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ABSTRACT
Despite its economic
sition by microorganisms

importance, the process of cellulose decompo
is not well

understood.

Contributing to this

lack of understanding are the structural complexity of the cellulose
macromoI ecu ie and its natural variability.
tance of certain factors

is clear.

tal U n i t y of the cellulose fiber,
the extent to which cellulose

Nevertheless, the impor

These include the degree of crys
its average degree of polymerization,

is associated with other materials

in the

plant cell wall, the amount of moisture available, and the extent of
organi sm-substrate interacti o n .

Laboratory experiments and an analyti

cal evaluation of the roIe of diffusion
emphasized the fundamental
particularly

in ceI IuIose decomposition have

importance of the

last of these factors,

in the ease with which decomposition

is initiated.
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The structure of cellulose
Being the major structural component of plant cel! walls, ceI Iu-

lose is the most abundant organic compound in nature.

In the form of

grasses, cereals, and straws it is an important food source;

in the form

of cotton, flax, and ramie it is the basis of the textile industry; and
in the form of wood it is the foundation of the pulp and paper and
ber industries.

Yet despite

lum

its obvious economic importance, the pro

cess by which cellulose is decomposed by microorganisms is not well un
derstood.

One reason for this is the structural

complexity of natural

ce I IuIose itse1f .
In textbooks cellulose is depicted as a polymer of glucose mole
cules in 6 - 1 , 4 ’ linkage.

The number of g iucose moiecuIes per chain can

vary from about 100 to 10,000;3
(DP)

6

the average degree of polymerization

is about 3000 glucose units,1+6

nature about one hundred of these

But this formula

In

Ii near molecules are found packed

close ly together in a bund le te rmed a mi crof ibri I ,1+0
oriented

is incomplete.

The molecules are

long itudi naI Iy with respect to one another, and adjacent strands

are held together by hydrogen b o n d s , van der W a a I s ' forces, and probably
some pri mary

linkages .h°

The resuIti ng structure is only parti ally

crystalline; that Is, regions of randomly oriented molecules alternate
with regions of highly ordered molecules.

These amorphous and crystal

line regions are interspersed with one another and do not seem to be
uniform in size,8

Values for the proportion of c r y s t a l linity in native

celluloses range from 50 to 94 % , 1+6
In the plant cell wall the microfibri Is are intimately associated
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with hemicelIuloses,

lignins, pectins, waxes, oils, fats, proteins, pig

ments minerals, and lesser amounts of extraneous substances.

The nature

of this association seems to be primarily physical, but some chemical
bonding may be involved.

The structures of the cellulose molecules of

different plants are similar;

it is ma in Iy in the nature of and the de

gree to which the cellulose is associated with other substances that the
plants differ.

The cellulose content of cotton is typically 9 4 % . In

woods it varies from 41 to 53% and in cereal straws from 30 to 43%,17
Cotton cellulose is associated with only small amounts of hemiceI Iu1oses
and no lignin, whereas wood fibers contain considerable quantities of
b o t h .8
Hemi c e 1 IuIoses are short p o Iy me rs, (DP

15 to 200), of sugars other

than g I u c o s e , as well as the i r uron ic acids,
Representative sugars are xylose and mannose.

In g-glycosidic linkage.8
In both wood and cotton

fibers the hemiceI IuIoses are found predominantly in the outermost
of the ceI I wall.

layer

Although shorter than the ce M uIose molecules, the

hemiceI Iuloses are probably oriented

in the same direction and inter

mingled with them .36
The structure of lignin has not been defined, but it is thought to
be a polymer of substituted pheny I-propane units. 8
dominantly in the middle

It is found pre

lamella of wood cells and makes up 20 to 30 % of

most w o o d s . 30
Thus, the term cellulose denotes no single, homogeneous chemical
compound; the chemical

formula which we assign to it incompletely des

cribes the macromolecuIar structure found in nature.

II.

The mechanism of degradation
The

large size of the cellulose molecule and its essential

insolu

bility in water require that a microorganism secrete extracellular en
zymes capable of hydrolyzing both the g - l , 4 '-gIucosidic linkages and the
cross-linkages between cellulose molecules.
molecule many times

The solubilization of a

larger than the microorganism itseIf probably fakes

place In this way: the enzymes secreted by the organism diffuse info the
network of cellulose molecules where they free the ceI IuIose molecule
from its matrix and at the same time break if into shorter chains.

The

shorter polymers are further hydrolyzed to small molecules permeable to
the cell wall of the organism.

These soluble molecules then diffuse

back to the organism! and are assimilated by it.

Obviously such a scheme

requires that the cellulolytic organism manufacture either a single,
particulate multi-enzyme complex or a whole family of enzymes with di f
ferent specificities in order to use cellulose as an energy source.
Some microorganisms have the capacity to hydrolyze the 3 - I, 4 f-gIucosidic
bond and are thus able to solubilize the shorter anhydrogIucose chains,
but because they are unable to initiate the solubilization of the native
ceI IuIose molecule, they are considered to be non-cel Iulolytic, although
they may assist in the decomposition of cellulose.
By what mechanism the cellulolytic enzymes dissolve the cellulose
molecule is uncertain, precisely because most celtulase preparations
seem to be made up of several components with different activities to
ward various substrates.

Two mode s of hydrolysis are conceivable;

suc

cessive glucose or ceI lob iose units may be removed from the end of the
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molecule

in an endwi s e - s p I i++i ng mechanism, or intramolecular bonds may

be hydrolyzed

in a random fashion.

There

is evidence for the endwise

mechanism of hydrolysis by the celiulases of Celtvi-hvio g-ilvus/1^'5'
3 '^7 '
1+8

but most celiulases studied seem to be the random-splitting type.6 '

1 3 - lit ^2 2 -3a '50-51 -52

j-j. should be mentioned, however, that most of the

work done so far to determine enzyme spec if ic ity and mode of action has
been done w ith non-homogeneous cellulase preparations, and that prepara
tions from the same organism have given somewhat varied resu Its in the
hands of d if ferent investigators.

There Is on Iy one instance of exten

sive purification of a cellulase, that from Myroiheoium vevrueavia* a
fungus, and in this case a random mechanism of hydrolysis was obse rv ed !5 '
52

The evidence in favor of either mechanism is not conclusive,

A

random-c ieav ing enzyme would seem to be more advantageous to the organism in the initial stages of decomposition, s imp Iy because of the
length of the cellulose molecule.

long

The rate of hydrolysis by an endwise-

cleaving enzyme would be inverseiy p r o p o r t ionaI to the degree of poly
merization, whereas the rate of random hydrolysis would be independent
of it.

In the later stages of decomposition, when the cellulose has

essentially been reduced to ceIlodextri ns (DP 10 to 200), the endwi sesp I itt ing enzyme mi ght be more advantageous s inee each cIeavage would
re Iease an a s s imiable p r o d u c t .
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Ml.

Factors affecting cellulose decomposition
Factors other than the s t r u c t u r a I complexity and variability of

natural cellulose hinder our understanding of the way in which cellulose
is decomposed by microorganisms.

For example, the extent to which hydro

gen bonding and van der W a a Is ' forces draw neighboring cellulose mole
cules together affects both the susceptibility of the substrate to de
gradation and the activity of the cellulase it in d u c e s .

Severa I inves

tigators have observed that the amorphous regions of ceI IuIose are more
readily degraded that the crystalline regions. 8 ''3 8 '"52

Consequently, the

greater the degree of crystal linity of the native cellulose, the more
resistant to enzymatic attack it wit! be.

Recently R a u t e Ia and K i ng38

used celluloses of different degrees of crystaI Iinrty to induce cellu
lase synthesis by the fungus Triohoderma viride.

