellulase enzymes are known to
attack.the amorphous portion of the celluiOse fibers more
readily. Pretreatment of the cellulose fibers, usually with

"an acid, is supposed to expose more of the'amorquus regions
‘of the cellulo§e fibers thus making them more readily degra-
dable (Chang#1971).

Some prokaryotic and eukaryotic organisms possess
the necessary enzymes for cellulosé degradation. Most oﬁ'the
cellulolytic ofganisms produce enzymes which enable them to
hydrolyse cellulose to soluble ‘sugars, which in turn they can-
utilize as carbon sources. In some organisms the function of
these enzymes'is to regqulate cell growth or germination

(Gong & Tsao, 1979). 1In some fungi it has been shown that



Fig.

1.

The structure of cellulose
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Alignment and composition of elemgntary fibrils of
cellulose. ’
!

" A. Bundle of parallel fibrils held together by

hydrogen bonds
B. Lateral section view of one fibril

From Sihtola and Neimo, 1975. : - .
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cellulases are necessary for spore germination (Jones et al.,

1979). .- -
The true cellulolytic microorganisms produce a
¢céllglase complex» capable of hydrolysing cellulose to sé—

luble sugars. Three major enzymes in the cellulase complex

can be identified. They are exo-8-1, 4-glucanase commonly

called exocellulase, endo-8-1, 4-glucanase commonly called
endocellulase and 8-1,'4—gluc%§idase commonly called cello-

biase.



2. Cellulase enzymes -

Exocellulases, also called the C, component, were
believed to ‘initiate the attack on cellulose (Reese et al., 1950).

It was initially thought that the C, component had a role in

1
reafranging the cellulose fibers in a way that they would
become more readily available for degradation by other enzymes.

This concept led to the belief that C, component had no .acti-

l, —
vity on its own (Li et al., 1965; Mandels & Reese, 1964;4
Selby & Maitland, 1967; Wood, 1968). But fractionation
studies of the Trichoderma koningii cellulase (Wood, 1975)
have shown this hypothésis.to be wrong and that the Cl com-
ponenﬁ was'active. |

Exocellulases are now known to attack cellulose
fibers in an endwise fashion, removing cellobiose and sometimes
glucose units (Wood & McCrae, 1977; Gong & Tsao, 1979). Oncel
the exdglucanase éad been purified from different organisms it
was evident that iéé activity wvaried from organism to organism.
Wood (1975) showed that Trichoderma koningii had little acti-
vity towards highly ordered cellulose. Also, it was shown that
some microorganisms such as Penicillum funiculosum possessed’
more than one active exogiucanése'(Wood & McCrae, 1977; Selby,
1969). Wood also chducted studies on the substrate specifi-
city of-eibcellulases. His ;o;k on purified enzymes from
Trichoderma koningii, Penicillum funiculosum and Fusarium
solani has shown that the enzymes have similar substrate

specificities, namely that they are all free of carboxymethyl

cellulase activity, are unable to hydrolyse cotton cellulose
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bbg-can hydroiyse avicel. 1In this case 6% of the original
uamount éf avicel was hydroiysed. These results contradicted
the findings of Berghem et al. (1975) who,'wbrking on purified
exocellulases from Trichoderma.éirige, showed that 45% of the

original amount of avicel could be hydrolysed. These results

- -

show that different organisms can prodﬁce exocellulases with
quite different activities towarés the same substrate. The
three exocellulases isolated by.Wood &.McCrae (1977) were able .
to hydrolyse H3P04-swollen cellulose suggesting that theée
enzymes,ﬂbuld degrade cellulose substrates when they are
‘ present in a more accessible form. 1In the case of carboxy-
methyl cellulose, Wood suggested that although very accessible,
carboxymethyl cellulose was too highly substituted for enzyme
binding to occur. Therefore, exocellulases could exhibit
activity towards crystalline cellulose but showed limited
activity towards carboxymethyl cellulose (Gong & Téao, 1979).
Endocellulases, also called tl'?e'_Cx enzjmes (Reese
et al., 1950}, are c&pable of acting on highly ordered cellu-
— los& by éttacking the cellulose polymer inﬁérnaliy. By the
action of these enzymes cellobiose, glucose and other soluble’
cellodextrins can be released from the cellulose fibers (Gong
& Tsao, 1979). /‘

“€ndocellulases are probably the most studied of the
cellulase enzymes since all celluleolytic microorgaﬂisms pro-
duce them qu they are usually produced in large amounts in
ﬁhe culture supernatant. Most intensive studies were done on

Trichoderma koningii (Okada et al., 1968; Emer et al., 1974;

[
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ﬁerghem q'Pettgrsson, 1973; Halliwell & Griffen, 1973) whose
cellulase egéymes have been fractionated to reveal more thaﬁ
one ehdocellulaSe {(Table 3); Studies on the thermophilic
anaerobe Clbstriaium thermocellum have shown that thi§ micro-
'organism has only one endocellulase (Petre et al., 1981);

B-glucosidase: B-glucosidase occurs naturally in

-

e

many plants, plant seeds, yeasts and microorganisms (Gascoigne
& Gascoigne, 1960; ﬁaruch & Swain, 1957; Duncan et al., 1956).
B;glﬁcogidase is involved in splitting tﬂe cellobiose released
from the action of endo and exo-cellulases into glucose which
can then be utilized as a carbgn source for the micreorganism.

‘There are -two tybes of 8-glucosidade: aryl-8-gluco-
sidase and B-giucosidase. Aryl-g-glucosidase was isolated
from microorganisms éuch as Schizophyllum commune (Wilson &
Niederpruen, 1967) and Chaetomium (Louis & Bééker, 1973) and
shown to have acticn on p-nitrophenyl:B-D—glucoside (PNPG) but
not on cellecbiose. |

B—Giucosidase isolated from cellulolytic fungi was
shown to break down cellobiose (Gong & Tsao, 1979). This en-
zyme was also called cellobiase to distinguish it\from aryl-
B-glucosidase. — |

Studies done on the extracellular fluids obtained
from ligquid cultures of cellulolytic microorganisms have shown
that usually very little cellobiase is present in this fraction, eveﬁ
when large amounts of cellulases are detected (Berghem &

Pettersson, 1974). In Trichoderma this enzyme is usually intracellu-

lar (Berg & Pettersson, 1977}. ‘Cellobiase isolated from
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Table 3. A list of the different molecular weights of cellu-
lase enzymes obtained from different microorganisms.

uda

Organism Cellulase Mélecular Reference
components weight
e
Trichoderﬁﬁ/// exo-glucanase 42 000 Pettersson
reeser : ‘ (1975)
endo-glucanase 1 12 500
2 50 000
B-glucosidase 47 000 -
Trichoderma exo-glucanase 62 000 Wood (19}5)
koningti endo-glucanase ‘ : .
c.1 13 €00
cX3 38 000
cid 31 000
Sporotrichum exo-glucanase 48 600 Eriksson
pulverulentum . . - (1975)
: endo-glucanase 32 300 |
Fusarium exo-glucanase 45 00 Wood (1975)
solant endo~-glucanase . 37 000 -
B-glucosidase 400 000
Sporotrichum endo-glucanase 65 000 Magaritis &
thermophile avicelase 84 000 Merchant (1983)
B-glucosidase 440 000 Meyers &
aryl-f-glucosidase 40 000 Canevascini (1981)
‘Clostridiun B-glucosidase 43 000 Ait et al. (1982)
thermocellum endo~glucanase 56 000 Petre et al. (1981}
94 000 Ng & Zeikus (1981}
.Trichoderma endo-glucanase 1 12 500 Berghem et al.
viride 2 50 000 (1975}
Aspargtllus endo-glucanase 12 500 Perry et al.
fumigatus (1983)
Cellulomonas endo-cellulase 66 000 Nakamura &

~Kitamura {1983)
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bécteriq_was found to‘be:mainly intracellular (i.e. located
within the cell) or cell bound (i.e. associated with the
plasma membranéi depending.on the organism (Gong & Tséo;
1979). As with the other two cellulase enzymes-it has been
shown that more than one cellobiase ‘can be produced by one
organism. For Botryodiplodia theobomae, Umezurike (1979) was
;ble to show that four different cellobiases were present,
whereas for Sporotrichum pulvergleﬂtum five such enzymes have
lbeen described (Deshpande et al.; 1978).

From thg above discussion it is clear that the com-
ponents of the cellulase complex are in themselves made up of
multiple forms. This multiplicity is more evident for endo-*
ceilulases than for exoﬁellulases and cellobiase (Table 3).
The multiplicity of endocellulasesréould be due to proteolysis,
whereby an endocellulase is niéked.into two different polypep-

tide chains with higher cellulase activity than the parent

protein {Gong & Tsao, 1979; Bisaria & Ghose, 1981).
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3. Mode of action .0of cellulases and the regulation of cellu-

lase biosynthesis : k\

The degradation of cellulose has been intensely
studied but thé exact mode of action of the cellulases

involved in this process still remains uncertain. Over the
©

years a number of models were proposed based on measurements

of the cellulases produced by different microorganigms.

Reese et al. (1950) were first to postulate ﬁhat

cellulose was broken down in a «two steps sequential process.

crystalline C1  reactive Cx _soluble Cce¢llobiase

glucose
cellulose cellulose cellulose i’

In his model Reese suggested that the Cl {exd—glucanase) en-

”

zyme can produce shorter cellulose chains from the native
cellulose, thuswin;tiating the process of cellulose degrada-
tion. The smaller chains would then be hydrolysed by Cx
(endo—glucaﬁase).

| Work done by Wood & McCrae (1972) contradicted the

hypothesis that C, initiated the attack on crystalline cellu-

1
lose; Wood & McCrae {1972), Pettersson (1975} and Nisizawa
e; al. (1972) have all shown that Cl has no or very little
acéivity towards ordéred cellulose; when acting alone it
attacks oligosaccharides releasing cellobiose as a sole pro-
duct. Tbeir observation lead to a new concept, whereby Cx
was the enzyme initiating cellulose degradation followed by
the action of Cl enzyme. Selby & Maitland k1967) and Wood
(1975) showed that a synergism exists between the Cx and C

1
enzymes. The <, fraction was not able to degrade cellulose

“
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by itself, but it was active when it was present together

. with the Cx component. This evidence for synergism supported

the model whi?h wq? first suggested by Eriksson in 1969 and
described by Pettersson in 1975 (Fig. 3). 1In this model endo-
cellulases attack regions of low crystallinity creating free
ends on which the e*ocellulases could start hydrolysié, re-
moving cellobiose units. This model is exactly the opposite .
of Reese'é hypothesis. In light of the new evidence Reese
modified his model which originally maiﬁtained that the c, is
somehow associated with the disruption.of the hydrogen bonds

thus producing a swelling action (Reese, 1977). In his new

model the Cl enzyme becomes a mémber of the endocellulases

'(Cx) but still maintains properties not present in most endo-

cellulases. Reese also incorporated the discoveries on

synergism in his model.

Regulation of the cellulases involves induction,

‘end product inhjbition and catabolite repression. Endocellu-

lases and exocellulases can be induced by cellulose powder,

carboxymethyl cellulose, acid swollen celiulose,ghwxmalaﬁdkm
sophorose‘(ﬂaliwell, 1961; Reese et al., 1969; Hulme & ‘
Stranks, 1971; Sternberg & Mandels, 1979) depending on the strain.
Cellulose, cellobiose, sophorose, acid swollen cellulose and/or laminari-

biose ﬁay act as inducers of B-glucosidase {(Conevascini & Meyer, 1979).

~
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Schematic representation of the mode of action of
cellulase enzymes on cellulose fibers *

d.

Endocellulases attack the amorphous regions of
the cellulose fiber

Exocellulases attack the cellulose fiber in an
endwise fashion releasing cellobiose units

. Soluble oligosaccharides, cellobiose and a

small amount of glucose is released by the
action of endo and exoc cellulases

Glucose units produced by the action of B-glu-
cosidase enzyme on cellobiose units

* From Bisaria & Ghose, 1981
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It is not clear if fungi and bacteria actually
produce low amouﬁts of cqnstitutive enzymes (synthesized at
a constént‘rate by the microorganism) which then act on the
cellulose, releasingAéellgbiose, which in turn can-penetrate
the cell‘and stimulate greater production of cellulases
(Gong & Tsao, 1979). During end produc£ inhibition the accu-
mulation'of glucose, for example, in the media could lead to
the inhibition of the enzymatic reactions that lead to its
forﬁation (ﬁehninger, 1978} .

Enzyme synthesis is repressed by glucose or catabo-
. lites of glucose. Such repression of enzyme synthesis is
present in a variety of microorganisms and was first des-
cribed as the glucose effect (Epps & Gale, 1%42) and later
called éatabolite repression (Magasanik, 1961). TIn tﬁe
presenée of high glucose concentrations a number of cétabolic
pathways are repressed. Catabolite repression as described.

.

for the lactose metabolism in Escherichia coli acts via the
promotor region of DNA. ‘Enzyme synthesis involves the pre-
sence 0of a catabolite activator protein thch helps in the
binding of RNA polymerase to the promotor region. The cata-
bolite activator protein in turn must be bound to cyclic AMP
before it can bind to the promotor region. When glucose
accumulates in thé media the levels of éyclic AMP decrease,
the catabolite activator protein does not bind to the promotor
region and in turn RNA polymerase can not bind to the catepo—

lite repressible promotor and therefore the synthesis of

enzymes capable of utilizing other energy sources ceases
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(Lehningef, 1978; Atlas, 1984). Suzuki (1975) had found that
when cyclic AHé was added to é.culture of Pseudomonas fluo-
reacena'containing glucose or.sophorOSe, the cellulase activity
did not increase as expected'if cyclic AMP catabolite re-
pressibn would be regulating cellulase synthesis. However
cellulase activity increased if ATP or other nucleotides were
added to the culture. Similar results were found for Pseudo-
monas aerogenosa by Kight-011liff and ?itzéerald (1978) when
studyiﬁg the induction of alkylsulpﬁatase. This led to the
suggestion that ATP rather than cfclic AMP might be regulating
cataﬁoliteArepresSion in these microorganisms. Catabo}ite
repression was more extensivgly studied in fungi such as
Trichoderma viride (Nisizawa et ?1" 1872). For 7. viride

it J%s found that ATP repressed cellulase induction but not
the secretion gf the enzyme, suggesting that catabolite re-
pression was not caused directly by glucose or other related
substrates but by some ‘common metabolite that would act on the

metabolic pathway in the fﬁngus.

