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ODespite its economic importance, the process of cellulose decompo-

i

sition by microorganisms is not well understood. Contributing to This

lack of understanding are the structural complexity of the cellulose
macromolecule and Its natural variability. HNevertheless, The impor-
tance of certalin factors is clear. These include the degree of crys-

tallinity of the cellulose fiber, its average degree of polymerization,

the extent +o which celliulose is associated with other materials in the

plant cell wall, the amount of moisture available, and the extent of
organism-substrate interaction. Laboratory experiments and an analyti-

™

cal evaluation of the role of diffusion in cellulosa decomposition have

{

emphasized the fundamental importance of the itast of these factors,

particularly in the ease wiTh which decomposition is initiated.
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[ The structure of cellulose

Being the major structural component of plant cell walls, cellu-
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 1T is the basis of the textile industry; and
in the form of wood it is the foundation of the pulp and paper and lum-
ber industriss. Yet despite 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
cellulose Itself. |

In textbooks celiulose is depicted as a polymer of glucose mole-
cules in 8-1,4" linkage. The number of glucose molecules per chain can
vary from about 100 to 10,000,364 +he average degree of polymerization
(DP) 1s about 3000 glucose units.%®  But this formula is incomplete. In
nature about cone hundred of these linear molecules are found packed
closely together in a bundle Termed a microfibril.*? The molecules are
oriented longitudinally with respect to one another, and adjacent strands
are held together by hydrogen bonds, van der Weals' forces, and probably
some primary $¥nkages.“6 The resulting structure is only partially
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.® Values for the proportion of crystallinity in native
celluloses range from 50 to 94%.46

In the plant cell wall the microfibrils are intimately assoclated



with hemicelluloses, lignins, pectins, waxes, oils, fats, proteins, pig-
ments minerals, and lesser amounts of extranecus substances. The nature
of this association seems o be primarily physical, but some chemicali
bonding may be involved. The structures of the cellulose molecules of

different plants are similar; i1 i

n

mainly in fthe nature of and the de-
gres to which the cellulose is associated with other subsfances that the
plants differ. The cellulose content of cotfton is typically 94%.%¢ In
woods it varies from 41 +o 53% and in cereal straws from 30 to 43%.17
Cotton celliulose is associated with only small amounts of hemicelluloses
and no lignin, whereas wood fibers contain considerable quantities of
both.®

Hemicelluloses are short poelymers, (DP 12 fo 200), of sugars other
than glucose, as well as their uronic acids, in B-glycosidic linkage.®
Representative sugars are xylose and mannose. In both wood and cotton
fibers the hemicelluloses are found predominantly in the outermost layer
of the cell wall. Although shorter than the cellulose molecules, the
hemicelluloses are probably oriented in the same direction and infer-
mingled with them,3®

The structure of lignin has not been defined, but it is Thought to
be a polymer of substituted phenyl-propane units. 8740 |t is found pre-
dominantly in the middie lamella of wood cells and makes up 20 fo 30% of
most woods. *®

Thus, the fterm cellulose denotes no single, homogenecus chemical
compound; the chemical formula which we assign fo it incompletely des-

cribes the macromolecular structure found in nature.



{1, 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-

Y
zymes capable of hydrolyzing both the g-1,4'-glucosidic linkages and the
cross—|inkages between cellulose molecules. The solubilization of a
molecule many times larger than the microorganism itself probably fakes
place in this way: The enzymes secreted by the organism diffuse into The
network of cellulose molecules where they free the cellulose molecule
from its matrix and at the same time break it info shorfer chains. The
shorter polymers are further hydrolyzed fo small molecules permeable
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 fThe cel olytic organism manufacture either a single,
particulate multi-enzyme complex or a whole family of enzymes with dif-
ferent specificities in order tTo use cellulose as an energy source.
Some microorganisms have the capacity to hydrolyze the p-1,4'-glucosidic
bond and are thus able to solubilize the shorter anhydroglucose chains
but because they are unable to initiate the solubilization of the native
cellulose molecule, they are considered to be non-cellulolytic, aithough
they may assist in the decomposition of cellulose.

By what mechanism the cellulolytic enzymes dissolve the cellulose
molecule is uncertain, precisely because most cellulase preparations
seem to be made up of several components with different activities fTo-

H

ward various substrates. Two modes of hydrolysis are conceivable: suc-

2

cessive glucose or celiobiose units may be removed from the end of the
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molecule in an endwise-splitting mechanism, ©

be hydrolyzed in a random fashion. There (s evidence for The endwlise

2343547~

mechanism of hydrolysis by the celliulases of Cellvibrio gilvus,
48 but most cellulases studied seem to be the random-splitfing type.®”
1314 -22-35-50-51-52 1+ should be mentiocned, however, that most of the
work done so far to determine enzyme specificity and mode of action has
been done with non-homogensous cellulase preparations, and That prepara-
tions from the same organism have given somewhat varied results in the
hands of different investigators. There is only one instance of exten-
sive purification of a cellulase, that from Myrothecium verrucaria, @
fungus, and in this case a random mechanism of hydrolysis was observedi®”
52