Because one could e x 

pect the reaction rate to increase with an increase in the surface area
of the substrate, and because King24 had earlier observed that the me a
surement of the rate of hydrolysis of cellulose was biased by the parti
cle size, RauteI a and Ki ng took precautions to use crystaIIi ne substrates
of the same particle size.

They found that not only did the crystal

structure affect the extent of growth of the fu n g u s , it also affected
the enzyme yield.
rates of enzymes

The fact that the activation energies and reaction
induced by different cellulose substrates differed when

tested against the same substrate
selves differed.

indicates that the celiulases them

This finding may explain how different investigators

can obtain a cellulase with di fferent properties from the same organism.
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The initial degree of polymerization of the cellulose
affect the observed rate of decomposition,
involved cleaves

in an endwise manner.

particularly when the enzyme

In most experimental work the

degree of

polymeri zation is not determined.

certainty

in the interpretation of the results.

The

degree to which, cellulose

is likely to

This only

is associated with

adds to the un

other substances

in the plant cell wall affects its susceptibility to enzymatic attack,
Since physical

contact between an enzyme and

for reaction, substances such as
represent

its substrate is necessary

lignin which encrust the microf ibr i Is

a physical barr ier to hydro Iys is .

Lign in itself

resistant to biological degradation, and therefore
ders cellulose utilization.
cellulose found

is extreme Iy

it drastically hin

Apparently the combination of

lignin with

in wood prevents any bacterial attack of the c e I Iu Iose

until essentially a I I the lignin has been removed by fungi,37
Any substance which obstructs the capillaries between the cellu
lose molecules will
However,

limit diffusion of the enzyme into the m icrof ibr i Is.

if this substance can be metabolized by the microorganism, then

the obstacle

is not insurmountable.

In fact,

lose decomposition by enabIi ng a microbial

it may even promote cellu

popuI at ion to d e v e 1o p .

appears to be the case with the hemiceI IuIoses,2

Such

whose sugar mo i

eties provide a sustaining energy source for microorganisms with extra
cellular carbchydrases other than cellulase.

Similarly, the amount of

growth-promoting substances, such as minerals, vitamins, protei naceous
material, and soluble carbohydrates,

found

in association with the mi cro

fibrils also affects the readiness with which cellulose is attacked.
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These extraneous nutrients have a marked positive effect on the produc
tion of celiulases by various microorganisms.2 ''3 "29
In addition, one
hibit enzyme activity

would expect there to be some materials that in
and possibly ceI1 growth.

Another factor that influences the decomposition process
extent of association of the organism with

its substrate.

is the

Direct con

tact is probabIy necessary for stimulating enzyme synthesis, and close
proximity to the decomposing fiber better enables the microorganism to
benefit from the activity of its enzymes.

The importance of this factor

to the initiation of cellulose decomposition will be brought out later
in an analytical

Iook at ceI IuIose decomposition

in different envIron

ments.
Finally, some moisture

is needed for the hydrolytic reaction.

is also needed to provide a medium

for diffusion of the enzymes

fiber network and formigration of the
the cell.

It

into the

end-products of degradation to

A t h in film of wafer coating the fiber surfaces is all that

is required.

As will be shown

fect ceI 1u 1ose decompos iti o n .

later, too much water can adversely a f 
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IV.

Laboratory observations
!t has been frequently recorded that a m i xed culture of microor

ganisms decomposes cellulose more rapidly and more extensively than a
single species of organism acting alone.1*'36

The conditions and organ

isms with which this observation was made varied, but in general the
cellulosic substrates used were of woody origin.
bly contained

They therefore proba

lignin, hem ice I Iuloses, and other plant materi a Is in addi

tion to cellulose.

A mixed culture of microorganisms,

representing a

var iety of metabolic capabilities, cou id utilize the hemicet 1uloses and
lignin and thus strip away the physical

barriers encrusting the cellu

lose and make it more susceptible to hydrolysis.

A pure culture of a

cellulolytic organism lacking the ability to degrade
ceI 1uIoses would have greater difficulty
lose f ib e r s .
more

lignin or hemi-

in gaining access to the ceI Iu-

One would therefore expect ceI IuIose decomposition to be

limited under these conditions.
If Ii gn in and hemi ceIIuloses are merely mechanical

the cellulolytic microorganisms, then

hindrances for

in using a 100% cellulose sub

strate, one w o u Id not expect to observe different rates of hydrolysis
for pure and mi xed c u 1tures of equal cellulolytic capacity, provided
that organism-organism interactions such as commensal ism or mutualism
are prevented by su itab 1e nutrient additions to the reaction media.
test this hypothesis

To

it was,planned to compare rates of cellulose hydro

lysis by pure and mixed cultures of known composition using a cellulose
powder prepared from cotton.
The enrichment culture technique of Winogradsky was used to isolate
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cellulolytic bacteria from the soil.
containing

Three 500—rr.I Erlenrneyer f Iasks

100 mis of a sterile cellulose

lates with about 0.5 g of soil.

This medium contained 2 g/l of cellu

lose powder as the sole carbon source,
nitrogen source, and mineral

isolation medium* were inocu

salts;

I g/l of ammonium sulfate as a

it was buffered at pH 7,0,

Three

soil samples, collected near Lake Chandalar, Alaska, were u s e d .

The

flask cultures were incubated at IOC and aerated by continuous shaking
on a New Brunswick rotary shaker.

An incubation temperature of

10C was

used so that an estimate of the rate of ceI Iu iose decomposition at a low
temperature could be obtained simultaneously for another purpose.

After

two days one ml of c u Iture fluid from each flask was a s e p t i c a 1 Iy trans
ferred to a second f Iask of steri Ie medium, and these f Iasks were incu
bated at

IOC with shaking.

To iso Iate individual spec ie s , on the fourth and seventh days a
loopful of each culture fluid was streaked onto the surface of an agar
plate prepared from the isolation medium.
IOC.

The plates were incubated at

After two weeks incubation, pinpoint, translucent and white colo

nies were visible on the agar, but these did not reach an appreciable
size even after several months.

The low temperature was apparently not

the limiting factor, for at 20C as well only very small colonies ap
peared .
After twelve days the shake flasks were removed from the shaker
and

left in the IOC incubator.

Because after two months the culture

medium in flask #1 had turned orange,

it was examined microscopically.

The bacterial population was still viable and had even increased;

* The details of the analytical
in the Appendix.

procedures and media used can be found

Table I,

Population

levels of mixed cultures of soil
ce M u Iose iso iat ion med iurn

Cel 1ulose; 2 g/l

bacteria in

"1emperature:

pH; 7.0

IOC

shake f iask cultures
Number of bacteria per ml

T ime
(days)

Flask #1

x 10 7

7,5 x I06

1.2 x 107

7.3 x 106

8,1 x I06

5

7

8

?

1,0 x !07

12
63

-

1

x It)8

x It)5

x I06

--

---

1.6 x! 08

147

Flask #3

Flask #2

rod-shaped bacteria were swarm inc1 around the cellulose particles.
Tab le 1 .

No change was noted

later the c u 1ture fluid

In the other two flasks.

in flask #1 had cleared.

tion revealed a varied, viable bacterial cuIture.

See

Three months

Microscopic examinaMoreover, most of

the cellulose had been dissolved.
Five iso Iates were

later obta ined from this cuIture and another

shake flask culture of soil #2; these were
sequent morphological and biochemical
four different species;

tests

labeled L C - 1 through 5.

Sub

indicated that these were

LC-1 and LC-2 apparently were the same organism.

All were rod-shaped, Gram-negative, poiarIy flagellated bacteria, whose
sizes varied from 0 . 5 - Ip by I~ 8 p , depending on the age of the c u I t u r e ,
To enhance the growth of the organisms on agar pIates and in
liquid culture, the cellulose content of the medium was increased to
5 g/I.