All cellulases are inhibited by glucose which is the

- product of cellobiose breakdown and same B—glucosidases are also in-

hibited by gluco-(1+5)-lactone (Levvy et al., 1964;Laonche et
al., 1967). Cellobiase isolated from a -yeast, Dekkera inter-
mediata Van der Walt, was inhibited by glucose, gluconolactone

and p-chloromercurybenzoate (Blondin et al., 1983). 1In other

~cases such as cellobiase from Sporotrichum thermophile Apinis

glucose did not inhibit cellobiase activity (Canevascine &-

Meyer, 1979). Cellobiase is not only influenced by the

C
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substrates used or by‘the products broduced during hydrolysis.
It -can also be greatly infiuenced by yeést extract which is
often added to the growth media of cellulolytic ﬁicroorganisms
(Woodward ét al., 1983). . -

The whole picthre on the regulation 6f cellulase; is
far from clear; possibly different genera of microorganisms
_possess different regulatory mechanisms. A model for the.
regulation of cellulases was'suggested'by Gong & Tsao (1979)
{Fig. 4). Their modél tries to take in account the impOrtancé
of all cellulases and the wide spectrum of substrate specifi-
cities. In this model it is assumed that a low leyel'of cons-
titutive cellulases is produced which in turn could release.
cellobiose from the cellulose fibers. This cellobiosé could
be the initial inducer which could enter the cell and stimu-
late further production of cellulases. This postulated requ-
latory mechanfsm alsp includes: 1) the role.of B-l,a-glucanase.
in the regulation of glucese and cellobiose levels within the
cell 2) inperaction of induction and représsion 3) regulation
of the amount of extracellular enzymes 4) the role of proteo-
lysis in the modification of cellulases 5} coordinate gene
expression for both endo and exo~celluiases. This modél can
explain a diversity of responses of cellulolytié organiSms

to various conditions but it has not been proven.

N

-'"
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lFig.

4.

Proposed model of regulation of cellulase biosyn-
thesis developed by Gong & Tsao, 1979 *

Glucose and cellobiose are the product of a
basal level of cellulases. Cellobiose is
considered to be the «potential» inducer
Active transport of cellobiose into the cell
Cellobiose becomes the active inducer

Cellobiose reacts with the repressor protein

Induction of cellulase synthesis (it is assumed

that the expression of both endo and exo cellu-
lases is controlled by the same gene)

The cellulases produced become cell bound and
their release into the extracellular medium is
regulated by a specific releasing mechanism

Intracellular glucosidase might hydrolyse cello-
biose into glucose

Glucose oxidase may bé produced by certain micro-
organisms in response to an intracellular accu-
mulation of glucose :

Intracellular glucose may repress cellulase
formation ) o

* From Gong & Tsac, 1979

B
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4. Bacterial cellulases

From the prév;ous account of cellulase enzyﬁés
invqlvéd in the degradation of cellulose it is obviqus that
most research was done on cellulase enzymes from fungi..

Fungi generally produce much higher levels of cellulases than
bacteria and have been corisidered the mos£ important cellulose
decomposers in soil (Satchell, 1971). Bécfg;Za, thever, are
also active degraders of cellulosic materials, and some now
cpnsider them as iﬁportant as fungi in the initial decomposition

of organic materials (Thayer & Murray, 1977; Sreenath et al.,

1978; beschamps et al., 1980}.

The studies done on bacteria showed that not all;
cellulolytic bacteria possess endo and exo-cellulases. Lee
and Blackburn (iBTSQ suggested that one enzyme was responsible
fof the activities of both endo and exco-cellulases in Clostri-
diumlthermocellum since they were both produced at the same
rate. C(ytophaga species were shown to actually possess both
cellulases (Chang & Thayer, 1977).

In bacteria, cellulases have been found to be only -
cell-bound or intracéllular,as in Cytophaga, (Chang, 1977),
or both cell bound ?nd cell-free, as iL Pseudomonas (Yamane
‘et al., 1970 & 1971) and Cellvibrio fulvus (Berg, 1975; Berg
et al., 1972a). Beré (1975) héé Shownuthat Cellvibrio fulvus

has endocellulases which were partially cell-bound when the

bacteria were grown in ,glucose or cellobiose and/;ound in the
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.periplésm and membrane-bound when grown on cellulose. This
is in contrast to the endocellulases of Cellvibrio vulgaris
which were actively secreted from cells grown on cellulose

(Oberkotter & Rosenberg, 1978).

-

It has not been established if the cellulase enzymes
present in the culture fluid have ﬁeen‘released exﬁracéllu—'
larly by an active mechanism or released due to cell lysis.
Berg et al. (1972a) attributed the release of cellulases from
ééllvibrio fulvus to cell lysis whereas Oberkotter and Rosen-
berg (1978} attributgd the release of cellulases f:ém
Cellvibrio vulgarig to an active mechanism. _

Much research on bacterial cellulases haglxxm done on
Clostridium thermocellum, an anaerobic microorganism capable
of producing ethanol as a final hydrélysis product. Other
research has been done on anaercbhic cellulolytic bacteria present
in the rumen of cows, bacteria which Help to break down straw

and grass.
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5. The genus Celliulomonas ' o /

The genus dezlulomonas-was establishéd‘by a committee

in 192l3 and it contained a group of 31 species of bacteria .previously
described as aerobic cellulosa de&raders, isoclated from soil,
gram-negative, motile or nhn-motile and rod shaped. All these
_species were previous?& iéglatéd from soil by Kellerman (1912,
'1913)and his coworkers (McBeth, 1916). 1In 1934 Jensen had re-
ported that one of the previously described microorganisms,
Cellulomonas fiﬁi, was ﬁeakly gram-positive, not gram-negative.
In 1953 Clarke reclassified the genus Cellulomonas énd included
it with the family'Corynebabteriaceae.~ On the basis of his
;:hef9s he recognized ten Cellulomonas species. Foilowing
Jensen's and Clarke's observations Cellulomonas was referred

to as a gram variable microorganism (Keddie, 1974). It is.now
"well established that Cébiulomonas is a gram EOSitive micro-
organism which is very easily destained undéiethe gram stain
procedure. Cellulomonas is a rod shaped bacterium in exéo-
nential cultures. As the culture becomes older more and more
coccoid cells or short rods afe present. However Cellulomonas
does ndt show the rod—coccys cycle of the genus Arthrobacter

(Keddie &. Jones, 1981f, Bactegia of the genus Cellulomonas

can he.non-notile or motile using cne or a féw flagella (Keddie

& Jones, 1981).

In the eighth edition of Bergey's manual (1974) only
one species Ccllulomonas is recognized, namely Cellulomonas
flavigena, 1In 1976 Braden and Thayer showed that two

Callulomonas flavigena isolates, though similar in many
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characteristics, were not serologically®identical; they questioned
Bergey's classification. Identificatién of CelZuZoman&s to
species level is not easy since the members of the genus form
a phenotypicaliy homogenecus group (Keddie, 1974; Stackebrandt
and Kandler, 1979). Only in 1979 was DNA-DNA homology con-
ducted by Stackebréndt and Kén@lef who proposed‘that seven
species of Cellulomonas should be fecognized.

The maiﬁ hébitat of'CeZZulomonas was'alwgys consi-
defed to be the soil bu£ no attempﬁs were hade ;o,determiné
the numbers, distribution or role of these bacteria in differ-
ent soilsl(Keddie & Jones, 1981).

Most of the research conducted with regards to cellu-
1o§e decompositionlwas done on Cellulomonas flavigena which is
still the only recognized species in Bergey's manual {Buchanan

& Gibbons, 1974).



24

6. The cellulases of Cellulomonas

Stggfes conducted on different Cellulomonas iso-

" lates have shown that these bacteria possess all three major
enzymes'invplved in cellulose degradation; exocellulases, .
‘endocellulases, and B-glucosidase (Choi.et al., 1978; Kim-&
Wimpenny, 1981; Langsford et al., 1984; Stoppok et al., 1972;‘
Thayer et al., 1984). |

Exéeriments conducted by Begquih & Eisen (1978)
showed that Cellulomonas 1l bc has threé extrgcellular cellu-
lases, all behaving as endocellulases towards carboxymethyl
cellulose. Nakamura and K%tamura {1983) have isolated a cellu-
lase from the qulture filtrate of Cellulomonas uda CB4. This
enzyme was found to have a molecular weight of 66,000. It
hydrolyzed crystalline celiulose prqduciﬁg cellobiose but
showed 1little activity towards carboxymethyl cellulose;

Much work was done on the characterization of
f-glucosidase enzyme from.CeZZuZomonas. Wakarchuk et al.
(1984) have shown that B8-glucosidase of Cellulomonds fimi -
(ATCC 484) is located sérictly internally. In contrast to
Wakarchuk's findings, the ngluéosidase of Cellﬁlomonas.
flavigena was showﬁ td be cell-bound; any activity detected in
the culture fluid was théught due to cell lysis (Antheunisse,
1984). Similar results were found_for Cellulomonas uda by
SFoppok.et al. (1982), which showed that in this bacterium
B-glucosidase was cell-bound and constitutive.

Schimz et al. (1983) showed that Cellulomonas spec.

(DSM 20108) possessed another enzyme called cellobiose
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phosphorylasé capable of converting cellobiose to D-glucose'
and a-D-glucose-l-phosphate.
Inducers of cellulases in bacteria such as Ceilulo-

-~

monas are the same as the inducers in fungi. Cellulose and

ce];obiose are the most common inducers (Rajaka & Malik, 1984} .
For Cellulomonas flavigena NIAB 441 thé best inducer was found
to be Kalfgf grass which also induced the production of hemi-
cellulase (Rojaka & Malik, 1984). The production of cellulases
is regulated by the same mechanisms found for fungi, namely
induction, catabolite repression and end product inhibition.

Since none of these Cellulomonas specieé showed very
high levels of cellulases, researchers have tried to’isoiate
mutants which might‘be‘more powerful degr§§ers, especially
mutants whose production‘of cellulases would ﬁot be inhibited
by the end products of cellulose hydrolysis. Stewart and
Leaﬁherwood (1976) were able to isolate a mutant of a new
Cellulomonas strain from soil that no longer shoﬁed catabolite
repression but the cellulase activity-produced was still under
the iﬁfiuence of end product inhibition and indhction.

Choi et al. (1978) and Haggett et al. (1978) also
mutated Cellulomonas CSI-1 and ﬁheif new strain was able to
Qegrade crystalline cellulose more efficientiy than tﬁe parent
strain. ’ L

Cloning of cellulase génes is fanother approach at
enhancing cellulase production. Cellulase genes from Cellu¥o-

monas fimi were cloned into Escherichia ceoli. The clones fell

into three different groups; two had low
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carboxymethfl cellulase activity and one coﬁtained

high levels of carboxymethyl cellulase attivity. The
‘carboxymethyl cellulase activity}of these individual clones
was still much lower than the-activiﬁy found in the culture
supernataﬁt, suggesting that cloning would be of great advan-
tage if one could clone all components of the cellulase system
and reconstruct the synergism between the various products of

the cloned genes (Gilkes et al., 1984).
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7. Assays for the determination of cellulase enzymes acti-
‘ vities

There is no single assay for determining cellulase
enzyme activities, probably due to the variety of suitable
substrates whicﬁ can be used.

Table 4 summarizes some of the assays whiéh have
been deéeloped-and used to determine the activities of the
different cellulolytic enzymeé. None of the methods for deter-
mining cellulase activities are perfect, For example the filter
paper'assay developed by Mandels and Weber (1969) and later
‘modified by Mandels et al. (1976) was found to measure both
endocellulases and‘éxocélluiaées activities. Most purified
exocellulases gFill possess some carboxymethyl cé&ldla;e
(epdocellulase) activity.

The assgay for carboxymethYl cellulase activity ﬁas
its own problems, due to the nature 5f the substréte and the
enzyme (Linaner et al., 1983). Enzyme dilution curves were’
found to‘bé not linear at times and not to pass thro;gh the
origin. Also the carboxymethyl cellulase assay does not dis-
tinguish between different endocellulases thatb could be present
in one system since all endocellulases would act on the same
site (Lindner et al.,' 1983): The essay also measures the presence
of exocellulases, to a small extent. One method used to deter-
mine endocellulase actiyity is by the reducing end groups
formed by hydrolysis. The different ways one can measure
reducing sugars also adds to the confusion (Table 4), since

each method gives a different result when measurements are done
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Table 4. Cellulase assays
Enzyme Substrate’ Product
Cellobiase cellobiose Glucdse
(B~glucosidase) cellodextrins : .
salicin Saligenin

endo B-1,4~glucanase

exo 8-1,4;g1ucanase

cellulase

avicelase

swélling factor

p-Nitrophenyl B-gluco-
side ' )

CMC*
cellodextrins

amorphous cellulose
crystalline cellulose
avicel b
cellodextrins

dyed cellulose
filter paper

avicel

cotton

p-Nitrophenol

reducing sugar*¥*
and/or loss of
viscosity

glucose
celloBiose

.

release of dye
reducing sugar**
loss of weight

réducing sugar**
uptake of alkali

* CMC = carboxymethyl cei}ulose . -
**'Reducing sugars can be measured by thrée different methods:.
1. Dinitrosalicylic (Mandels et al., 1976)
2. - Nelson-Somogyi method (Nelson, 1944; Somogyi, 1952)
3. Tetrazonium blue reducing, sugar assay (Mullings & Parish,
1984) : ‘

w7

1
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_in the presence of carboxymethyl cellu;oée.' Therefore comparing
enzyme aézzéities between different bacteria of the same genus
and comparing results obtained by different ;esearcher§ for the

e microorganism is very difficult (Marais et al., 1966:
Mullings & Parish,I1984).