The nitrogen end mineral salts contents were proportionately

increased.

Vitamins known to be beneficial or necessary to cellulose-
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decomposing rumen bacteria’4- were also added.

Unfortunately,

1 g/i of

sodium citrate, to chelate heavy metals, was added at the same time.
Much

later it was discovered that alt

citrate as the sole carbon source.
of these organisms
cellulose alone.

In this

five isolates were able to use

Thus, the data on the growth rates

improved medium do not reflect growth on

Nevertheless, the results of one experiment are re

ported here for comparison with the data subsequent Iy obtained when ci
trate was eliminated from the medium.

All five organisms grew rapidly

at 4C, as indicated by the generation times,©, shown in Tab Ie M ,

Table

II.

Popu iat ion Ieve Is of pure cuItures of so I I bacter ia in
a cellulose p 1us vitamins medium 'with citrate

Cellulose: 5 g / I

pH: 7.0

Temperature:

4C

shake f 1ask cuItures

Time
(days)

Number of bacteria per ml
LC--2

LC-

0

17

8

1

14

4

2

25

3

LC-4

LC--3

X

IO 6

3 ,8

X

A
u6

X

IO 6

1 .6

X

O7

X

IO 6

2

4

X

q

1 X

IO8

9

2

X

n8

5 0

X

IO 8

7

2

X

o8

9

X

IO 8

4

8

X

X

IQ 5

2 ,8

X

!0 6

] .8

X

IO 6

I

8

X

I0 6

3

.2

X

iO 6

1

X

IO 6

8

2

2

X

!0 7

2 .0

X

I0 7

6

.8

X

IO 6

6

95

4

4

X

I0 8

4 .0

X

IO 8

6 .2

X

IO 8

3

5

90

7

6

X

I0 8

5 ,6

X

IO 8

6 .6

X

IO 8

8

11

8

4

X

,08

6

.8

X

IO 8

6 .8

X

IO 8

6

0, hours

9,95

7,85

6.25

LC-5

6

5

9.69

6.72

8

f<8
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Table

III.

Population levels of pure cultures of soil bacteria
cellulose plus vitamins medium without citrate
p H : 7. 0

Ce 1 1u 1o s e : 5 g/l

in a

Temperature ; 4C

shake flask c u 1tu re.?

T ime
(days)

Number of bacter ia per m 1
LC- 1

LC-2

■4

LC -3

LC - 5

0.05

1

X

IO6

2

x IO5

1

X

10 ^

2

x IO5

I

x IO6

0.96

2

x 10s

I

x IO6

5

x IO6

2

x IO5

2

x IO6

2.06

1

X

IO6

3.7 x IO6

3.8 x IO6

4.2 x IO6

1.4 x |()7

D

~Z*~/J

3.8 x IO6

4.6 x I06

5.6 x IO6

2.6 x IO6

8.4 x

6.78

3.0 x IO6

4.0 x IO6

8.8 x IO6

2.8 x IO5

1.1 x 1
1O
U7

Table

IV.

jqS

P o p u 1ati on levels of pure cultures of so i1 bacter ia in a
c e 11u 1ose plus v itarnins medi um w ithout citrate

Cel 1u 1o s e : 5 g/l

Temperature ; IOC

pH : 7.0
shake flask cultures

Time
(days)

Number of bacter ia per m 1
!
i_

1

LC-2

0. 10

7

x I05

8

x IO5

1

1.01

2

x IO6

3

x IO6

8

9.tl
Hi i
i
i

3.2 x

I06

1 . 1 x IO7

1.2 x IO7

2.99

6.0 x 1o 6

1.0 x 107

1. 1

X

4.06

8.2 x I06

1.2 x 10 7

4.3 x

8.02

1.8 x IO8

1.8 x

IO8

1

LC--3

4

LC--5

IO6

I

X

IO6

1

X

IO6

x IO6

5

x IO5

7

X

IO6

1 .7 x 10 5

A 9

X

IO8

107

2.6 x IO6

1.2

X

1o 7

10/

2.8 x IO6

1.9

X

! n?
1u

7.0 x IO8

2.8 x IO6

2.8 X

108

X

When the citrate was eliminated and the shake flask experiment
repeated,
at A C .

(Fable M l ) , there was

little evidence of growth

in the medium

When the experiment was conducted at IOC, the bacterial

had

increased only slightly over

their initial

day

the incubator and shaker were

shut off.

levels

levels when on the fifth
Consequently, the cultures

had been stationary and at room temperature for three days when they
were examined on the eighth day of the experiment and
the populations

it was found that

in all but one of the flasks had increased at least one

order of magnitude.

See Table IV,

Because it appeared that at least four ofthe isolates were capa
ble

of growth

on cellulose alone,

a large-scale experiment was set up

to measure the rates at which cellulose was utilized and end-products
were formed as well as the growth rates of the organisms
plus vitamins medium without citrate.

in a cellulose

The reaction vessel was a 2 - liter

cylindrical jar fitted with a stainless steel

lid and central

unit

through which the coolant was passed to keep the medium at IOC,
was passed through a sterile cotton filter and

Air

introduced into the me d

ium through an or if ice near the bottom of the j a r .

The air b u b b Ies were

dispersed and the medium was mixed with a variabI e-speed drive assembly
Iocated just above the air out Iet.
c Iaved for 15 m inutes at 121C,

The vessel and medium were auto-

When the desired

had been reached and the liquid had been aerated

incubation temperature
long enough to be sa

turated with oxygen and carbon dioxide, the medium was inoculated with
a sterile suspension of L C - I in phosphate-buffered distilled water to
give an initial cell concentration of about 4 x I0~* per ml.

The pH,

14

Table V,

A pure culture of L C - ! in a cellulose plus v H a m ins medium

Ce 1 1u 1ose

:

5

Temperature:

pH: 6.9

g/i

10C

2 - 1 iter reaction vesse
pH

Ti me
( d a ys )

0

6.88

Bacte r ) a
( # per ml)

(

4

x !05 )

C e 11u 1ose
( mg/m 15

5.18

Soluble
Carbohydrate
(yg/mI

)

7,5

G 1 ucose
( ug/m1 )

0.86

0.88

—

2.3 x !06

—

1.85

6.95

2.3 x I06

4.82

6 .5

0.55

3.64

6.90

1.9 x !06

4.89

6.0

0,53

5.88

—

6.69

6.90

1. 1 X

10s

4.54

5.9

8.67

6.90

1. 1

1 06

4.99

—

—

10,64

—

I.7 x I06

—

—

—

I1.94

6,90

1.4 x I06

3.93

13.65

—

1.5 x I06

1.3

x 106

X

—

—

—

—

6.6
—

—

__
0.52

0.60
—

number of bacteria per ml, concentration of cellulose remaining, and the
concentrations of glucose and total soluble carbohydrate released into
the medium were monitored for fourteen days.

The bacterial population

was determined microscopically using a volumetric counting chamber.
Glucose was determined by the glucose oxidase method of Wo rt hington.53
Soluble carbohydrate was measured coI ori metri c a 1Iy by the p h e n o l - s u 1fur
ic acid method of DuBois et at.11
(See Appendix).

Cellulose was determined by weight,

The results of this experiment are shown

in Table V.
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No change in any of the variables, except the cellulose concentration,
was observed

in 14 d a y s .

The apparent

loss of cellulose was due to its

adsorption onto the stainless steel parts of the reaction vesse t.

That

the organisms used to inoculate the medi urn were viable and were not sub
sequently inhibited by heavy metals from the reaction vessel

is attested

to by the fact that a simi lar experiment with glucose as the sole carbon
source instead of cellulose was performed simultaneously in an identical
apparatus and the organisms grew readily.
After reconsideration of the data of Table

IV, it was thought that

perhaps the rise in temperature had stimulated the popuIati on increase;
thereafter warmer incubation temperatures were used.

Table VI shows the

results of attempting to grow isolates LC-I and LC-5 at 20C in shake
flasks containing the cellulose plus vitamins medium without citrate.
This experiment was done In triplicate.

The results were all the same;

namely, no change in any of the bacterial population

levels for 16 days.

Simi lar resuIts were obtai ned when f 1asks of sterile ceI 1uIose
isolation medium with vitamins were inoculated with bacteria known to be
cellulolytic and incubated at 25C with continuous shaking.

The organ

isms were Cellulomonas firrri (ATCC 484) and Ce I tulomonas biazotea (ATCC
486),

As shown In Table VII, there was no change in the number of bac

teria per ml

in 13,5 days.

The distinguishing feature of these experiments

is the inability

of a pure bacterial c u 1ture to develop In a we I I-mi x e d , aerated,

liquid

mediurn in which a particulate, cotton cellulose substrate serves as the
on Iy source of carbon, even though nitrogen, vitamins, and mineral salts,
including trace elements, are provi d e d .

The fact that the same organ-
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Table VI,

Population levels of pure cultures of LC-I and LC-5 in a
cellulose plus vitamins medium

Ce 11u 1o s e : 5 g/i

p H : 7.0

Temperature: 20C

shake f 1ask c u 1tures

Ti me
(d a y s )

Number of bact■eria per ml
j

|_C-5

A *~/70
c
U

1.72 x I07

1 .88 x I07

1.u 4

1 .80 x !07

2.08 x I07

I.75

6.11 x IG 7

3.08 x I07

2 7K

2.80 x 107

1 .75 x I07

3. 82

1.78 x IQ7

1 .97 x I07

4.91

I.26 x I07

2.50 x I07

5.04

The flasks were re-i n o c u 1ated with 24-hour old c e 11s .
The number added per ml w a s :
9.2

x IG5

7.2

x I05

8.20

I.91 x I 0 7

2.75 x 107

in 02

2.92 x I07

4.48 x 107

1 I.30

3.00 x I07

4.73 x I07

12.32

3.43 x 107

6. 15 x I07

13.55

2.60 x 107

9.3

16.20

2.80 x I07

4.75 x 107

x 107

isms are able to grow in pure culture at a rapid rate, even at the
temperature of 4C,

low

in the same medium to which a soluble carbon source,

citrate, has been added indicates that additional growth factors are

Table VII,

Population levels of pure cultures of known cellulolytic
bacteria in cellulose isolation medium wi t h vitamins

Cellulose:

2 g/l

pH: 7.0

Temperature:

25C

shake flask cultures

Time
(d a y s )

Number of bacteria per ml

Cellulomonas firni

Cellulomonas biazotea

1.51

4.2

X

IO6

1.8

X

IO6

1.84

2.0

X

IO6

6.8

X

I0 6

2.50

i .2

X

IO6

1.5

X

IO6

2.94

4.0

X

IO6

2

X

IO6

3.48

7.6

X

IO6

1.9

X

106

3.67

4.6

X

to6

2

X

IO6

8.50

5.0

X

to6

1.8

X

1 05

8.61

6.0

X

IO6

3.2

X

I06

13.50

7.5

X

IO6

3.9

X

IO6

not required and that the medium itself is not inhibitory.

The fact

that the original cellulose isolation medium supported the mixed cul
ture decomposition of the cellulose substrate

indicates that the cellu

lose powder is susceptible to enzymatic hydrolysis.
to mention

An important point

is that in both instances where any acti vi ty was observed;

that is, in the mixed culture of Table

I and the pure cultures of Table

IV, the flasks had been stationary prior to the observation.

Th is fact

suggests that a we I I-mi xed liquid culture prevents the bacteria and the
cellulose particles from having the intimate contact needed for the

I8

organism to initiate and continue cellulose decomposition.

Lignin may

indeed be part Iy responsible for the frequently reported slow decompo
sition of cellulose

in pure culture.

However, the data presented here

suggest that other factors, physical

in nature, may be equally import

ant.

The situation in which a bacterium finds itself when faced with a

particulate substrate in a well-mixed
dered in more detail

liquid environment will be consi

in the next section.
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V.

CeI IuIoIysis in we 11-mixed

The importance of diffusion

liquid cultures

in the cellulolytic process

is obvious.

The enzyme must diffuse from the cell to its substrate, and assimiable
reaction end-products must diffuse back to the cell.

If the catalytic

capacity of the enzyme and the abi 1ity of the cel I to synthesize enzyme
are optimized, then a maximum rate of hydro 1ys is of 6 - 1,4 !-gIucosIdic
bonds can be calculated from a phenomenological equation based on P i c k ’s
laws of diffusion,1
the

From this rate the rate of release of glucose into

liquid medium can be estimated and compared with the rate required

to maintain the cell population at its initial

level.

Such a calcula

tion was made for a wide range of initial cell populations

inoculated

into the cellulose plus vitamins medium containing 5 g/l of cellulose
powder.
To determine the maximum rate of hydrolysis

it was assumed that

every time an enzyme mo Iecule and a cellulose particle collided, a re
action o c c u r r e d .

Furthermore, to simplify the calculation the colliding

molecules were treated as spheres and steady-state concentrations of
reactants were assumed.

The expression for the diffusion-contro!led

reaction rate is:
Rh

=

k 4w a(C'A + D b ) f C Ao CB q ,

where k is a symmetry number, equal to I for collisions between unlike
molecules, a is the sum of the radii of the colliding spheres,

in centi

meters, Da and Dg are the d iffus Ion constants of molecules A and B, and
Ca

O

and C D are the initial concentrations of these molecules,
Uq

cles per ml.

in parti-

The factor f is a function of the electrostatic potential.
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For simplicity the molecules are taken to be neutral, whence f equals

I,

Before the phenomenological equation could be used to calculate a
maximum rate of hydrolysis, some idea was needed of the enzyme concen
trations that could be expected,

S u r p r i s ingly, there is Iittie decisive

information on enzyme synthesis rates to be found in the

literature.

But enough data are available to enable rates to be calculated for two
enzyme systems

if certain assumptions are made.

One of these systems

involves the extracellular enzyme, a-amylase; the other, the intracell
ular enzyme g-ga Iac tc sidase.
Markovitz and Klein31 measured rates of biosynthesis of a-amylase
by resting cells of Pseudomonas saooharophila and found that, with m a l 
tose as the inducer, about 5 enzyme units per hour (per ml, presumably,
since the assay volume equaled

1 ml) were synthesized for 3 hours, after

which time the rate declined.

Presumably the ceils were initially grown

in a medium containing 0 .2% sodium lactate as the carbon and energy
source.

If a c e 1 I yield of 0.5 g of cells (dry we ight) per g of

Iacti c

acid is assumed, the final resting cell suspension, concentrated four
fold, contained 0.32 g of cells (dry weight) per 100 mis,
Markovitz and Klein defined one unit of a-amylase as that amount
of enzyme which caused a loss in color with
to 0.5 mg starch

iodine at 660 mu equivalent

in 30 mi nutes at 37C and pH 5.5.

degree of polymeri zati on of so Iuble starch

Si nee the average

is about 300 gIucose res i-

dues,119 0.5 mg starch corresponds to 5.6 x I015 starch molecules.
Starch molecules with a DP less than 20 units do not give a color with
iodine that would be detected at 660 m y .^ 9

To reduce a starch with a

DP of 300 to one with a DP Iess than 20 would require breaking at

least 15 bonds per molecule, and most
broken in the actual process.
weight of bacterial

likely more than

15 bonds wouId be

If the turnover number and molecular

a-amyIase are presumed to be similar to the values

for pancreatic a - a m y Iase, 25,00027 and 45 , 0 0 0 , 10 respectively, and if
only one active center per enzyme molecule

is assumed, then one unit of

enzyme corresponds to at least I.II x IO11 enzyme molecules or 8.3 x 10
mg enzyme.