Viscometric measurements can also be done‘to deter-
mine endocellulase activity. These measurements are more
sensitive than the measpremenfs of reducing sugars since they
require a shorter incubation tllTE.‘ (';‘homas, 1956; Osmusvag &
Goksdyr, 1975; Eriksen & Goksﬁyr; 19%). However visxnetrh:neaéu-
rements are not favorabie.because they require careful chemical
analysis of the carboxymethyl cellulose used (Almin & Eriksson,
1967). Carboxymethyl cellulose should be of low biscosity
(D.S. 0.7) but the essay is still influenced by the PH and the
ionic strength of the solvent.

It is evident that to obtain all the different cellu-
lolytic components in the culture fluid, more than-one of the °
tests should be performed. To be able to compare cellulase
actiyities from one microorganism to anothef, similar substrates
and similar nomenclature have to be used. Since carboxymethyl
cellulose, the most universal substrate (Rose, 1980}, can be
affected by the assay conditions, a compound such as hydroxy-
meﬁhylcellulose might be preferable as a substrate (Child et
al., 1973). The problem of compa:ing the values obtaingd by
~different researchers is that very few report on ﬂi:visxmitycﬁ

o

the substrate used; and hence on the degree of substitution,

which can influence measurements
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of reducing sugars (Lindner et al., 1983). Viscometric

measufements can not be compared to the measuréﬁents of re-
ducing sugars since there is no accurate-formula which can
convert ' specific viscosity to glucose equivalents. Different
tests for cellulases of fungi and bacteria should be used.
Viscometfic measurements might be more favorable‘for bacteria
sinée bacteria usually produce much smaller cellulase activities.

F

The tests which were mostly designed for fungal cellulases

might, not be sufficiently sensitive.

-

o
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8. Goals of thesis

The goal of this thesis was to invéstigate the po-
tential of Cellulomonas 2406,as a cellulose degrader. The
first séep in achieving this goal was to look at the nutri-
tional requirements of the bacter;a and then measure the acti-
vities of the cellulase enzymes released by Cellulomonaa 2406.
Secondly, the location of some of the.céllulase enzymes
was also investigated. |

Also examined was the possibility of producing mutants
which would produce more cellulase enzymes and continue celly-
lose breakdown even in the presence of inhibitors such as .
glucose.

Thé first barrier in the process of cellulose break-
down is the size of the cellulose molecule which is too‘big to
enter the cell and stimulate enzyme éroduction. Therefore the
possibiiity that contact between the cellulose fibers and cells

might initiate enzyme production was studied.
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‘1% - Growth conditions

Celiulomonas 2406 was obtained from Dr. R. Lhtta
from the National Research Council of Canada. -The organism
was kept on PTYE agar slants at 4°C. ‘ .

Cellulomonas 2406 was grown on a basal medium -
containing NaNO3 G.1%; K2HPO4 0.1%; KC1l 0.05%; MgSO4.H20 0.05%;

and yeast extract 0.05%, with the addition of 1% of different
'carbon sources, usually cellulose. fibers (soclka floc, avicel,
CF 11 cellulose and Whatman no. 1 filter paper) or carboxyme-
thyl cellulose. 'Before sterilization the pH was adjusted to
7.0-7.2. When glucose orAcellobiose weré added as a carbon
source they were filter sterilized ;nd added aseptically. A
complex medium containing peptone 0.5%, tryptone 0.5% and yeast
extract 0.5%, cafled PTYE medium was also used. Different
cellulose fibers were added to the medium at a concentration

of 1%. ]

Growth was carriéd out in Erlenmeyér flasks contain-
ing 1/5 volume of liqu;a, agitated oA a reciﬁrocal shaker for
adequate'qsration at 30°C, the 6ptimum growth temperature of
Cellulomonas 2406. A day three culture was used as é precul-
"ture from which 1 ml was transferred to 100 ml media as an ino-
culum. When a scoluble carbon source was used growth was moni-
tored by following absorbance at 550 nm, in 10 x 10 x 45 mm
cuvettes, with an LKB spectrophotometer. When an insoluble
carbon source was used growth was measured by protein and/or

DNA determinationi(s).



2.. Viable count

Culture samples were diluied in 0.1 M sodium phos-
phate buffer, pH 7, before 0.1 ml was plated onto PTYE plates,
for counting by the spread platé method (Kaufi} 1980).

€

3. Protein determination

Proteins were measured by Ehé method of‘Lowry et al.
(1951). A standard curve was prepared ggch time the test was
run using bovine serum albumin (Sigmaf. When cellulose was
- present in the Samples, the samples wefe centrifuged at
5 000 x g for 5 min before readiné their absorbance in the LKB

spectrophétometer.

4., DNA determination

For DNA determination the culture was centrifuged and
‘the péllet was resuspeﬁded in 2 ml distilled water to which
2 ml 0.5 HC10, was added. After 20 min at 0°C the mixture was
centrifuged at 10 000 x g {4°C) fér 15 min. The pellet was re-

“suspehded in 2 ml distilled water Plus 1 ml of 1.5 N HClO4, in-
cubated.at 70°C for 15 min., and centrifuged as before. The
extraction was repeated two more times. The three extracts
were combined and their DNA content measured.by a modification
of the Dische.EI;henylamine;acetic acid-sulfuric acid method

{Dische 193b) developed by Burton (1956). 1In this method'thé

nucleic acid extracts were diluted so as to Have between 5

and 75 uygm DNA/ml. A measu;ed volume was put in the test tube
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and twice the volumé"of diphenylamine reagent-added. Colour
was developed by ®incubating the tubes for 16-20 hours ag
§0°C. Optical density was measured against a blank containing
Q.S N Hci04. A highly polymerized calf thymus DNA (Sigma) was

employed as a standard.

5. Determination of residual cellulose

This method is a modification of the gravimetric
method, used by Fahraeus (1947){deve10ped by Berg et al. (1972).
.The'culture fluid was acidified with HCl1l and filtered through a
sintered glass filter which retained, the cellulose but not the
cells. ‘In order to remove the cells that might be bound to the
cellulose fibers, the filtered cellulose was treated with 100 ml

each of 12% HC1l, distilled water, 5% NH,OH, -distilled water,

4
ethanol and ether, consecutively.‘ The residual cellulose was
dried at 50°C for one hour then at 105°C for another hour and

cooled in ?Adessicator before weighing.

6. DNA extraction for measuring G + C contents

DNA éxtraction of Cellulomonas 24b6 was done by the
procedure of Marmur (1961).

TwO l;ters of Cellulomonas é406 culture grown in
PTYE medium were centriftged at 10 000 x g (4°C) for 15 min.
The pellet was re§uspendéd in 0.025 M Tris buffer (pH 8) EOn-
taining 5 mM EDTA, 0.5 M sucrose and lysozyme (0.1 mg/ml of

cell suspension) and incubated 30 min at 30°C after which an
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equal volume of 0.1 M'EbTA (ethylenediaminetetraacetic acid)-
0.15 M sodiﬁm chloride, pH 8,was added together with sodium
perchloride to give a final éoncentration of 1 M. An eqﬁal
volume of chloroform-isoamylalcohol (24:1) was added, the
mixture was shaken vigorously for 30 minﬂ then centrifuged at
3 000 x g for 5 min and the upper aqueous phase retained. The
DNA fibers present in this aqueous phase were precipitated and
collected with two volumes of 95% ethanol and resuspended in
10 ml SsSC (0.15 M Ngcl- 0.015_M sodium citrate pH 7). This
was accomplished by first resuspending the fibers in 9 ml
dilute SSC (1/10) and then adding 1 ml of concentrated SSC "(10x)
to obtain the fina; S5C concentration. Th%s suspension was

o : . i
again treated with chloroform-iscamylalcohol (24:1} and the

extraction of DNA fibers was-éohe as béfore until only a thin
layer of protéin was obtained at the interface after éentrifu—
gation. Once this stage was reaéhed the_fibers werelégainl
collected with 3 volumes ethanql and resuspended in SSC. To
this suspension ribonuclease (50 pgm/ml) was added and the mix-
ture was agitated at 37°C for 30 ﬁin, after which the extrac-
tion of the DNA fibers was repeated. The fibers were preci-
pitated with 3 volumes ethanol and resu;pehded in' 9 ml dilute
SSC (1/10) to which 1 ml sodium acetate (3 M) plus 0.001 M
EbTA pH 7 was added. To separate the DNA and RNA fiﬁers iso-
propanol (5.4 ml) was added drop by drop to the above sus-
pension while the DNA fibers were collected again and re-
suspe?ded_in;o.l N agetic acid (pH 3). To measure the G + C

s,

content'the-spéctrophotometric method developed by Frediiii?
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et al. (1961) was used, which measures the ratios of absorbance
of DNA at 260 and 280 nm to determine the molat proportions of

the bases. A LKB spectrophotometer was used.

7. Preparation of cell extracts

For this proéedure céLig wére grown in two liter
flasks containing 500 ml PTYE medium. ,The extracellular frac-
tion was the supernétaat obtained after centr;fugihg the whole
culture at 10 000 x @ (4°C) for 15 min. One half by weight of
the pellet was the source of éhe cell-bound fraction and the
other of the intracellular fraction.

To obtain the cell bound fraction (bound to the cell
wall) the pellet was resuspended”in 50 ml of lysozyme {0.05 mg/
ml of cell suspension) in 0.025 g Tris (hydroxfmethyl—amino;
methane)} hydrochloride buffer, pH 8, containing 5 mM EéTA and
0.5 M sucrose..;The sugpension was agitéted fof 30 min. The
pellet obtained-by centrifuging the suspension at 10 000 x o
(4°C).waé resuspended- in 80 ml cold MgCl2 (5 x 10-4M) solution,
agitated‘for 10 min and centrifuged as before. The super-
natant was considered to contain the cell bound fraction
- {Oberkotter and ﬁosenberg, 1978; Berg, 1975).

To qbtain the intracellular fraction halgrof the
original pellet containing whole cells was mixed with twice
itsvei@ﬁfﬁiU1 aluminum gxide and ground fér 15 min on ice. The
ﬁixture was resuspended in 80 ml of sodium phosphate buffer (0.05 M, pH7}
and then centrifuged at 10 000 x g (4°C) for 20 min. The

supernatant was retained as the intracellular fraction. It is

) |
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assumed in this procedure that the cell-bound fraction would
contain mainly cell-bound enzymes and little intracellular

enzymes and-that the intracellular fraction would contain

mainly intracellular enzymes and only a few tell-bound ones.

8. Enzyme assays

Three major enzymes are involved in cellulose degra-
dation: endocellulases, exocellulases and B-glucosidase. When
Cellulomonas 2406 was grown in PTYE medium‘with or without
ggllulose the following enzyme assays were run to measure
ceilulase and B-élucosidasé acti&ities.

B-Glucosidase activity was measured by the method of
W?ealan (1964). The enz&mé solution (0.5 ml) was mixed with
0.5 ml of 1% salicin solution in 0.05 M citrate buffer pH %.2.
After 30 min incubation at 50°C, 3 ml diniﬁrosalicylic acid
solution (DNS) was added and the mixture was heated in boiiing
water for 15 min (Miller et al., 1960). After cooling, the
absorbance wés measured at 550 nm. One unit of enzyme activity
liberates 1 ugm of reducing sugar, expréSsea as aglucose, per
minute pér milliliter of culture.

Endocellulase aétivity was measufed by the method of
Mandels et al. (1976). The enzyme solution (0.5 ml) was mixed
with 0.5 ml of 1% carboxymethyl cellulose_soluﬁion in 0.05 M
citrate buffer pH 6.2. The mix£ure was incubatéd at 50°C for
50 min,'after which 3 ml DNS reagent was added to it. The
entirg saﬁple was boilea for 15 min, cooled, and the absorbance

measured at 550 nm. One unit of activity was defined as
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one microgram of reducing sugar (relative to a glucose standard)
per minutéfper milliliter‘éﬁ culture.

Filter baper activity: uﬁfortunately there is no‘
ﬁethod fof measuring exocellulase acfivity speéifically as
there is fér B-glucosidase. The filter paper assay developed
By Mandels et al. (1976) ac;ually measures total cellulase
activity rather thmﬁexocellulase activity alone. Filter
paper, like other insoluble celluloses, is a multiple substfate
varying from free ends and amorphous regions.to crystalline
fibers; therefore, both endo and éxocellulases are expected to
act on it. The filter éaper assay procedure (Fig. 5} involves
the incubation of 0.5 ml of’énzyme with 1.ml citrate buffer
with 1 x 6 cm striQV(SO mg) Whatman no. 1 filter paper, for
one hkour at 50°C. Three ml of DNS reagent was added to stop
the rzaction, placed in boiling water for 15 min and absorbance
read at 550 nm. | |

Wgén the assays were run for cultures growﬁ in simple
media the same above procedures were used but instead of ci-
trate buffer, 0.05 M sod%um phosphate buffer pH 7 wds used.
Sodium phosphate buffer (0.05 M, pH 7) was also used when

measuring B-glucosidase localization.

9. Gas chromatography

Gas chromatography was performed on supernatants
obtained from Cellulomonas 2406 grown in complex medium (PTYE)}
.containing different cellulose fibers, glucose, cellobiose

" or carboxymethyl cellulose. Gas chromatography was doﬂe on a

4
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Fig. 5 Filter paper assay procedure

From Mandels et al., 1976
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GOW-MAC gas chromatography with the help of V. Laube from the
National Research Council. The internal standard used was

1,2-butanediol (0.05% w/v) and 4 ul of sample was injected into

the gas chromatograph.

10. Contact experiment

This is a simple method.which-was first described by
Kilbertus et al. (1973) for the study of cellulose degradation
(Fig. 6). The cellulose fibers were introduced into a porcelain
filter (Fisher) which was then placed in a 250 ml Erlenmeyer
flask containing 50 ml off PTYE medium. The entire system was
steam sterilized, cooled and the medium wés inoculated. 1In
this manner, cells and cellulose were kept separate and the
production of cgllulase enzymes in the extracellular fraction

(i.e. supernatant) was monitored.