Thus, the enzyme synthesis rate observed by Markovitz and

Klein, 5 enzyme units per hour per ml,

is equivalent to at least 1.74 x

IO2 enzyme molecules per cell per hour or 2.16 x IO-7 mg enzyme per mg
c e 1 Is per mi n u t e .
When starch was used as the inducer, a-amyIase was synthesized at
the rate of 0.22 units per hour per ml of c e I I su s p e n s ion for the first
three hours, and then the rate declined.

In this case one unit of a-amy

lase was defined as that amount of enzyme which released 0.021 mg of
reducing sugar (as maltose)

in 3 minutes at 57C and pH 5.5.

One unit

thus corresponds to 4.68 x I011 enzyme molecules or 3.50 x IO-5 mg en
zyme, and the observed rate of enzyme synthesis equals 3 2 . i enzyme mole
cules per ceI I per hour or 4.01 x IO"8 mg enzyme per mg cel Is per m inute
Rates of a-amyIase synthesis by P. saaaharophila were also calcu
lated from the data of Sch iff, E ise n s t a d t , and Klein4'1 using the follow
ing assumptions:

(I) that 70% of dry cell material

is protein;5*3 (25

that the dry weight of a bacterium is about

10 ~ 9 mg ;145 and (3) that the

molecular weight of a - a m y Iase is 45 ,0 0 0 . 10

Resting cells synthesized

the enzyme at an average rate of

1.7 x I03 molecules per cel I per hour

or 2.1 x IO-1'5 mg per mg cells per minute, whereas growing cells synthe-
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sized 6,0 x IG2 molecules per cell per hour or 1.0 x I0“ 6 mg enzyme per
mg cells per minute.

Note that a-amylase was manufactured more rapidly

by resting cells than by cells growing on

starch.

May and E 1]iottJ3 have described a somewhat different biphasic pro
duction of a-amylase by 24-hour
cells were washed and
mixture of

old cells of Bacillus subtilis .

These

incubated at 30C in a medium supplemented with a

16 amino acids.

Initially a-amylase was synthesized at a

rate of 9.2 units per ml of culture per hour, but after 75 minutes the
rate increased to 26.6 units per ml of c u Iture per h o u r .

As no estimate

of the ceI I popuI at ion was g iven by the authors, this value was taken to
be I09 cells, or I mg dry weight, per ml.

In a previous paper7 it was

stated that I mg of enzyme nitrogen was equivalent to 38,800 enzyme units.
If the enzyme protein is 16% nitrogen, then a-amylase was initially
formed at the rate of I .83 x lO*4 molecules per cell per hour or 2.47 x
IQ~° mg per mg cells per minute.

During the second phase it was pro

duced at the rate of 5,32 x 10^ molecules per cel 1 per hour or 7.16 x
I0~b mg per mg cells per minute.

The fact that these values are an order

of magnitude higher than those previously calculated

is not unreasonable

in view of the supp Iernenta 1 amino acids with which the ce II s were prov td e d .
From previously induced cells of Escherichia eoli, Kameyama and
Novell!21 isolated a cell-free system that catalyzed the synthesis of
B-gaIactosidase.

The isolated system represented 5.71% by weight of the

original cell protein,

if one assumes that the cells were originally 70%

protein on a dry weight basis.

Kameyama and Novell! defined one unit of

g-gaIactosidase activity as that amount of enzyme required to hydrolyze
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one yrnole o f o ~ n itr o p h e n y I- 6 - D - g a Ia c to s id e

in one hour a t 37C.

A ccord-

inq to Jacob and Mono d20 this hexamer ic enzyme has a mo Iecular weight of
810,000 and a turnover number of 240,000 at 28C and pH 7.0,
the turnover

if at 370

is 1,8 times faster than at 28C, then one Kameyama and No

vel Ii enzyme unit is equivalent to 2,32 x I0 10 hexameric enzyme m o le
cules.

At 37C it was observed that 2.51 mg of the cel I-free protein

formed 215 enzyme units in 60 minutes: this rate corresponds to 84 m o l e 
cules per ceI I per hour or 1,78 x 10~b mg enzyme per mg cells per mi nute.
In another experiment w ith ceI I-f ree extracts from pre-i nduced ceI Is
of E. ooli, Eisenstadt, Kameyama, and N o v e l l ! 12 measured an enzyme syn
thesis rate of

156 units per hour per 2.76 mg of cell-free protein.

This

rate is equaI to 52.5 hexameric enzyme molecules per cel I per hour or
1.18 x I0” 6 mg enzyme per mg cells per minute.

When particulate protein

from non-Induced cells was mixed with supernatant fluid from an induced
celt preparation, an enzyme synthesis rate equivalent to 16.2 molecules
per cel 1 per hour or 3.63 x IO-7 mg enzyme per mg cel Is per minute was
observed.

And when particulate protein from induced cells was mixed with

supernatant fluid from non-i nduced cells, 42.9 hexamer ic
formed per c e 1 I per hour or 9.64 x

molecules were

1Q-7 mg enzyme per mg ceIIs per m i n 

ute.
Ma nd elstam30 measured the rate at which methyI-thiogatactoside
duced 0 - g a 1actosidase synthesis in leucine-starved cells of E. ooli.
His results were in terms of nmoles of o-n itropheny I-0-D-ga iactos ide
hydrolyzed per hour per mg dry weight of cells at 30C and pH 7.0, so
that the turnover number for p - g a 1actosidase reported
Monod20 could be used to calculate

by Jacob and

the rate of enzyme synthesis.

in

Tab le VIII.
Enzyme

Organism

a-amyIase

Summary of enzyme synthesis rates
Temperature
Q

Enzyme molecules
per ceI I per hr

mg enzyme per
mg ce I 1s per mi n

Ref.

Pseudomonas
saccharophila
rest!ng ce I Is

25

1. 7 4

X

I02

ti

n

25

32. 1

it

it

30

1.7

X

IG 3

grow lng

c e 11s

30

6 .0

X

,0 2

X

10-7

31

4.01

X

,0” 8

31

2. 1

X

10-6

25 -k 1

I .0

X

I0 "6

2 5 -41

2.

16

Bacillus subtilis
resti ng ceI Is
!•
• g a lactos

tdase

It

30

I .83

X

i o 11

2.47

X

10"5

33

30

5.32

X

I0 4

7. 16

X

10~5

33

37

84

( .78

X

|0 “6

22

37

52.5

1.18

X

,0 “6

12

37

16.2

3.63

X

10“ 7

12

37

42.9

9.64

X

I0 “ 7

12

4 ,68

X

!0~6

30

Escherichia coli
c e !1-free extracts
!f

!f

tt

n

?!

?!

leucine-starved cells

2 .08

X

I02

25

Although the rate was not constant throughout the incubation period,
1 mg of cells formed 6.27 x IO11 molecules

in three hours.

Thus, the

average rate of synthesis was 2.08 x I0 2 h e x a m e r ic molecules per cell
per hour or 4.68 x I0“ 6 mg enzyme per mg ceils per minute.
Table V I M

summarizes the enzyme synthesis rates calculated.

The

fact that data from different sources yielded similar values invites
confidence

in the results.