11. Glucose determination

Glucose was measured with the aid of Glucostat kit
from Sigma Chemicals, developed after the ﬁrocedure of Raabo

and Terkildsen (1960). ' ‘ (

12. Treatment of CF 11 cellulose

CF 11 cellulose was dissolved in orthophosphoric
acid and then precipitated in ice cold water. The precipitate
was washed several times until the pH came back to neutral.

This method of pretreating the cellulose was‘previously

)
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)
Flask and filter candle assemblf used for

contact experiment

From-Kilbértus et al., 1973

L



k2]

A — cotton plug
B — nylon thread Z
C— erlenmeyer flask

D — porcelain filter containing cellulose
E - PTYE medium
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described by Kauri (1980) for the treatment of J.H. Munktell's
cellulose powder no. 400. This material was added to agar
plates at a concentrqﬁion'of 6.25% or 0.5% to demonstrate
céllulose degradation as described by Wood (1980). 1If CF 11
cellulose was not pretreated haloes of-degradation were not
readily/ébserved. ' N | |

13. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Sodium dodecyl sulfate (SDS) dissociates proteins
into their constituent polypeptide chains. The polypeptide
chains are then separated éccording to their molecular weight
by SDS polyacryla@ide gel electrophoresis (Weber &'Osborn,
1975). The running gel cogtained 14 ml of a 40% acrylamide
monomér_solution, 12 ml of a 1.5 M Tris HCl buffer
solutio;, 20 ml distilled water, 0.02 gﬁ ammonium persulfate
and 11.5 ul tetramethyleghylendiamin (TEMED) . The spacer gel
contéinea 4 ml of the 40% acrylamide monomer solution, 10 ml
of 0.25 M Tris HCl buffer solution, 23 ml distilled yéter,
0.02 gm ammonium persulfate and 160 ul‘TEMED. The spacer gel
was loaded with 20-200 ug protein. Separation of proteins |
was carried oﬁt in a 0.3% Tris (hyaroxymethyl) amino-methane-
1.44% glycine electrode buffer (pH 8.6-8.8). By applying an
initial current of 50-60 mA the proteins were driven from the

spacer gel into the running gel. The current was then loﬁered
to 15-20 mA and the gel was run overnight. The separétion of

protéins was complete in 14-16 hours.
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14. ' Non denaturing polyacrylamide gels

*

A 5% non denaturing polyacrylamide slab gel in 0.1 M.
Tris Borate buffer pH 8.9 was prepared ﬁsing the method of homnts
Prakash et ai. (1969) . Electrophore?ig at 200 v, 75 7ﬁ was
pefformed for 3 to 4 hours. Gels were kept cool during ‘elec-
trophoresis by having a coéling coil directly-in the main
buffer vessel. Theysamples coqtained 5% sucrose and bromophenol
blue aé indicator, and 30 ul samples were loaded into the_gel_‘
bockets. .

15, Protein and glycoprotein staining

For proteins the gel; were stained at room tempera-
 ture with 0.5% Coomassie blﬁe R-250 dissolved in a mixture of
40% methanol and 7% acetic acid, for 30 min. The excess stain
was'removeé by soaking the gel in 5% methanol containing 7.5%
‘acetic acid.’ .
For glycoprotein staining,the gels were first

 treated with 10% acetic acid to remove any detergent or fixa-

tive, after which they.were treated with 0.5% periodic acid

for 2 hours. The periodich\acid was removed by incubating the
;o

gels twice 30 min in 0.5% sodium arsenite in 5.5% acetic

'acid, and three times for 20 min in 5% acetic acid. After
these repeated waéhes the gels were stained with the Schiff
reagent overdight, and then washed repeatedly with 0.1% sodium’
metabisulfite in 0.01 M HCl1l until the wasl';és no long?r tmmed' pink

on the addition of formaldehyde. The gels were then stored in

v,
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water (Maddya;'l976).

16. Preparation of the SDS polyacrylamide gel for activity
staining .
Activity staining of enzymes after SDS gel electro-
phoresis requires the removal of SDS.' To accomplish this the
gels were incubated for 30 min in 50 mM disodium hydrogen

phosphate plus 12.5 mM citric acid, pH 6.3. .The first two

‘washes also contained 25% i§opropanolz ‘Thes& incubations may

permit renaturation of most protein molecules from the SDS :

polyacrylamide gels (Beguin, 1983).

Y

17. Preparation of an agar replica for activity staining

-y

/’ ‘ A thin (0.8 Yum) agar reg}ica was prepared containing
i% agar, 0.1% carboxymethyl cellulose, 50 mM citric acid, pH
6.3. The whole gel assembly was steam heated to prevent pre-
mature gel hardening and air bubbles, then stored at 4°C.
Before use the ‘glass piates were disassembled and air buybbles
between the gel and the bottom glass were removed by passing a
test tube over the gel. Excess moistﬁre which would smear the

aétivity bands was removed by placing the gel at 50°C for 15

min. This procedure was developed by Bé?uin (1983) .-
Wi T -

" L

. * .
18. Replication of the polyacrylamide gel and its staining

Excess moisture from the polyacrylamide gel was.

removed in the same manner as for the agar gel. Once the gels



to take place for two hours at 50°C. y

-i9..5Mutagenesis

s 45

were ready the washed polyacrylamice gel was placed on top of .

the agar gel. The air bubbles between the two gels were re-  w -
mdved by.passing a test tﬁbe over the top gel. The assembly -éﬁ{
was then. wrappad in Sarén Wrap to.prevent drying KBeguin, *
1%83). *The optimum temperaﬁure for the cellulésgs of Cellulo-
monas 2462 was previously found to be 50°C and therefore L

carboxymethylxcellulose hydrolysis was allowed to take place
for 12-16 hours at 50°C. For identification of activity bands
the polyacrylamide gel was removed and the agaf replica was
staiﬁed with U.I%ICongo'red for 30 min. The stain was then
poured off and the exceés was remaﬁégbby-incubating the gel in
0.1 M 'sodium chloride. Congo red is known to biqd to pély-
saccharides cpntainiﬁg continuous B-1-4 linked D-glucopyranosyl
units (Theater & Wood, 1982), and it will not bind where carbo-
xymethyl cellulose wgs degraded. Thus regions of endocellulase
activity were identified. When non-denaturing polyacrylamide

-

gels were used, carboxymethyl-cellulose hydrolysis was a 'owed

{
\
~.

Different methods were used to tf§'to mutate Cellu-
lomonas 2406 in order to find derepressed mutants which could
grow in high concentrations of glucose and still-produce‘high
levels of cgllulolytic enzymes. | .

q‘NTG (N—Methyl-N'éniﬁ:o-N-nitrosoguanidine) mutagene-
sis wa$ done as descfibed by Stewart & Leatherwood (1976).

Exponéntial cultures of Cellulombnas 2406 were centrifuged at
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io 000 x g (4°C) for 10 min and washed twice in 5 ml of 0.1 M
citrate buffer. The NTG was dissolved in O.i M citrate buffer
and then added to éﬁe cells at a final Eoncéntration of 10, — —
100, 250, 300 and 500 pgm/ml. The mixture was incubated at
30°C for 30 min. The cells were washed twice in sodium éhos-
phate buifer, 0.1 M, pH 7, after incubation and then plated on
fTYE plates. The plates were incuﬂated at 30°C and cultures,
were counted. The NTG treated qells were also plated onto »
PTYE plates containing 0.3% glucose and 0.5% pretreatea cellu-
lose, incubated at 30°C in the hope that halces of degradation
would appear, indicating the presence of mutants.

MMS'(methyl methanosulfonate) mutagenesis was done-
following the same’ procedure as for NTG mﬁtagenesis. Washed

cells suspended in up to 1% MMS in sodium phosphate buffer,

-pH 7, were incubated at 30°C for 30 min, washed once in phos;

phate buffer and resuspended in 5 ml of the same buffer.
Dilutions were plated out 'on PTYE plates.

U.V. mutagenesis: ultraviolet light which induces a
wide range of mutations was used in tﬁe hope of obtaining de-
repressed mutants of Cellulomonas 2406. The procédufe followed

was that of Miller (1972{. Exponential cultures were washed

"twice with 0.1 M magnesium sulfate and resuspenaed in 0.1 M-

magnesium sulféte. Five millilitgrs of the suspehsion was-

expoéed to ﬁ.V. light for various léngths of time under cons-
tant agitation, then plated out on PTYE medium. In variation
of thié method U.V. treated_qells were added to a ligquid basal

medium containing 1% glucosé and 0.25% treated cellulose. The
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flasks were then incubated at 30°C in the. dark ;nd at various
time intervals samples were plated out for viable count on PTYE
plates contaiﬁing 0.3% glucose and 0.5% treated cellulose.

. Thié vari!fion was made,;d,give the d?repressed mutants a .
selective advantage of growth since,in.the dark tHe mutated

LN

' cells could ndt undergo photoreactivation.

- . - /

20. Electron micréscopy

N

One tenth volume of 5% {v/v) glutaraldehyde.iq10.01 M
cacodylate“ﬁﬂffé;~(pﬂ 7.2) was added to cells in media for EO
min at room témperature. Thé pré-fiked cells were allowed to
settle in a conical centrifuge tube and the pellets resuspended and \
fixed inJS% {(v/v) glutaraldehydé in 0.1 M caccdylate buffer for
1.5 hours at room temperature. The fixed cells were then
allowed to éeptle again and resuspended in_wérm 4% Noble égar
(Difco) and drawn into a Pasteur pipette. After the agar gelled,
the gel‘ﬁas extruded and cut into 5 mm cores containing the
célls. These cores were subsequently washed 5 times for 10 min‘
each with 0.1 M cacodylaté buffer._ Cells were post fixed with

2% osmium tetroxide in %.l M cacodylate buffer containing

7 x 10_3

M Méciz for 2 hours at room temperature, washed 5 times
a£ 10 min intervals with 0.1 M cacodylate buffer and dehydrated
with a water-acetone dehydration series, the cores being ex-
posed to‘30, 50, 70, 90, 100% acetone for 30 min each. The "~
" acetone-dehydrated cores were then immersed twice in propylene

okide for 20 min at room temperature and placed in a 3:1 mix-

ture of propylene oxide and resin and allowed to stand overnight

-
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‘in a.fume hood. After the propylene oxide-had evaporated, the

. -

cores were suspended in fresh resin for 4 hours for further '
infiitration and fihally embedded in fresh resin and polymer-
ized at 60°C for 8 hours. The resin utilized contained 9.85 gm

Vestopal W, 0.1 gm tertbutyl perbenzoate as catalyst, and 0.05 gm
. - /._\
cobalt napthenate (Polyscience Inc.). Thin sections (about -

0.027pm) of the embedded specimens were cut on an LKB-ultratome

111 (LKB—Producter:AB) with glass knives. The sections were

—

mounted on 200 mesh.3 mm copper grids, stained with 1% uranyl
acetate (pH 5) and lead citrate (Reynolds, 1963) and subseéuently
carbon backed using a Balzer BA 360 Freeze-etching Device.
Electron microscopy was carried out on a Phillips electron micro-
scope'(iOl) at an accelerating voltage of 60 kV and photographed

on a Kodak Electron Microscope Film.

21. Ruthenium red staining

Ruthenium red (LJ;;,'1971) was utilized to visualize
the anionic exopolysaccharide produced by the bacteria. The
entire procedure was idéntical with routine embedding procedures
previously described excep£ that 0.15% (w/&) ruthenium red
(B.D.H. Chemicals) was present inlthe fixation buffer and that
0.05% (w/v} ruthenium red was present in all solutions until
the 50% @cetone step. The thin sections of the specimen were
stained with uranyl acetate and lead citrate, carbon backed,

L]

and examined under a Phillips 201 eleétron microscope.
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.22. Lighﬁ microscopy

A Zeiss microscope with phase contrast optics was
used. Photographs were taken using Kodak film, using wet

mounts with Congo red for a better contras{.

23. Source of materials

Microcrystalline Avicel -101 from FMC Corporation,
Philadelphia U.S.A.; Solka floc BW-300 from Lee Chemicals
Toronto, Onta:io; CF 11 cellulcse from Fisher. Chemicals,
Whitney, Ontario. Maéerials'such as: Tris, lysozyme; Schiff
reagénf, cellobiose and carboxymethyl cellulose were puréhased
from Sigma Chemicals. Bacto-peptone was obtained from Difco
Laborafdries, Detroit, Mich., tryptone and yeast extract from
Oxoid Canada Inc., acrylamide, TEMED (N,N'Ltetramethyl etﬁ&lene-
diamine}) and ammonium persulfate from Bio Rad Laboratories,
Richmond, California; molecular weight stéﬁdards_(l4 000-

100 000 daltons) and sodium dodecyl sulfate (SDS) for SDS gel
electrophoresis from B.D.H. Chemicals Ltd., England. Amicon
filters:lhmicon, Danvers, Ma., U.S.A. Films for light micro-

scopy and. electron microscopy were obtained from Hall Photo-

graphics, Quebec. All other chemicals were of analytical grade.

Note: All the experiments presented in Results were repeated

at least twice.
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1. The nutritional preference of the aerobic cellulolytic
bacterium Celiulomonas 2406

Cellulomonas 2406 was isolated from rotting sugar
cane and the adjacent soil mixture by Han.and_Srinivasan‘(1968)
and obtained from the Naticnal Research Cduncil of Canada.

For any microorganismhto be able to grow it requires
a usable form of carbon and nitrogen. Cellulomonas 2406 did ’
not grow in nutrient brdth (peptone 0.5% plus beef extract
0.3%) or glucose broth (nutrient broth plus glucose 0.5%). It
grew best in yeast extract broth. It was also able fo use a
vafigty of carbon sources such as mannose; sucrose and glycerol,
but it grew poorly in média containing etﬁanol (Table 5). It
could not utilize urea or uriclacid as a nitrogen source, but
it did use ammoniﬁm phosphate and sodium nitrate.

Cellulomonas 2406 possesses a sultitude of enzymes
enabling i% to degrade diffqrent materials other than cellulose,

including starch and gelatin (Table 5). .Characteristics which

~help in.distinguishing Cellulomonas 2406 from other micro-

t
organisms of the same genus with which it has- been classified

in Bergey's manual, are listed in Table 5. For example, Cellu-
lomonas CSI-i isolated froﬁ cotton wool is non-motile (Choi et
al.; 19789) whereas our strain is capable of movement. Also

phg G+ C Egntent of our Celluiomonas strain is within the

range as measured by Kellerman & McBeth (1983) for Cellulomonas
flavigen& and reported ig Bergey's manual (Buchanan & Gibbons,l
1974). Other charactgristics distinguish Cellulomonas 2406

from microorganisms from the same family, for example, starch
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could not be hydrolysed by Arthrobacter species and those
belonging to the genus Corynebacterium do not have yellow

- - . R
pigment, are catalase necative and grow faster than Cellulo-

monas. ) : ' .



2. Inductionof cellulase enzymes by different
' cellulose substrates in Cellulomonas 2406 grown in
simple media

'E.‘our types of media (Table 6) were tested for obtaining a
good growth for Ceflulompnas 2406, but only one medium (no. 4)
supported the besﬁ growth. The composition of this and other
media tested are. given in Table 6. Yeast extract is essential

«for the growth of Cellulomonas .2406. Other Cellulomonas
speéies can grow in siﬁple ﬁedia containiné only peptone
(Thayer et al., 1984), but not Cellulomonas 2406 (medium 1,

‘Table 6). Also no growth was obtained in medium 2 (Table 6)
which contained ngither—pepgg;e nor yeast extract. In medium
3, less growth was obtained than in medium 4 (Table 6).

Sjnce best growth was oﬁtained in medium no. 4,
growth of;éf:Zuiomonas 2406 and the formation of endocellulase
activity were monitored in this medium (Table 7). The addition
of céllulose stimulated tﬁe growth of the bacteria as well as
cellulase enzfme‘production (Table' 7, exp. 2 & 3}, Soluble
cellulose, as carboxymethyl celluloéé, also stimulated grdwth
and cellulase activity, but to a lesser extent than did the

b

insoluble ceilulose ( le 7, exp. 4 & 5}. Cellobiose, glu--

cose and glycerol supported growth of Cellulomonas 2406, but
élso inhibited endocellulase prod&étion when added to the me-
dium containing filtef paper (Table 7, exp. 10, 12, 14, 15).
Glycerol inhibiﬁed growth slightly when-added to filter paper.
Wheg carboxymethyl cellulose was added together with filter
paper to the medium, smaller amounts of endocellulase were

formed (Table 7, exp. 6 & 7).

I{
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_ Table 7. Effect of additions to medium no. 4 on growth and
endoglucanase formation by Cellulomonas Z406.

-

\_

Experiment Addition Hours Growth Endoglucanase
{(protein activity
mg/ml) {units/ml)

1. Nil 24 0.015 0
48  0.018 0
96 0.020 0
168 0.070 0
2. Filter paper (1%) ' 24 0.050 0
48  0.200 8.13
96 0.530 15.68
168 0.665 12.70
3. Filter paper (0.5%) 24 0.070 0
T - 48 0.257 9.80
96 0.355 B.3%0
168  0.450 8.50
4. Carboxymethyl cellulose (1%) 24 0.015 8.60
48 0.015 11.60
96 0.150 10.20
168 0,200 7.83
5. Carboxymethyl cellulose (0.5%) 24 0.067 6.70
48 0.085 10.00
96 0.110 9.00
168 0.145 4.54
6. Filter paper (l1l%) plus : 24 0.025 0
. carboxymethyl cellulose - (1%) 48 0.127 3.00
- ' 96 0.210 10.00
. 168 0.400 7.67
7. Filter paper (0.1%) plus 74 0.030 . 3.77
carbox¥methyl cellulose (0.1%) 48 0.058 333
' ’ 96 0.150 10.00
168 0.430 12.33
" 8. Glycerol (0.5%) ' 24 0.025 0
’ 48 0.070 ©2.87
96 0.135 2.96

168 0.235 2.00
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Table 7 cont'd : | . |
9. Glycerol (1%) & 24 0.050 o-
_ 48 - 0.080 2.33
‘ ' 26 0.215 2.96
t : ) . 168 0.315 2.50
10. Glycerol (1%) plus [ 24 0.090 0
. " filter paper (1%) - 48 0.265 2.90
' : 96 0.365 2.83
l68 . 0.400 3.00
11. <Cellcocbiose (1%) S 24 0.025 0
: ' 48 0.120 .0
- - 96 0.214 1.50
168 0. 350 3.00
12. Cellobiose (0.5%) plus 24 0.115 -0
filter paper (0.5%} - 48 0.215 3.00
) 96 0.8655 4.65
. 168 0.700 5.60
13. Glucose (0:5%) 24 0.189 2.67
= .48  ,0.335 3.30
\ 96 °* - 0.585 3.33
168 0.590 4.27
14, Glucose _{0.5%) plus 24 0.015 0
filter paper (0.5%) 48 0.085 2.70
" - 96 0.360 4.30
' ' 168 0.500 4.83
15. Glucose (0.1%) plus - 24 0.040 2.17
filter paper (1.0%) 48 ' 0.155 6.33
. ¢ o 96  0.405 10.67
. 168 0.550 11.13
. y
r . # . *, . '_ . . R ’ .‘ C'."/"___;
. o . o . , ;
7. : : '
<D
—_
; . J
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Lower amounts of glicose in the medium containing, filter

paperscaused léwer inhibition of endocellulase {Table 7, exp.

14 & 15).
rd

Table 8 shows the effect of adding other cellulose

substrates (1%). than filter paper to the medium no. 4. The

. production of endocellulase, B-~glucosidase, .filter paper acti-

5 0
vity and growth were q;asured. Almost no cellulase activity

was obtained at day one i3 adl cultures cbntaining cellulose

(Table#ETT\\Extracellular B~glucosidase and filter paper acti-

‘vity were not detected in any of the cultures. Growth and en-

docellulase activity were similar in all four cultures, except
when .CF ll.cel&&}gse was present the highest endocellulase/(/

activity'ﬁaf obtained at day two, four days earlier than in the

P

other cultires.
. 4

When grown in medium no. 4 Cellulomdnas 2406 degraded

cellulose quite siowly and incompletely. ' Even after 26 days
. - :

less than 70% of the cellulose was degraded (Figqg, 7)."Fig. 7

also shows that CF 11 cellulose wés degraded the least whereas
solka floc and f{lter paper were degraded at about the same
rate. When glucose (1%) Was present in the medium containing

cellulose fibers no degradation was obse{yed.

» -
As compared to growth on cellulose, when Cellulomonaa

2406 was grown on glucose, it htilized almost BOS of the glu-

cose present in the medium'within;the\first two days. When
. 4

o~

grown on cellobiose or soiuble cellulose such as’carhoxymgthyl

cellulose, very little glucose was detected in thg-ﬁ:ifu e
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Fal

Fig..7. Decqmposition of different types of celluloses by ‘E-
Cellulomonas 2406 grown in basal media, - by determi-
r—\ . . -
nation of residual cellulose.
/f*j“ _ (The number of days of incubation is indictted under

A each bar.)
S~
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media (Fig. 8). When [cells were grown on insoluble cellulose

one-tenth as much glucosé€ ected in the culture media

as when cells were grown on cellobiose or c%gboxymethyl cellu- ‘.
lose (Fig. 9). These results indicate that as soon as glucose

is released from the cellulose fibers the bacteria utilize it.
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Fig. 8. 'Ti:i;méunt of glucose produced.or ﬁtilizeﬁ‘by
| c&l ﬁlom;nas 2406 grown in basai'media containing
a) glucose kGLU)
b) cellobiose (CB) '

c) carboxymethyl cellulose (CMC).‘
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The amoUht of glucose released into the media by
Cellulomonaa 2406 grown in basal media contéining
different celluloses as substrate:

a) AV = avicel f

b} CF 11 = CF 11 cellulose

c) SF = solka floc.
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3. .Growth and cellulase enzyme activity of Cellulomonas
2406 grown in the complex medium PTYE

As seen from the ﬁlevious‘resulte in cultures of
Celluiomonas 2406 in medium no. 4 containing different cellu-
loses, only endocellulase activity was detected. In complex
medium(PTYﬁ) containing dlfferent cellulosic substrates
B-glucosidase and exocellulasé activities could also be
detected. .
' When endocellulase activity in PTYE mednnlcontaining
differeﬁt amounts of avicel was measured it was.found that 1%
avicel produced the highest endqcellulase activitf (Fig. 10).
Therefore all experiments from this point on were conducted iﬁ
meaium containing 1% cellulose.

Cellulase enzyme activities in the extracellular
fraction were very similar when Cellulomonas.2406 was grown on
different ce;&ulose substrates: solka floc, avicel, CF 11
cellulose and filter paper (F1g. 11 a, b, ¢, d}. B=glucosi-

i

dase and filter paper activities were very low as compared

with the activity of endocellulase.

Even though the B-glucosidase and filter paper acti-

1

vities were similar for all four cellulose substrates the
- . - - B - *
appearance of endocellulase activity varied from one cellulose’

substrate to another. Vhen the cells were grownlie_PTYE con-
. . P e * .

taining CF 11 cellulose’ the maximum activity for endocellulases
was reached within three days after which 1t dteadily declined

{(Fig. 11 ¢). . When cells were'giown on the other cellulose

..
-

Q.
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Fig. 10. Endocellulase activity obtained from Cellulomonas

2406 grown in PTYE medium containing avicel.
-
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L
Fig. 11. 'Cellylase enzyme activities obtained from Cellulo-

e

monas 2406 growing in complex medium (PTYE) contﬁin-

<\‘%h ing different cellulolytic substrates. .
a) dolka floc . Lo : ‘ '
Avicel . g
. - [ )

¢) CF Il cellulose

*d) Filter paper .

'S
e) Complex medium without ¢ellulose substrates

—
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substrates maximum activity was reached between days 6 ang 7.

The highest endocellulase activ;ty was obtained when the cells:
were grown on CF 11 cellulose.
When Cellulomonas 2406 was grown in complex medium

PTYE- alone (Fig. 1l e), low amounts of'cellulese enzymes were

o —T

produced.

Endocellulase is an induced euzyme in Cellulomonas

“2406. When.CelluZomonas 2406 was grown in PTYE medium contain-
ing carbouymethyl cellulose the endocellulase activity obtained
was similar to that obtained when solka floc was present (re-
sults not shown).

Cellulose is a potous material and a surface to whféh
; enzymes'might remain attached. Fié. 12 shows both the activity
of endoeellulase enzyme in whole culture and in extracellular
fraction for cells grown on three of the cellulose substrates
under etud§. In all three cases one can see that the whole

.culture had a little higher activity than the extracellular

._fraction. This difference is probably due to the fact that some

of the enzymes remain associated with the cellulose or the
actual cells themselves.

Three different methods for measuring growth
(protein, DNA and viable counts) of Cellulomonas 2406
were tried ocut to see which one is’best correlateé with the

cellulase enzyme activities. Growth measured by DNA determi-

nation showed a similar response as growth measured by -protein

(Table 9 & 10). The cells grew better if cellulose was

present (Taﬁle:B & 10). Glucose stimulated growth of Cellulp-

monas 2406 in/PTYE medium, but the additien of glucose to PTYE

medium containing cellulose geﬁerally depressed growth compared

to PTYE mediuh with only cellulose added (Table 9).
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Fig. 12. Endocellulase activity obtained from whole cuitures
(—0~—) and from extracellular fraction (f——4—~;)
of Cellulomonas 2406 grown in PTYE mediumcontaining
differentléellulose substrates: |
a) Solka fioc

_b) Filter paper

c) Avicel

L

P
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These experiments show that activity started to

- -

appearfﬁt the beginning of the stationary phase and increased

-

thereafter, except when grown on CF 11 -cellulose when.activity

’

!

decreased ‘during -stationary phase;

When growth was measured by viable counts guite a

Fl

different picture emerged from that obtained from measurements

A

Sf growth by protein or DNA. At the end of first day the viable

counts in the complex medium PTYE with or without cellulose

were the same (Fig. 13 a, b, ¢, d). 1In the cultures containing

cellulose the viable counts dropped 10 fold at day two and lumps'

were obsef%éd in the media. This was probably dug to an asso-
ciation of the cells witﬁ the cellulose fibers. To try to
separate the célls froﬁ the cellulose fihers the cultures were
treated with either 1% tweenlét 1% triton which have‘beén shown
" not to kill tﬂe cells. This treatment did not increase the .
viéble coﬁnts_éﬁd-the lumps were still visible, sugéesting that
1he~ce11;cellulose associatiéﬁ was unchanged. The presence of.
glucose in the cellulose-containing medium preyented the forma-
tion of lumps and the abrupt fall in the viable qounts.at day
;wo.kFig. 13). After day two the viable counts started to
increase in the cultures containing cellulose and then slowly
decreased. In the guitures containing glucoSe and cellulose
after day two the viable counts were lower than those in PTYE

»

with cellulose and no glucose present.
As was previously done for the growth of the Cellu-
v . N
lomonas 2406 in basal medium, no. 4, residual cellulose was

——

Wt
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Fig.

13.

Growth measured by viable counts.

a}

b)

‘c)

d)

71 ~

Growth of Cellulemonas 2406 in complex medium (PTYE)
(—o——); complex medium plus glucose (1%)
(——4A———); compFex mediumplus solka floc (1%)

(—e

}; complex mediumplus solka‘fldc (I%)

plus glucose (1%) (%}19-——;4-

Growth of Cellulomonas 2406 in complex fedium PTYE)

containing avicel (1%) (—e ) or containing

avicel (1%) plus glucose (1%) (—o0 ).

Growth of Cellulomonas 2406 in complex medium- (PTYE)

containing CF 11 cellulose (1%) (—e } or
containing CF 11 cellulose {1%) plus glﬁcosé
(1T%) (——o0—).

Growth of Cellulomonas 2406 in complex medium (PTYE)

containing filter paper (1%) (—e

) or
containing filter paper (l%)lpius glucose (1%)

). ' ..