The most rapid rate of synthesis was that

at which Bacillus s'ubiilis manufactured a-amy Iase;
mg enzyme per mg cells per minute.

namely, 7.16 x IO-5

But because the medium In which these

cells were incubated was supplemented with amino acids, and because the
estimate of the number of cells per ml used

in this calculation may be

an order of magnitude or two in error, 5 x IO-5 mg enzyme per mg ceils
per minute is probably a more reliable estimate to u s e .

This rate is

equivalent to about 3 x IO3 cellulase molecules per cell per hour, a
liberal value but one not out of

I ine with observed rates of enzyme syn

thesis by b a c t e r i a .
Supposing that a rest ing ceI I can maintain t h Is rate for three
hours, and that at th is t ime it will have exhausted about half
thetic capacity, then from an initial

inocuIum of

its syn

I x I0J cells per ml,

one could expect there to be an eventuaI cellulase concentration of

1.8

x IO7 mo Iecu Ies per ml, prov ided the cel 1s rema in viable long enough to
synthesize this amount.
The cellulase of Myrotheoiim verruoaria Is a cigar-shaped molecule
with a mo'.ecu tar weight of 63,000.®

The volume of water which a protein

of this size displaces was calculated from the equation:
m w/p = mu,
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where m w is the mass of water displaced, p is the density of water
(taken equal to I), m is the mass of the protein, and u is the partial
specific volume of the protein (taken equal to 0 . 7 ) . 26
estimated to be 7.32 x IO- ^ 0 c m '1 per enzyme molecule.
spherical,

The volume was
Were the enzyme

it would have a radius of 2.60 x IQ-/ cm.

By analogy with diffusion constants for molecules of similar size,
cellulase was assigned a diffusion constant of 6 x 1 0 " 7 cm2 per
second and cellulose one of 0.05 x IQ" 7 c m 2 per s e c o n d .
The h ighest concentration of cel Iulose powder used in the labora
tory experiments was 5 g / I .
10~8 c m 3 ancj density of

From an average particle volume of

1.10 x

1 .6, 1d this concentration was calculated to

equal 2.79 x 10 5 particles per ml.
The phenomenological equation c o u 1d now be appIied to the situation
in which 5 g/1 of cellulose powder

in a Ii qu id medium containing all the

necessary mineral salts, trace elements, and growth factors
lated with a pure bacterial culture.
of

is inocu

For an initial organism population

I x 1 0 3 cells per ml, the maximum rate of hydrolysis to be expected

is 7.92 x 1O'4 reactions per ml per second, or about 2 reactions per
cellulose particle per minute;
k

=

I

a

=

r^ + rg, =

2.09 x 10~ 3

= 2.09 x IG" 3

Dfc

-

0.05 x 10” 7 c m 2/sec

Dg

=

6 x 10 “ 7 c m 2/sec

f

=

i

cm + 2.60 x IG- 7 cm
cm
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Rh

=

Ca
'‘O

:= 2,79 x IO5 part ic !es/m !
K

Cp_
wO

=

1.8 x I0 7 p a r t ic !es/ml

4 tt a(PA + D c3) f C A q C b

k

=

7.92 x 10*+ reacti on s/ m!• s e c .

The rate of release of glucose into the medium is equal to the
product of the frequency of hydrolysis and the probability of hydro Iyzing an end

1in k a g e ;
Rg

-

R h - P ( G ,).

For a cellulose molecule of n glucose resi dues, this probability equals
2 / (n-I),

if

it is assumed that hydrolysis

cellulose with

an average DP of 5000, the

a glucose molecule would be 2/2999.

is completely random.

For

initial probability of

freeing

Thus, the initial

rate of release

of glucose for the situation being considered here would be 52.9 glucose
molecules per mI per sec or 1.90 x IO2 g I ucose molecules per c e I I per
hour.

The rate at which glucose is required to be released to maintain

IO3 cells per ml can be estimated from the endogenous maintenance re
quirement determined by Marr ei al. 32 for E. ooli at 30C;

namely, 0,028

mg glucose per mg cells per hour or 9,35 x I07 glucose molecules per cell
per h o u r .

Thus, the initial rate of production of g Iucose is not suffi

cient to satisfy the endogenous respiration requ irement of even one cell
per ml.

Moreover, the probabI I ity of releasing gIucose from the cellu

lose molecule remains substant ia I Iy unchanged for a very

long time at a

hydrolysis rate of 7.92 x I0 i+ react ions per ml per second.
molecule with a DP of 3000 is about 8

A

wide and

15,400

A

A ce I Iu Iose
long,1*” so

that there are at least four million such molecules exposed on the sur
face of each cellulose particle.

At the rate of 2 hydrolyses per parti
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cle per minute,

it would take over

by a factor of

10, if an average of

1700 days to improve the probability
10 collisions per molecule will

re

duce tne DP to 300,
The hydrolysis rates and rates of release of glucose were calcula
ted for initial
shown in Table

inocu1a of
IX.

10“ to 1C10 cells per ml.

It can be seen that

These values are

in no case is the initial gl u

cose product ion rate suff ici ent to sustain the original c e I 1 population.
Considering only the amount of glucose released and

ignoring the nutri

ents released by d e a d , Iysed cells, one can see that the amount of glu
cose produced

is on Iy enough to support a population five to six orders

of magnitude smaller than that or ig in a 1 Iy p r e s e n t .

Even if the proba

bility of hydrolyzing an end linkage were taken equal to I, the calcu
lated initial

rate of release of glucose would not be enough to meet

the ma intenance requirement.

On Iy in the h ig h Iy improbable situation

that a glucose molecule was released with each hydrolysis and that all
the cel I material was converted to enzyme wouId this requ irement be m e t .
Obviously, some part of the original cell
cells which

Iyse will release nutrients

population must die.

Those

into the medium which will en a

ble a larger cell population to be supported than that calculated from
the rate of glucose release alone.

And eventually,

if some part of the

population surv ives and c e I Iulolysi s begins, the average DP of the ce II ulose molecules will decrease, and the probability of hydrolyzing an end
linkage will

increase.

Consequent Iy, the rate of release of gIucose

into

solut ion will be gradually increasing, and more and more c e I Is will be
able to survive.

Table IX.

In it ia 1
number of
cel Is per
m1

Expected rates of hydrolysis and glucose production for various initial cell populations

Enzyme
concentration
<#/m I

Hydrolysis rate
R,
(rxs/mI/sec)

Initial rate of
glucose production
rg

(mo Iecules/mI/sec)

Rate of glucose
d r o d 'n reauired
Rg ’
(mo Iecu Ies/mI/sec)

Ti me required to
imp rove Rp
by I00X °

x 10 3

8 x

7.92 x \0k

5.29 x IO1

2.59 x I0/

I.74 x I0I+ days

x IO4

,8 x

7.92 x IO5

5.29 x IO2

2.59 x IO8

1.74 x IO3 days

09

7.92 x IO6

5.29 x !03

2.59 x IO9

1.74 x IO2 days

x IO5

x IO6

8 x

O 10

7.92 x IO7

5.29 x IO14

2.59 x IO10

17.4

days

x IO7

8 x

0 11

7.92 x IO8

5.29 x IO5

2.59 x IO11

41.7

hours

x IO8

.8 x

0 12

7.92 x

5.29 x IO6

2.59 x IO12

4.2

hours

8 x

]13

7.92 x IO10

5.29 x IO7

2.59 x IO13

25 minutes

.8 x

0 1£+

7.92 x IO11

5.29 x IO8

2.59 x I01L*

2.5 minutes

x 10

I01!

IO9
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The times required to improve the rates of glucose release bytwo orders of magnitude are also shown in Table IX.