(——o
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also monitored when grown in complex mediuﬁ (PTYE). It was
found that almost 90% of the cellulose present in the PTYE
medium was degraded after 26 dayé (Fig. i:). This is almost
20% higher-thgn the degradation in the basal medium. This
difference could be due'to‘the better growth of éellulomonas
2466 in the PTYE medium. A Comparing the degradation of the
diffe?ent cellﬁlolytic subst?ates (Fig. 14), one can see that
solka fioc was degraded the fastest whereas CF 11 cellulose

, %
was degraded the slowest. At the same time the highest cellu-

/
e activity was obtained when cells were grown on
CF 11 cellulose {Fig. 11 c). When glucose was present in the
medium (PTYE) already containing cellulose verf little degra-
dation was observed (F;g: 14 B, D, F, H) suggestiné that no
cellulase enzymes were produced. By the use of plates which
contained pretreated cellulose, one can see that when glucose

. , : i
was present in the medium (PTYE) no cellulase enzymes were

produced since no zones af degradatipn appeared (Fig. 15}.




Fig. 14. Decompositiouxdf different types‘of celluloses by
Cellulahonas 2406 measured by determination of resi-
dual cell&lose. _ BRI

(The number 6f days of incubation is indicated -

"under each bar.)
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%

Zones of degradation produced by cellulase enzymes
of Cellulomonas 2406 on plates containing pretreated

cellulose:

- a) zones of degradation produced by cells grown in

PTYE medium containing different célluloses

b) zones of degradation produced‘by cells grown in
PTYE medium + élucose + different celluloses

c) zones of degradation produced by cells grown in
PTYE medium containing different celluloses to

which glucose (1%) was added just before plating.

L
Note: Both glucose and celluloses were added at a

éoncentration of 1%.
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4. End'products;produced by Cellulomonas 2406 grown 1n com-

plex mediul PTYE

Cellulomonas 2406 grew well in PTYE medium but grew
slightly better when glﬁcose was présenﬁ in the medium (Table
9). When measuring the amount of glucose in the medium it was

observed that 60% of the glucose present was utilized within

three: to four dqys (Fig. 16 A}_aqd acetate (1.4 gfL) and etharol (0.2 g/f) were

produced as end products as shown by gas chromatography (Fig.
16 B). The utilizgtion of glucose from the PTYE medium stopped
at day four, p;obably because at that time Cellulomonas 2406 .
had entered stationary phase. |

When cells were grown in PTYE medium containing.
different cellulolytic substrates (Fig..l7), cellobidse or car-
boxymethyl cellulose (Fig. 16 A), very litt1e glucose was de-.

tected in the medium and no acetate or ethanol were détected

”by gas chromatography. These results suggest that when the

cells were grown in PTYE medium containing ;ellulose'the glu-
cose that was produced was immediateiy utilized but the amounts
gf acetate and ethanol were too small to be detecﬁed: Furthqn—
more, since only. very little glucose was produced when
Cellulomonas 2406 ‘was grown on PTYE medium containing carboxy4
methyl cellulose (Fig. 16A) it suggests that cellobiose rather
. v
than glucose was probably the main end product of cellulose

degradation at the time of sampling.



a

Fig. 16.

A}

B)
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The amount of\glucose produced or utilized by
Cellulomonas 2406 grown in PTYE medium containing:
a) gluéose (GLU) .

b} cellobiose (CB)

c) 'carboxymethyl cellulose ®#MC)

Gas Chrométography of a culture medium (day 4)
obtained from CeZZuZomon&s 2406 grown on PTYE

medium plus glucose (1%).
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Fig. 17.
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The amount of glucose released into the media by
Cellulomonas 2406 grown in PTYE medﬁxncontaininé
different culluloses as substrate:

a) AV = avicel

) CF 11 = CF 11 cellulose

c) SF = solka f;oc

d) FP = filter paper

,".‘.}
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5. Location of cellulase enzymes in Cellulomonas 2406

a. Location of endo-f-1,4 glucanase {endocellulase)

b. Lotation'offB—glucosidase

. Bacterial enzymes may-be restricted to particular

regjons -in the cells or secreted into the medium. The methods

used to measure cellulase activities permitted one to investigate .

-

the location of the ehdocellulases. and B-glucosidase enzymes.

Unfortunately, there is po method for measuring exocellulase

k]

activity alone and therefore its location cannot be determined.

a. Extracellular location of endo-£8-1,4 glucanase (endocellu-

lase} )
Fig. 18 shows the endocellulase activity in the intra-
ce:llular, extracellular and cell-bound fractions of a culture

QElCeZZuZomonas 2406 grown in PTYE medium plus filter paper

(1%). Extracellular act1v1ty was always higher than that asso-

ciated with the 1ntracellular or cell- bound fractlons Endo-
cellulases were found to be ‘located’ extracellularly in other

bacteria such as Cellvibrio_vulgﬁ;ia (Oberkotter & Rosenberg,
1978), Celilulomonas uda_(Nakamura & Kitamura, 1983) and a

variety of Bacillus species (Priest, 1977). As can be seen

from Fig. 18, the intracellular and cell-bound fractions con-

tained similar and very small levels of endocellulases. This

would indicate that the cell-bound and intracellular fractions

were the same. These results also J.ndlcate that the level of

'cell associated enzyme is always very small, the ensze being

) P .
released. extracellularly once. formed. A SN )

; -

" J

P



Fig.

18.
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Location of endocellulase activity from Cellulomonas
2406 grown on filter paper. The activity was ex-

pressed as micrograms of reducing sugars (relative

to glucose standard) per minute per milliliter of

culture.
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Ce¢fllulose is‘SSE?Ietely insoluble and cellulolytic
microorganisms must therefore eithér form cell-free cellulases
or have such enzymes lqcated on the outside of the cell; It
was important to show wh;ther'an enzyme found in the culture
media was Secreted_by growing cells or passively released as
a result of cell lysis. Experiments done on éelivibrio_fulvua
suggested” that the enzyme accumulates in'fhe.cells and it is
ihen released after crowth ceases duriné the process of cell
lysis (Berg et al., 1972; Berg, 1975). Cellulomonas 2406 was
found to be sensitive to a variety of 3dntibiotics inclﬁding -
chloramphenicol which inhibits protein synthesi€ by the 70s
ribosomes {Lehninger, 1972). If the cells accumulate the en-
zyme it would be expected that the Secretigz phase would not
be affected by the effect Qf chloramphenicol on protein syn- ;
thgsié. Fig. 19 shows that the synthzsis was prevented by
addition of chloramphenicol regardless of the time of addition,
suggesting that de novo protein synthesis is required for con-

A

tinued secretion of'endocellulases. ‘ ////’

*

. Location of B-glucosidase

In all previous experiﬁents B-glucosidase was found
to be low in the extracellular fraction. In the éxperiments
performed on Cellulomonas 2406 it was found that ﬁ—giucosiJase
was cell-bound when cells were‘grbwn in medium containing in-
soluble ﬁéllulose {Table 11), When cells were grown in mqgi?m
containing soluble cellulose most of the B-glucosidase was
cell-bound except at day one when g larger amount of this

enzyme was extracellular (Table 12).



A W

Fig.

-

™~

e

19.

AN _‘_
T D
Effect df chiorémphenicol (CAP) on synthesis and/or

éecretiqn of endocellulases.

.Cellulomonas .2406 Qas grown in complex medium plus

filter paper (1%). and at the assigned times CAP was
added aseptically to a final concentration of

10 pg/ml.. Flasks weré incubated at 30°C.

4
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Table 11. B-glucosidase activit?* in Cellulomonas 2406 grown

e , in complex medium (PTYE) containing filter paper
Fractions Day 1 Day 2- 'Day 3- Day 4 Day 5 Day 6
Extrécellula; 0 0 1.50 0 1.2 1.8
Intracellular 0 . 0 - 0.5 0.55  0.60
Membrane bound 2.0 1.9 | 2.20 0.5 0 0

Table 12. B-qlucoéidase activity* in Cellulomonas 2406 grown

in complex medium’ (PTYE) containing carboxymethyl

cellulese . . . x\\
Fractions - Day 1 Day 2 Day 3 Day 4 Day 5 Day.6
Extracellular - 2.67 3 - 0 - 0 0
Intracellular  1.20  1.32  1.47 - 0 0

Membrane bound 0.73 3.43 2.50 - 0.60 0.53

*A unit of activity is defined as micrograms of reducing sugar
(relative to a clucose standard) per minute per milliliter of
culture,
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6. Mutagenesis -y

Attempts were made to increase the rate of cellulzge
breakdown by (Cellulomonas 2406 by producing mutants whose ébi-
lity to degrade cellulose would nok e inhibited by the end
products (such as glucose) of cellulose degradation. The
following mutagenic agents were tested: ultraviolet light (u.v.),

methyl methanosulfonate. (MMS) and N-Methyl-N'-nitro-N-nitroso-

guanidine (NTG). o~

U.V. mutagenesis

U.V.'has a killing effect on the Cellulomonas 2406
as can be seen from Fig. 20. (ellulomonag 2406 was grown. in
PTYE medium and was then exposed to U.V. light aiming for a
99%'killipg (5500 eras/mm?}. The irradiafed cells were platéd
on a growth mediqm containing both cellulose and glucose after
the U.V. treqtmept, or the .irradiated cells were allowed to
grow overnigﬁt and then plated as above. Even though b.y. had
the poteﬁtial té kill Cellulomonas 2406 cells, 1t did not mu-
tate them in such a'way as to obtain cellulose degradation in

the presence_df glucose (Table 13). The U.V. mutagenesis was

repeated many times and no derepressed mutants were found.

Methyl methanosulfonate (MMS) muﬁagenesis A

MMS spontaneously transfers alkyl groups to ring
nitrogen atoms of the bases in the DNA (Lehninger, .1972). As
can be seen in Table 14 no killing of Cellulomonas 2406 was

observed.
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Fig. 20. Survival curve for fellulomonas 2406 using U.V.

irradiation.




\.
\.\
10 |- °
- | F
!
I
=
e ol |
=3
N
o2
0.0l |-
0.00f |-
0.0001 L 1 1 |
4000 8000 2000

. | Ergs/mm?



Table 13.

- 85

The effect of ultraviolet light (U.V.) on the
survival of Cellulomonas 2406.
Time Viable counts (cells/ml) Colenies
+ showing
u.v. Cells grown | Cells grown } Cells arown degradation
exposure on on on
PTYE plates | plates con- | cellulosex*
taining plus glucose
cellulose* (0.3%) plates
after U.V. after muta-
mutagenesis | ‘genesis
a9
no U.V. 4.4 x 10
7 7 : 7
60 sec. 5.3 x 10 8.5 x 10 8.0 x 10 0
75 sec. |1.7 x 10° 4.1 x 10% | 4.7 x 10° 0

* The cellulose used in these plates was pretreated CF 11

celluleose.
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Table 14. The effect of MMS on the survival of Cellulomonas _

2406.
MMS concentration Viable counts (cells/ml)
(%) Cellulomonas 2_406 : .
0 ' . 1.7 x 107
0.001 - 2.1 x 107
0.01 1.8 x 10’
0.1 1.3 x 10’
* »
N .
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N-Methyl-N'-nitro-N-nitrosoguanidine (NTG) mutagenesis

NTG.is one of the most powerful mutagens known, and
the most used for obtaining a variety of mutants. As can be
seem in Table 15 NTG killed E. coli but not Cellulomonas 2406.
Since we were not able to produce mutants in the usual manner
with NTG (500 ugm/ml) an attempt was made to see what concen-.
tration of NTG would kill or prevent growth of Cellulomonas
2406. For this another method was used which involved making
plates of PTYE mediuﬁ coé&aining NTG at different concentra-
tions. Three different strains Qf.CgZZuZomonas were plated
out. As can be seen in Fig. 21 all strains grew at 0 -and 10
ugm/ml NTG. At 100 uam/ml NTG omly Cellulomonas uda and Cell-
vibrio gilvus grew whereas at 250'ugm/ml NTG, only Cellulomonas
uda showed any growth. At 500 ugm/ml NTG, no growth was ob-
tained. 'Thus, although 30 min exposure.to NTG did not kill
Cellulomonas 2406, continuous exposufe killed or inhibited the

—

growth of these cells. <l



Table 15. The effect of NTG on the survival of Cellulomonas

2406 and Escherzchza eolt.

NTG concentration®*

it

Viable counts (cells)ml)

{(ug/ml) Cellulomonas 2406 | Escherichia colii
o > 8.2 x 10’ 6.8 x 10 -
100 7.3 x 107 2.9 x 10°
300 7.0 x 107 -
500 7.5 x 107 1.7 x 10°

* The cells were exposed to each concentraticon of NTG

for 30 minutes.
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Fig. 21. The effect of NTG on the grthh of three different

strains of Cellulomonas and Cellvibrio gtlvus/
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7. Detection and differentiation of cellulase components in
polyacrylamide gels -~

I~ -
The extracellular fluid fr cells growing on PTYE

- —

medium with or without cellulose was concentrated by passage
through an AMICOM filter and subjected to SDS gel electropho-
resis. '

When grown on ‘cellulose as a carbon source; Cellulo-
monas 2406 secreted a set of enzymes into the culture medium,
some pf-which'are involved in cellulose hydrolysis. The
Qifferent protein species were separated into several (more

than 20) distinctly detectable Bgﬁds (fig. 22), a few of which
were of glycoprotéin character as‘sbserved:by the Schiff ' °
staining procedure (Maddya, 1976). When the cells were grown

in PTYE medium alone and the extrecelluler filuid was concen-
trated and then run on the gel fewer Eaeds appea;ed, all of
which were of high molecular weight (> 430(_)0@ (Fig. 22) .

When the cells were grown in PTYE medium plus cellulose the
bands varied between 24350 to over 94000 molecular .weight."