Only with very

large inocula will the initial collision frequency between the cellulose
and enzyme molecules be high enough to support a substantial
celts —

and then only if the cells can survive

number of

long enough on their own

energy reserves to produce the postulated amount of enzyme.

From inspec

tion of the times required to increase the glucose production rates by a
factor of

100,

it would appear that at least I08 cells per ml are re

quired initially for ceIIulolysis to beg in within a time practical
laboratory observation.

for

The collision frequency could be increased by

increasing the number of cellulose particles per ml, but a more notice
able effect c o u Id probably be had by in c !ud ing small amounts of so!uble
nutrients in the medium to enable the cells to survive until cellulose
decomposition is well under way and they can maintain themselves.
cause of the limitations which diffusion

imposes on the process,

pears that cellulose decomposition is difficult to initiate
mixed

Be
it ap

in a well-

liquid environment in which no carbon and energy source other than

cellulose is immediately available to sustain the cells.
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VI.

Cellulolysis

in natural situations

Circumstances

in nature are more favorable for ceI IuIose decompo

sition than those employed

in the

laboratory experiments.

In the natur

al environment one finds a variety of species of microorganisms capable

of utilizing the food sources such as sugars, organic acids, proteins,
hemicelluloses, and

tignins which are available in addition to cellulose

Through a comp lex symbiosis a microorganism population is established
and supported.

Hence, cellulose decomposition should be initiated more

readi ly in n a t u r e .
Aerobic cellulose decomposition

is probably maximum in a terrestri-

a I environment such as the upper layer of soli, a rotting
leaf litter on the forest floor.
diffusion

log, or the

Provided the humidity is suitable,

limitations should be minimal, because the organisms remain In

intimate contact with the substrate.

The fungi generally dominate the

ceiluioiytic process in the soil,5 unless the soi I is very a Ika Iine or
has been fertilized,19 for they require

less nitrogen than the bacteria

to metabolize an equivalent amount of carbohydrate.

The fungi penetrate

the cellulose fiber by releasing cellulase at the tips of their ex te nd
ing hypbae.39.. Because the ceiluioiytic enzymes do not have to di f fuse
far to reach the substrate and digest It, the

local concentrations of

both the enzyme and the hydrolysis products are effectively greater,
relation to the substrate and the cell, than

In

in an aquatic environment.

A similar description applies to cellulose decomposition by bacteria in
this situation.

In addition, the protoplasmic contents of dead fungal

cells help support the bacterial

population, both ceiluioiytic and non

32.

ce I 1u ioly + ic.
Although a variety of microorganisms and food sources are available
in natural aquatic env ironments as well, the iarge volume of water and
lower cellulose concentrations essentially decrease organism-substrate
interactions, so that diffusion hinders the progress of cellulolysis
here just as it does in the shake flask.

One would expect the benth ic

reg ions of a body of water to be the site of cellulolytic acti vi ty rather
than the water itse If .

Insoluble ceI IuI os ic materials settle to the

bottom and sink into the upper layer of mud where close contact between
the ceI IuIose and anaerob Ic cellulolytic bacteria is possible.
gi exist in muds, so that their contribution to cellulolysis
situation is negligible.26

Cellulose decomposition

Few fun

in this

is probably

initi

ated readily by anaerobIc bacteria but may not be pro fonged, for these
organisms produce organic acids in the process of assimilating the cellu
lose.

Unless the cellulolytic bacteria are accompanied by species capa

ble of metabolizing the acids, the pH of their environment will become
so low as to prevent them from functioning.

In the absence of organic

acid-metabolizing organisms, cellulose decomposition probably occurs
sporadically.

Data substantiating this picture of cellulose decomposition

have been reported by Laurent,26 who found that cellulolytic activity in
the water of a pond was very weak compared with that in the underlying
mud.

Maximum ceIluIolytic acti vi ty occurred in the mud immediately be

low the mud-water interface and declined
would be expected for a process

in the deeper mud

limited by diffusion,

layers.

As

increas ing the

temperature from SC to 25C had no influence on cellulolytic activity in
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the water but did have a distinct positive effect in the mud.
In waste treatment practice cellulose is treated primarily by
anaerobic methods.

The major portion of the cellulose found in domestic

sewage is separated from the soluble waste matter in an initial sedimen
tation step.

The settled waste, or primary sludge as it is called,

then digested a n ae ro Di ca1 Iy.

Cellulose decomposition

close organism-substrate contact that is

doss

is

is promoted by the

ib le and by the variety of

microorganisms and food sources present in the sludge.

The cellulose is

largely converted to organic acids by acid-forming bacteria in the first
stage of digestion.

The acids are subsequently metabolized to methane

and carbon dioxide by another group of bacteria.

In the process these

bacteria raise the pH and permit further degradation- of ceI IuIose by the
first g r o u p .

S u cc es sf u1 operation of an anaerob ic di gestor obvi ousIy

requi res a balance between the act? v it ies of the aci d-formers and the
me th an e- fo rm ers.
The extent to which the cellulose remai n ing in the

liquid portion

of the waste after primary sedimentation is subsequently decomposed will
depend on the process by which the waste Is treated.

The activated

sludge process Is the conventional biological method of treating soluble
wastes.

It essentially consists of aerating the waste in the presence

of bacteria until the bacteria have stabilized the organic m a t t e r .3
The "act!vated s Iudge" thus formed is a congIomerat ion of bacteri a , pro
tozoa, poss ibIy some fungi , and parti culate organ ic matter which
the process of being degraded or is not biologically degradable.
particles of cellulose become attached to this active mass,
ceivable that their decomposition would be easily

is in
If

it is con

initiated if cellulo-
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lyffc bacteria were present.

It is unlikely that the decomposition

would be extensive by the time the activated sIudge is sett led out and
the treated effluent is disposed of, for contact times between the acti
vated sludge and the waste are typically a matter of hours.
cellulose remains attached to the sludge when

it is settled and returned

to the aeration tank to be mixed with untreated waste,
be degraded eventually.

But if the

it would probably

However, the extent to which this attachment

occurs is not k n o w n .
The cellulose which does not become attached to the act ive mass but
remains in suspension as the waste is aerated probably passes out of the
treatment plant unaffected.

Although the bacterial population in the

liquid port ion of the acti vated sludge-waste mixture' is higher than in
most natural aquatic environments, the proportion which is ceI IuIolyti c
is not known and would be a function of the composition of the waste.
Also, the concentration of cellulose found in domestic sewage which has
undergone primary sedimentation

is about one-thousandth of that used in

the laboratory experiments,18 so that the opportunity for interaction
between ceI IuIose and ceI IuloIyti c organisms is I ikeIy to be substantially Ie s s .
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VI I .

Summary

Despite its economic importance, the microbial decomposition of
cellulose is not well understood.

Contributing to our

standing are the natural variability and structural
cellulose molecule itself; the chemical

lack of under

complexity of the

formula which we assign to it

incompletely describes the macromo(ecular structure found In nature.
Furthermore, the mode of acti on of cellulolytic enzymes cannot as yet
be described definitively.
The importance of certain factors to the process has become clear.
Among these are the degree of polymeri zati on of the s ingle ceI IuIose
strand and the proportion of crystalline regions with in the fi ber.

The

extent to which neighboring cellulose molecules are drawn together into
a crystalline structure affects both the susceptibility of the substrate
to degradation and the activity of the cellulase which

it induces.

The

greater the degree of crystal Iinity of the ceI IuIose, the more resistant
to enzymatic attack it is.
with cellulose

The amount of other substances associated

in the pI ant ceI 1 wall can also affect its suscept ib i Ii ty

to enzymatic attack.

The effect may be negati v e , as in the case of

Iig—

nins and other materials which encrust the cellulose microfibrils and
hinder contact between the cellulolytic enzyme and its substrate, or it
may be positive, as in the case of growth-promoti ng susbstances such as
vitamins, minerals, proteins, and soluble carbohydrates.

The availa

bility of extraneous nutrients is understandably beneficial.

It is

probabIy due to their presence that ceIIuIose decomposition has been
observed to occur more rapidly in a mixed culture of microorganisms
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than with a single ceiluioiytic species; the organisms accompanying the
ceiluioiytic species can provide it with energy sources which
not obtain by itself.

it could

Another factor affecting cellulose decomposition

is the amount of moisture present.

Some moisture

is required to coat

the f iber surfaces and provide a medium for diffusion, but too much
water tends to defeat the process.

The closer the association of the

organism with its substrate, the more rapidly its enzymes will be able
to penetrate the cellulose fiber and digest it, and the more readily it
will be able to obtain ass imi able end-products for self-maintenance.
emphasized by

As

laboratory experiments and an analytical evaluation of the

role of diffusion

in ceI Iulolysis, the key factor in the process of

cellulose decomposition appears to be the extent to which o r g a n ism-subsfrate interaction is poss ib l e .

3?

VIII.

Appendix
Med Ia :

Cellulose powder was prepared by mild acid hydrolysis of non-absor
bent cotton.

10.0 g of cotton was suspended

a 15500—mi beaker and heated to 80-90C.

in one liter of 3N_ HCI

in

The mixture was stirred continu

ously until the fibers broke and formed a loose, fairly homogeneous floe.
The beaker was removed from the heat and allowed to cool to about 60C,
The ftoc was separated from the liquid by filtration through a Whatman
41H f i 1ter paper in a Buchner funneI with vacuum applied.

It was then

washed with distilled water until the final washing was of neutral pH.
To do this rapidly the fioc had to be resuspended
filtered severaI times.

in distilled water and

After most of the moisture had been removed by

suction, the floe was dried overnight in a I03C oven.
verized

in a mortar and pest Ie.

It was then pul

Microscopic examination revealed that

the powder was made up of f 1 at, rectangular particles with an average
s ize of

100p x 20y x 5it.

Cellulose isolation medium contained, per liter of distilled water,
2.0 g cellulose powder,
0.05 g MgS04 -7H20,

1.0 g ( N h ^ ^ S O ^ , 2.5 g

1.26 g KH2 PO4 ,

15 mg C a CI2 , 0.4 mg FeS0 4 -7H2 0, and 0.2 mg of each of

the following trace elements: Z n S O ^ *?HpO, C u S 0 4 *5H 2 Q, MnS 0 4 'H2 0 , C o C 12 •

6H 2O, and (NH 4.)6M 07 O 2 4 •4H 2 O .

The medium was adjusted to pH 7.2 with

NaOH and autoclaved for 15 minutes at 121C.

Its final pH was 7.0.

Cellulose isolation medium with vitamins.

Prior to steri 1 ization,

each of the following six vitamins was added to the cellulose
medium so that the final concentration of each was

isolation

I0“ 9 molar: biotin,
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pyridoxine hydrochloride, foiic acid, riboflavin, p a r a m inobenzoic acid,
and c y a n o c o b a 1 amine (6 1 2 ).

Cellulose 'plus vitamins medium contained, per liter of distilled
water, 5,0 g cellulose powder, 3.0 g (NH4

5,0 g

2.75 g

KH 7 PO 4 , 0.10 g MgS 04 *7 H 2 0 , 7,5 mg C a C 12 , 0.2 mg F e S O ^ ’THgO, and 0.1 mg
of each of the trace elements added to the cellulose isolation medium.
In addition, each of the six vitamins was added to give a f ina I concen
tration of each of

IO-9 molar.

Ana IytIcaI pr oc ed ur es:

Cell counts were made mi croscop icaI Iy us ing a Zeiss phase-contrast
microscope at I200X magnification.

A measured volume of samplewas mixed

with at Ieast an equal voIume of a 36$ formaldehyde solution conta in ing
methylene blue.
same time.

This solution kills the cells and stains them at the

About 0.1 ml of the m i xturewas transferred to a Petroff~

Hausser bacteri a counting chamber.

Th is dev ice cons Ists of a glass base

with a grid of squares of known size arid a cover slip which provides for
a known depth of

IiquId over the grid.

One can thus count the number of

bacter ia found in the I Iqu Id over x number of s q ua re s, determine the
voIume whIch this represents, and calculate the number of bacteria per
ml.

This value is then multiplied by the dilution factor to give the

number of bacteria,

1iv ing and dead, per ml of culture fluid.

Cellulose was measured by filtering a 20.00 ml sample of culture
medium through a 5p porous-bottom crucible which had been previously
dried and tared to constant weight at I03C.

Although a volumetric

pipet was used for sampling,

it was necessary to rinse

for consistency
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It out with distilled water In order to flush out the cellulose particles
adhering to the walls of the p ip e t .

(This was done after a portion of

the filtrate had been collected for the glucose and soluble carbohydrate
determinations).

After most of the moisture had been drawn off by suc

tion, the crucible was again dried to constant weight at 103C.
ference in weights gave the cellulose remaining in suspension

The dif
in the

med iurn,

Soluble oavbohydrate was determined by the colorimetric method of
DuBoi s et at, 1 1

Because this method can be used for polysaccharides as

well as oI Igosacchari des and simple sugars, the f iItrate from the ce I IuIose determination was u s e d .
imetric test tube, was added

To a 2.00 ml sample,

in a 1/2" B & L color

1.0 mI of a 5% (w/w) p h e n o 1 so IutIo n .

Then

5.0 mis of concentrated reagent grade sulfuric acid was added rapidly,
in 10-20 seconds.

The acid stream was directed against the liquid sur

face rather than the side of the tube.
shaken for 10 to 20 minutes

After

10 minutes the sample was

in a water bath at 2 5 - 3 0 C .

The absorbance

of the resulting orange solution was measured at 490 my in a Bausch and
Lomb Spectron io

20 against a blank prepared by treating 2.00 mis of

tilled water In the same manner as the sample.
tions, containing between 5 and
pare a standard

dis

Standard glucose solu

50 yg of sugar per ml, were used to

pre

curve which was 1 inear in this concentration ra n g e .

Glucose was determined enzymatically using Worthington Biochemical
Corpor at io n’s Gluoostat Special,
ation of glucose

This preparation permits the determin

in the presence of poly- and oligosaccharides since if

is essentially free of c a rbohydrases and

is specific for g l u c o s e . 53
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The glucose concentration

In the filtrate from the cellulose determina

tion was measured as fellows:

To 2,0 mis of sample,

in a 16 x 150 rr.ru

test tube in a 37C water bath, was added 2,0 mis of the Gluoostat

Special reagent.

The sample and the reagent were mixed and

incubated

for 30 minutes, at which time the reaction was stopped with one drop of
5N H C 1,

The absorbance of the resulting orange solution was measured

at 400 mp

in 1 cm ce I 1s in a Beckman DB Spectrophotometer against a

blank consisting of 2 . 0 mis of distilled
as the sample.

Standards,

containing

wafer treated

in the same way

10 to 30 pg of glucose per ml,

were treated simultaneously, and the concentration of glucose

in the

sample was calculated from the formula:
Concn.

.
sample

-

Absorbance of sample
-— — — — ---------c----x
Absorbance of standard

Concn,

,, ,
standard

Glassware used in the ana 1yses and in the preparation of media was
washed

in detergent and hot water and rinsed at least three times in tap

water and three times in distilled water.

It was then treated with acid-

d ichromate cleaning solution and rinsed thorough iy in d ist i 1 led water.
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