When the cells were grown in PTYE medium contalnlng both cellu-
lose and glucose fewer bands appeared, some of which were the
same as observed from the cells grown in PTYE ﬁedium plus
cellulose alone‘(Fig. 23) . This suggests that the presence of

glucose in the media containing cellulose represses the produc-

‘tion of some proteins. Activity sEaining was performed after

SDS was removed from the gels. This was achieved by incubating
the gel in a buffer which is sufficient to renature some protein.

molecules (Beguin, 1983). Upon staining the replica gels with
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&
i - F 4
Fig. 22. Protein stain of CeZZuZomonaéﬁﬁhﬂﬁ
Concentrated extracellular enzymes obtained from i
cultpre; of Cellulomonas 2406 grown in PTYE medium,
" were submitted to electrophoresis in the presence
of sSDS oe a 15% polyacrylamlde gel followed by
stalnfég for total protein.
Migration was from top to bottom.
Lane 1 Complex mednunalone (no cellulose or cells K>
added) .

2 Cellulomonas 2406 grown in complex medium alone

3 Cellulomonas 2406 grown in complex medium
- containing 1% filter paper

4 Cellulomonas 2406 arown in complex mediﬁm
containing 1% CF 11 cellulose

5 Celzﬁlomonas 2406 grown in complex.medim con-
taining 1% avicel .

6 Cellulomonas 2406 growﬁ ih'complex medﬂmycon;
taining 1% solka floce

7 Set of molecular weight markers (phosphorylase
3 MW.92500; bovine serum albumin MW.68000; oval-
bumin MW.45000; carbonic anhydrase Mw.31000;
soybeeh trypsin inhibitor MwW.21500; lydozymé
MW.14400) migrated together with the dye front.
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Fig. 23.
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Protein stain of Cellulomonas 2406.

Concentrated extracellular enzymes obtained from
cultures of Ce;lﬁlomonas 2406 grown in PTYE medium
containing cellulose and also from cells grown in

complex medium plus celluloiixjupplemented with-

-

glucose (1%).

-Lane 1 Cellulomonas 2406 grown in complex medim con-

, taining filter paper 1% and glucose.LS

2 Cellulomonas 2406 grown in complex medium con-
. .taining filter paper

3 Cellulomonas 2406. grown in complex medium con-
taining avicel 1% and alugcose 1%

4 Celilulomonas 2406 grown in complex medium plus
avicel '

5 Cellulomonas 2406 grown in complex mediumcon-
taining solka floc 1% and glucose 1%

Cellulomonas 2406 grown in complex medium con-
taining solka floc

Fig. 18) ‘
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_Congb red, bands oﬁ degradation were obser&ed. The activity
profiles of these'gels shOwgd three bani; which probably
correspond to three endocellulases (Fig. 24). This test is
specific for-endocellulases due to the substrate that was used,
carboxymeth§1 cellulose. The number of bands corresponding to
enzymes involved in the degradation of cellulose is probably
the minimum number since it is always possible that nbt all
proteins renatured. ' Contamination by hexédecyi and tetradecyl
sulfates in the SDS it#&elf as wgil as the type of SDS being
used can inhibit rénaggration'(iack et al., 1979; Blaqg_et al.,
1982). The intensity 6f the agtivity bands varied,.probably
due to the efficiency.qﬁ renaturation. Because of the guestion
of renaturatioz of proteins in the SDS gel, non-denaturing gels
were run. Fig. 25 shows the results obtained from such a gel.

The activity band shows that there are at least five endocellu-

: lases present in the extracellular fraction. This confirmed

N

Ehe suspicion that‘not all proteins were renatured from the
réDS gels. The non-denatured gels were also stained with
hfmethylumbélli eryl-g-D-glucoside (MUG) which helps to visu-
alizg bénds of i-glqcosidase activity. Under shortwave U.V.
light, one band of weak activity was seen. This suggésts that

there is a small amount of B-glucosidase enzyme in the extra-

cellular frabtion.
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Acﬁivity staining of Cellulomonas 2406 cellulases.
Cellulomonas 2406 was QESWn in PTYE medium con-
taining solka flbc (l%).‘ |
Lane,l Activity staining for day 4 culture

2 Activity staining for day 7 qulture

3 Activity staining for day 9 cul

tEach sample was run three times)
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Fig. 25. Protein and activity stain of Cellulomonas 2406
cellulases. Cells were grown in PTYE medium con-
taining different cellulose substrates.

Lane 1 Activity staining for cells grown in PTYE
Plus solka floc 1%

2 Protein stainidé‘for cells grown in PTYE
plus solka floc 1%

3 Protein staining for cells grown in PTYE
plus avicel 1%

4 Protein staining for cells grown in PTYE
"plus CF 11 cellulose 1%

5 Protein staining for cells grown in PTYE
plus filter Faper 1%.
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8. Adhesion of cells to cellulose

When cells were grown in media containing cellulose,
clumping was evident. As already pointed out, this clumping
was assoclated with a decrease in viable counts during growth
in the presence of cellulose. To determine if such clumping
was due to attachment of cells to cellulose and to'determine
if such attachment is necessary for theiénset of cellulase
production, several experiments were performed.

Initially a system using a filter candle was used to =
separate cells from the cellulose fibers and endocellulase
activity was measured in the culture media. Uﬁder these condi-
tions endocellulase activity was very low as comﬁared to the
actiQity found when cells and cellulose were not separated
(Table 16}, suggesting that contact betweén the cells and cellu-
lose fibers\mfght be necessary for induction of cellulases.
Further studies were conducted by electron microscopy. . When
cells were grown in PTYE mediﬁm containing cellulose one can
see in the electron ﬁicrograph that a fibrillar material is
prasent'betwegn the cells and the cellulose and between the
cells themselQes (Fig. 26). Ruthenium red staining suggests
that tﬁe fibrous material associatéd with the bacte;ia is com-
posed of acid mucopolysaccharide. Many rumen bacteria are
known to have a thick surface céating when they are involved
in cellulose degradation (Dinsdale et al., 1978). Also this‘
thick region around the/gells was seen in cultures of Clostri-
dium thermocellum.(Wiegel and Dykstra, 1984). When cells

1

were grown in PTYE medium alone, this thick coating was not

pe .
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Table 16. Endocellulase activity in the supernatant of 7 day
cultures of Cellulomonas 2406 when cells were in '
contact or were not in contact with the cellulose

fibers.
Media endocellulase
activity
{funits/ml)
PTYE + SF* o 21.33
PTYE + AV* 19.07
PTYE + SF** 5.34
PTYE + AV** . . 6.20
PTYE*** - 5.80

* Cells grown in PTYE medium con-
taining solka floc or avicel,

** Cells grown in PTYE medium with
solka floc or avicel contained
in a porcelain candle filter

*** Cells grown in PTYE medium without
cellulose or filter candle.
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Electron micrograph of Cellulomonas 2406 grown in

PTYE medium'containing filter pPaper. Arrcow points

A) at the fibrous material between cell énd the
ce;lulose fiber

B) at the fibrous material between the cells,
Preparation stained with ruthenium red.

-

The bars represent 0.5 um.

(

-
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present and the cells ﬁere mainly single (Fig. 27).  The asso-
ciation of cells and cellulose fibers was also seen in lighg
microscopy, studies (Fig. 28}). Cells grown in_PTXE medium con-
taining CF 11 cellulpée, avicel or filter pépér appearéd inside.
the cellulose fibers.(Fig. 28). Light microécopy studies also
showed tﬁat cells grown in PTYE medium containing cellulose
aggreéated together forming a netwbrk with the cellulose fibers
trapped inside (Fig. 29). This'network is probably formed by
'ﬁhe cells attaching to each other. .

Whenfthéhpells were grown in cultures Contéining
cellulose plus gluéose no clumps wéfé seen in the media. Cells
gfown under these conditions did not form such a-network but
rather formed small groups of celis or remaineé as single cells
in the media (Fig; 30). Light micrographs also showed that no
degradation of cellulose took place when glucése was present.
The size of the fibers of avicel remained large after 4 days
of growing cells in PTYE medium contaiﬁing avicel:plus glucose ‘.
compared to the size of the fibers of avicel after 4_ﬁays of |
ggowing in PTYE medium plus avicel alorne {Fig..3l).

Anothe; way to study if contact between cells and
cellulose was neéessary for cellulose degradation was by gfowing
the cells on p1a£es containing cellulose overlayed'with a thin-
layer of pure agar which kept cells and the cellulose ;paxt
and looking for the appeérgnce of degradation haloes (Kauri

“

& Kushner, 1985). The degradation zones of these plates
.o s .
were actually larger than those obtained” when no agar layer

was present (Fig. 3%\j; c and d, e).:

;

~ '\ | | | | :
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Fig. 27. Electron micrograph of Cellulomonas 2406 grown in
PTYE medium alone. Arrow points t; the cell wall.
Notice the absence of this fibrous material around
the cell... This preparation was stained witli ruthe-

. nium red. The bar represents 0.5 um.
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Light micrograph of cellulose fibers with adherent
Cellulomonas 24b6.

A) cells adherent to CF 11 cellulose fibers

B) cells.adherent to avicel fibers

C) cells adherent to filter paper fiber.

-

Magnification‘40x.
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a

Light micrograph of Celluloﬁonas 2405 grown in PTYE
medium coﬁtaining CF 11 cellulose.

Note the long strands‘of-ceils entrapping the
cellulose fibers.

A) 40x magnification

B) 100x magnification. TN

by

S
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‘Fig. 30. Light m;crograph of Cellulomonas 2406 grown in PTYE

medium containing CF 11 cellulose {1%) and glucose

(1%) ..

"

Magnification 40x.
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Light micrograph of
A) PTYE medium plus
B) PTYE medium plus

Pictures were taken

Cellulomonas 2406 grown in
glucose (1%} plus avicel (1%)
avicel (18%)

at day 4 at 40x magnification.
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Zones of degradation produced by Celiy}omonas 2406

- ] .
grown on PTYE medium containing different cellulose

(’Eﬁgggiates: SF = solka floc, AV = avicel, CF/11 =

CF 11 cellulose, FP =-.filter paper.

a) & c¢) Degradation zones produced on a plate‘con—
taining pretreated cellulose by cells grown

on PTYE medium containing different cellu-
loses. '

b) Degradation zones prtduced on a plate con-
taining pretreated cellulose by cells grown
on PTYE medium containing different cellu-
loses (1%) and glucose (1%).

d) & e) Degradation zones produced on a plate con-
taining pretreated cellulose overlayed
with pure agar by cells grown on PTYE me-
diurg plus different celluloses. N

¢
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» Cellulomonas 2406 is a cellulose degfader capable of
(producing all the enzymes involved'in'the‘cellulase'cemﬂ‘ex.
For growth it~ required yeast extract as a supplement to the
minimal media useé.. A similar result was’found by Choi et al,.,
(1978) for Cellulomonas CSI- 1 and by Antheunisse (1984) for
CeZiuZomonas flavzgena ATCC 484. Rajoka and Malik (1984) also
grew Cellulomonas flavigena NIAB 441 in minimal media conta;n-
ing yeast extract. The yeast extract concentratlon did not
interfere with-the.determination of growth responses or with
the determiﬁation ef cellulase activities (Choi et al., 1978).
When grown in basal medium no. 4,\Cellulombnas 2406
Iproduced only endocellulases in measurable amounts as éteé'
vieusly shown for Cellulomonas CSI-1 by Choi et ai. (1978) .
Cellulomonas 2406 was also able to grow wheﬂ the basal medium
was eupplemented with glucocse, celiobiose or glycerb; but grew
best when cellulose was added to the medium. . When groﬁn.inr
basal medium no. 4 plus solka floc,. Cellulomonas 2406 exhi-
bited the highest endocellulase activity. This was probably
due to the fact‘thet solka floc is the least crystalline cellu-
lose fiber whictl was used. g When residual’ cellulose was .
measured in_the basal medium, solka f;oc and filter paper were’
degraded more‘quickly whereas avicel and CF 11 cellulose wete.
degraded more slowly. When’giugpse was added to the meddmma
. containing cellulese verY'little endocellulase activ ty-Was\

detected (Table 7). To explain a similar phenomenon in Celluv

T

Zomonas fZavtgena ATCC 482, Thayer et al. (1984} have suggested

that ﬁﬁen_glucose was added to the medium, the lack of

v
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endocellulase activity was not due to the inhibition of endo-
cellulases but rather to the inhibition of B-glucosidase by
glucoseigkich in_turn could produce a high level oflcellobibse
in the medium which either inhibits or possibly repressesithe
synthesis of endocellulases. Experiments conducted in the
bésallrmedium no.—4 have shown that B-glucosidase was not
present at all ih\fﬁefzalture medium (Table 8) as was also
found for Cellulomonas CSI-1 (Choi et al., 1978). Ccllulomonas

-t . \
2406 was able to grow in the basal medium contq&ning cellobiose

or glucose‘and a small aﬁount of glucose was deteEted in the
medium.when cellobiose was the oniy source of carbon. The
endocellulase activity obtained” for Celluiemonas 3%06 in the
'basq& medium no. 4 plus different celluloses were lower than
those obtained when grown in PIYE and various celluloses. This
could be probably due to the difference in the amount of growth.
The PTYE medium was considered a better medium for growth of
CeZZu£omonas.2406 as well ss for the productios of cellulases
and thus further experiments were eonducted using this medium,.
Growth of Cellulomonas 2406 was measured up to 9 days by pro-
tein determination (Table 9) in the PTYE medium alone or with.
the addition @f dlfferent cellulose substrates with or without
glucose. When cellulose was present in the PTYE medium Cellu-
lomonas 2406 grew better'than on the PTYE medium alone. When
glucose was added to the PTYE medium containing cellulose,
growth was slightly depressed even though Cellulomonas 2406 grew better
in PTYE medium plus glucose than it did in PTYE medium alone.

Growth measured by DNA determination showed a similar response
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to different culturg conditions as did growth measured by pro-
tein. For all cellulose substrateé_when cells were grown in
PTYE medium, endocellulase acti;ity was the highest followed
by exocellulase (filter paper activity) and B-gfﬁcosidase.
The highest endocellulase activity was obtained when fhe cells
were grown on CF 1l cellulose and the lowest on filter.paper.
Our experiments have shown that all cellulosic Substzﬁtes
tested were degraded but the rate of degradation differed from
one substrate to another. Cultures grown on CF 11 llulose
had reached the highest endocellulase activity at-day-3 rather
thén at day 6 or 7 as was found for all other cellulosic sub-
strates. CF 11 cellulosé was degraded the least. CF 11
cellulose degrédation seems to be*different probably due to a -
different crystélline‘st;ucture. Comparing the figures for
growth with the cellulase activities obtained, one can see that
aS{ivity of enddéellulases increased after thé pﬁase of expo-
nential growth and even duriﬁg stationary phase of growth,
with the exception of cells grown on CF 11 cellulose, whose
endocellulase activity decreased during stationary phase.
Measurements of residual cellulose (Fig. 15 and Fig. 8) showed
that glucose, a ca;abolite repressor and an end product inhi-
bitor, prevented cellulose breakdown both in PTYE and basal
media.

When cells were grown in PTYE medium little activity

was found in the intracellular and membrane bgﬁpd fractions of’

brokem“cells. B-Glucosidase was highest in the cell-bound

} fraction while endocellulase activity was highest in the extra-
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cellular fraction. Sinee a very low cell-bound endocellulase
activity was found, it Qas considered to be the basal endo-
cellulase level of the cells (Berg, 1975). $-Gluco§idase of
othér organisms was found to he cell-bound; Cellulomonags uda
and Cellulomonas flavigena have cell-bound B-~glucosidases
(Stoppok et al., 1982; Rajoka & Malik, 1984;_Antheunissé,
1984} . Other microorganisms such as Cellulomonas fimi have a
strictly "intracellular 8-glucosidase (ngarchuk et ;1., 1984}).
The cell-bound B-glucosidase activity was quite low, and this
leaves open the posa}bility that,othe; enzymes sucﬁ as cello-
. biose phosphorylase was found to be present in Cellulomonas flavigena DM
involved in the breakdown of cellobiose to glucose. Cellobiose
phésphorylase was found\?resent in Cellulomonas flavigéna DSM
20199 (Schmiz et al., 1983). Cellodextrin phosphorylase was
found in Clostridium thermocellum (Alexander, 1972, Alexander,
1968} .. In comparison with bellulomonas speécies 6£her micro-
organisms have cytoplasmic B-~glucosidases (Hwang & Suzuki,
1976; Ramasamy & Verachtest, 1980; Yamane et al., 1971; Ait et
al., 1979). The low extracellular f-glucosidase value was prbbably
. due to the release of-en;ymes inteo the medium during cell auto-
iysis. _
It was also found that the whole culture had 20-40%
more endocellulase activity than the supernatant, depending
on the time of érowth. The difference may be due both to en-
zyme absorbed (Leé et al., 1982) on_the cellulose and'en2yme
associated with the cells. The smallest difference between

the endocellulase activity iq‘yhole cultures and the

\
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endécellulase activity of the extracellular fraction was
observed when Cellulomonas 2406 was grown in PTYE medfum plus‘
filter paper (Fig. 13). This might bé‘due to the fact that
fi;ter paper‘is more cryétalliné than solka floc and

thus less énzyme could be‘absorbed onto it since cellulases
usually prefer to be associated within the émorphous regions
of the fibers (Paralikar & Bhatawdekar, 1984; Weimer &‘Weston,
1985} .

When Celiulomonas 2406 was grown in PTYE medium plus
glucose, e?hanol and acetate‘ge;e produced as end products,
but only glucose was produced Cellulomonas 2406 was grown
in PTYE medium or in basal dium plus differenf celluloses.

Since the amount of glucose groducdd was low when Cellulomonas

2406 was grown in PTYE medi . carboxyMethyl\cellulose,

this suggests that cellobio han glucose was the main

end product of cellulose d gra his would not be

surprising since Stoppok al. ad also found that

cellobiose was the major d product—Qf Cellulomonas uda.

Kilian et als, (1983) showe

—_—

first glucose and thé;“te

that Candida wieckrhamii utilized

obiose from the medium. A similar

-

ig;auxic utilization of gluqose-cellobiose could be employed by
AY
amounts of glucose measured in

Lellulomonas 2406 since t
the PTYE,medIum plus different celluloses were always low.

<

Such mechanism would ehsugre that glucose is used preferentially

once produced. Since th¢ amount of cellobiose pfesent"in the
PTYE medium at the time was not measured, this phenomenon has

not been-actually demonsirated for our bacteria.
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Induction of cellula¥e formation Qas studied in
Cellulomonas 2406 and it was found that all celluloses tested
- induced the production of endocellulases even when present in
an already nutritionaliy rich medium. The endocellulases
preseﬁt in the PTYE medium are induced enzymes as was pre-
viously shown also for Cellvibrio gilvus and other cellulo-
lytic microorganisms {Breuil & Kushner, 1976; Chang & Tﬁayer,
1977; Gong é Tsao, 1979). It has been postﬁlated that thé
induction of éellulases Ls bfought about by a constitutive
enzyme (Mandels, 1982) which would spiit_off small units from'
the cellulose chain which in turn would enter the cell and
stimulate the production of more enzymes (Gong & Tsao, 1979).
If this were true the constitutive enzymes would be an endo-
cellulase since it was found membrane bound and intracellu-
larly in almost constant amounts throughout the experiment.

- Catabolite représsion:of induciblj‘and/or constitu-
tive enzymes plays a major role in the regulation of cellulases.
Endocellulases were repressed by glucose and cellobicse as
previousl;'observed for other Cellulomonas species (Choi et
al., 1978; Begquin & Eisen, 1977; Stewart & Leatherwood, 1976)
but the mechanism of indq?tion or catabolite repression still
remains unclear (Gong ;iTgﬁp, 1979). o 153

The'endocellulﬁseslwere further investigated by
using SDS-bolyacrylamide gé& electrophoresis.- When Cellulo-.
monas 2406 was grown in PT;;\medium containing cellulose more

than 20 distinctly detectable bands appeared on the :3S\zgly-

acrylamide gels. When the cells were grown in PTYE~ edium

-
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éontaining both cellulose and glucose ﬂbwér bands_ appeared,
some of which were the samd as observed for the cells grown in
PTYE medium plus cellulose alone. Therefore the presence of
. glucbse repressedAthe production and/or secretion of many pro-
teins. Activity staining of renatured proteins from the éDS
polyacrylamide gels have shown that some of thesé‘proteins were
endoéellulases. The major activity bands were produced by pro-
teins with molecular weights around 68000, 43000 and 37000. ™
Our results were similar to those obtained by Thayer et al.
(1984) who partially purified an endocellulase from Cellulo-
ménas flavigena ATCC 484 with a molecular weight of 40000, and
to the resu1ts obtained by Nakamura and Kitamura (1983) who
purified an endocellulase with a molecular weight of 66000.
It Ls'not clear if our enzymes or the ones previously described
are different endoceliulases or if they are derived from a
common precursor. Activity staining of non-denaturing gels had
shown that more endocellulase bénds were present bﬁ; their mole4_
cular weights have pot been determined. To determine‘the
molecular weight of Ppiologically active endocéllulases one
would have to run an acetyltrimethylammonium brohide—polyacry-
lamide gel electrophoresis by which both molecular weight and
viéuaiization,of activity wbuld‘be obtained (2akin et al., 1985)..
Cellulomonas 2406 was found to be quite a slow de-
grader of cellulose and therefore it was desired to increase
the rate of cellulose breakdown by this microorganism. Pro-
duction of ﬁutants, the formation of whose cellulases . would not

be inhibited by the end products of cellulose hydrolysis, was

L
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attempted. Choi et al. (1978) and Haggett et al. (1979) were
able to obtain sucb:mutants of Cellulomonas CSI-1 by using
NTG and ultraviole£ irradiation. Mutants obtained by treating
the ﬁarent strain with 150 ug/ml NTG degraded avicel ﬁﬁbh '
faster. Upon treating tliese mutants with ultraviolet light
they obtained'even faster degradation of avicel. Stewart &
Leatherwood (1976) alsdAobtained mutanﬁs of Cellulomonas sp.
by treating the pérent strain with 300 pg/ml NTG. Their mu-
tants were able to degrade ce;lulose in the presence of higher
concentrations of glucosé than could the parent strain. Similar
treatment of Cellulomonas 2406 Qith NTG at concentrations up to
500 ug/ml did not afrfect the bacteria at all. NTG only killed
or inhibited growth of Cellulomonas 2406 oﬂ prolonged exposure.
Ultraviolet treatment also did not produce any mu-
tants. Our regults suggestlthat.CeZZulomonas 2406 is more
resistant to conventional mutagenic agents. Possibly a combi-
nation of NTG and ultraviolet light treétment could have been
more effective in obtaining mutants. Successful mutagenesis
has been done on fungi such as Sporotrichum pulbverulentum
whose cellulase activities were made to reach and surpass those
of Trichoderma reesei QM 9414 (Eriksson & Johnsrud, 1983}).
Mutants of Alternaria alternata were also produced. These
mutants were able to grow ana produce increasing yields of
endocellulases and B-glucosidaseyactivity when growing in
glucose broth (1% glucose) supplemented with 2% (w/v) wheat
bran (Macris, 1984). None of the mupants obtained fFOm the

parental strains of the genus Cellulomonas were capable of
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pfodpcing cellulases as high as those reported for fungi.
When cells were grown in PTYE medium eontaininé
different‘celluloses, clumping was evident, and this phenome-
non interfered with the viable counts. Upon examination by'
electron microscopy it became eviéent that these clqmps were
formed due to the association of the cells Qith the cellulose
fibers. These studies showed that Cellulomonas 2406 produces
a fibrous material composedrmost_probabiy 6f acid mucopoly-
saccharide. This fibrous material was also seen to connect
ceils to each other. Many rumen bacterig are known to have a
thick surface coating when involved in cellulose'degradation
{Lathamen et al., 1978; Dinsdale, 1978). 1In }he case of rumen
bacteria, attachment is important in échgeving an efficient
digestion fAkin, 1976). Bacteria such as Cellvibrio fulvus
would only digest cotton fibers within the rumen.when the
bacteria became physically trapped (Akin, 1976). When Cellu-
lomonas 2406 was grown in PTYE medium without cellulose, no
fibrous material was pfeseng-suggesting that the bacteria
might lose the glycocalyx in the absence of cellulose and.the
presence of a rich medium such as PTYE. Many microorganisms
are known to attach to the nutritive substrate by means of
their glycocalices (Akin & Amos, 1975; Patterson et al., 1875;

Hungate, 1966). Whether the attachment of cells to-cellulose

fibers is necessary for cellulase production is not yet clear.

Viable counts would suggest that a large number of cells

attach to cellulose or at least ¢lump together during the first

[N

- S~
24 hours of growth.
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— Light micros'bpy studies shoﬁéd that ceils actually
attach to gach_éthe{ forming large maéseé and trapping the
cellulose fibers. They also show that cells attach to the
9ellulosé fibers. The study done by Berg et ‘al. (1972b)
suggeéts that contact between the cellsfand'céiiulose is:
necessary for éellulaée induction. Our study shows that' even

though cells attach to the cellulose, the majority remain

connected to each other suggesting that these cells are pro-

'bably inducgd'to prodﬁce cez§§lases b; small oligosaccharides

released from the cellulose chain by previouzﬁf induced cells.

The previously induced cells could be those ich were found

attached to the cellulose fibers. When glucose was

present in the medium togéther with cellulose, no strand

- formation was evident suggesting that glucose might also

interfere with the formation of the fibrous material

by which the cells attach themselves to each.Bthef.

It is not clear if attachment is necessary

for growth stimulation, but it is well known that many micro-
organisms attach td surfaces and to each other to be better
able to concentrate nutrients (Marshal, 1980; Eurchard, 1981;
Costerton et al., 1981). Attachment of other bacteria to
cellulose fibers has been reported in Clostridium thermoccllum‘
(Wiegel & Dykstra, 1984), Cellvibric fulvus (Berg et al.,

1972b), Sporocytophaga myxococcotdes (Eriksson & Hamp, 1978),

-Mycobacterium sp. strain BT2-4 «{Ridgway etﬁal., 1984} and many

rumen bacteria {(Akin, 1976; Lathé;#et al., 1978; Minato et al.,

1966; Patterson et al., 1975; McCowan et al., 1980).
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it Qas recentiy observed that when
Cellulomonas 2406 was grown on cellulose plates.overlayed with-
pure agar'larger deéradétion zZones were obsérved than when
grown directly on the cellulose plates. T. Kauri & D.J. Kushner
{1985, in press) had suggested that the larger zones were
observéd since the agar layer decreased the.effect'of catabo-_ .
1i£e.repression and inhibiEEon by having the end products’ ‘
-dilufed out so éhat smaller amounts reach the cells.
Production cf cellulases in Cellulomon;s 2406 appears
to be regqulated by induction and catabolite repression. 1Its
activity may be regulated,by end product inhibition. Since the

cellulase activities were lower than those of fungi, this

microorganism would not be suitable for use in the industrial ™

.
<

enzymatic hydrolysis of cellulose. 1In ordé:'to ferment cellu=
lose to‘ethanol it is firg%\neceséary'to convert:it’to glucose,
JQEE\fesults showed that the major product of cellulose degra-
dation by Cellulomonas 2406 is probably cellobiose, not glu-
cose; thus to obtain ethanol from cellulose co-cultures might _ *
be nééessary. This study-has~put.a new light oq'the'subject |
of contact between cells and the cellulgse fibers and their

‘role in cellulase inductlon. Cellulomonas 2406 produces a
fibrous materlal around itself when grown on cellulose. The
fibrous material is probably acid'mucopolysaccharide in nature
and is probably inveolved in the contact that takes place -

between cells and the cellulose fibers as well as between the

cells themselves. The results suggest- that contact betwéen

cells and cellulose takes place in the first 24 hours of growth.
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’During this £ime_the attached celis could be induced. to pro-
duce cellulases which in turn would break down éellnlose
(Goné &'Tsaoz 1979). Small oligosaccharides produced in this
way would thepn be respnnsible for the induction of cellulases
" in the ceilse§hich were not attached to the cellulose. Cells
no longer need to be attached to the cellulose; rather they
attach to eaéh other in this way concentrating the nutrients.
a

Whether this contact between cells and cellulose is necessary

for cellulose degradation awaits further investigation.

L2
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