The evidence in favor of either mechanism is not conclusive. A
random-cleaving enzyme would seem to be more advantageous to the organ-
ism in The initial stages of decomposition, simply because of the long
length of the cellulose molecule, The rate of hydrolysis by an endwise-
cleaving enzyme would be Inversely proportional tTo 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 1o cellodextrins (OP 10 to 200), The endwise~
splitting enzyme might be more advantageous since each cleavage would

release an assimiable product,



Pll. Factors affecting cellulose decomposition
Factors other than the structural 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 Waals' forces draw neighboring cellulose mole-
cules together affects both the susceptibility of the substrate to de-
gradation and the activity of the cellulase it induces. Several inves-
tigators have observed that the amorphous regions of cellulose are more
readi |y degraded that the crystalline regions. 8738°52 Consequently, the
greater The degree of crystallinity of the native cellulose, the more
resistant to enzymatic attack it will be. Recently Rautela and King3®
used celluloses of different degrees of crystallinity to Induce cellu-
fase synthesis by the fungus Trichoderma vivide. Because one could ex-
pact the reactlon rate to Increase with an increase in the surface area
of the substrate, and because King?* had earlier observed that the mea-
surement of the rate of hydrolysis of cellulose was biased by the parti-
cle size, Rautela and King took precautions to use crystalline substrates
of the same particle size. They found that not only did the crystal
structure affect the extent of growth of the fungus, it also affected

the enzyme vield. The fact that the activation energies and reaction
rates of enzymes induced by different cellulose substrates differed when
Tested against the same substrate indicates that the cellulases them-
selves differed. This finding may explain how different investigators

can cbtain a cellulase with different properties from the same organism.



The initial degree of polymerization of the cellulose Is likely To
affect the cobserved rate of decomposition, particularly when the enzyme
Involved cleaves in an endwise manner. In most experimental work the
degree of polymerization is not determined. This only adds to the un-
certainty in the interprefation of the results.

The degree to which cellulose is associated with
in the plant cell wall affects its susceptiblility to enzymatic attack.
Since physical contact between an enzyme and its substrate is necessary
for reaction, substances such as lignin which encrust the microfibrils
represent a physical barrier fto hydrolysis., Lignin itself is extremely
resistant to biological degradation, and therefore it drastically hin~-
ders cellulose utilization. Apparently the combination of lignin with
cellulose found in wood prevents any bacterial ettack of the cellulose
until essentially all the lignin has been removed by %ung§.37

Any substance which obstructs the capillaries betwsen the cellu-
lose molecufes will limit diffusion of the enzyme into the microfibrils.
However, if This substance can be metabolized by the microorganism, then
the obstacle is not insurmountable. In fact, it may even promote cellu-
lose decomposition by enabling a microbial population to develop. Such
appears to be the case with the hemicelluloses,?”?73% whose sugar moi-
eties provide a sustaining energy scurce for microorganisms with extra-
cellular carbohydrases other than cellulase, Similarly, the amount of
growth-promoting substances, such as minerals, vitamins, proteinacecus
material, and soluble carbohydrates, found in association with the micro-

fibrils also affects the readiness with which cellulose is attacked.

&



These extranecus nutrients have a marked positive effect on the produc-
p

i

tion of cellulases by various microorganisms.2”372

Iy

fn addition, one would expect there to bhe some materials that in-
hibit enzyme activity and possibly cell growth.

Another factor that influences the decomposition process Is the
extent of association of the organism with its substrate. Direct con-
tact is probably necessary for stimulating enzyme synthesis, and close
proximity to the decomposing fiber better enables the microocrganism 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 look at cellulose decomposition in different environ-
ments.

Finally, some moisture is needed for the hydrolytic reaction. It
s also needed fo provide a medium for diffusion of the enzymes into The
fiber network and for migration of the end-products of degradation to
the cell. A thin film of water coating the fiber surfaces is all that

is required. As will be shown later, too much water can adversely af-

fect cellulose decomposition.



V. Laboratory observations

of microor-

6]

I has been freguently recorded that a mixed cultur
ganisms decomposes cellulose more rapidly and more extensively than a
single species of organism acting alone.®"36 The conditions and organ-
isms with which this observation was made varied, but in general the
celiulosic substrates used were of woody origin. They therefore proba-
bly contained lignin, hemicelluloses, and other plant materials in addi-
tion To cellulose. A mixed culture of microorganisms, representing a
variety of metabolic capabitities, could utilize The hemicelluloses and
Pignin and thus strip away the physical barriers encrusting the cellu-
lose and make it more susceptible to hydrolysis. A pure culture of a8
cellulolytic organism lacking the ability to degrade lignin or hemi-
celluloses would have greater difficulty in gaining access to the cellu-
lose fibers. One would Therefore expectT cellulose decomposition to be
more |imited under thess conditions.

If lignin and hemicelluloses are merely mechanical hindrances for
the cellulolytic microorganisms, then in using a 100% celluiose sub-
strate, one would not expect fo observe different rates of hydrolysis
for pure and mixed cultures of equal cellulolytic capacity, provided
that organism-organism interactions such as commensalism or mutualism

-

are prevented by suitable nutrient additions to the reaction media. To

test this hypothesis it was planned to compare rates of cellulose hydro-
fysis by pure and mixed cultures of known composition using a cellulose

powder prepared from cotton.

The enrichment culture technigue of Winogradsky was used
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containing
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tated with about 0.5 g

tose powder as The sole carbon sou

100 mls of a sterile celiulose

e

This medium contained 2 g/i

500-m! Ertenmever flasks

lsolation medium® were inocu-
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A

g/l of ammenium sulfate as a

ree, |

nitrogen source, and mineral salts; it was buffered at pH 7.0. Three
soil samples, collected near Lake Chandalar, Alaska, were used. The

H

flask

on a New Brunswick rotary shaker.

cultures were incubated at 10C and aerated by continuous shaking

An incubation temperature of 100 was

used so that an sstimate of fthe rate of cellulose decomposition at a low

temperature could be obtained simultaneously for ancother

two days one ml of culfure f

purpose. After

luid from each flask was aseptically frans-

ferred to a second flask of sterile medium, and these flasks were incu-

bated at 100 with shaking.

e

fo isolate individual

fcopful of each culture flulid was
plate prepared from the isclation

2/\;\

10C,  After two weeks incubation,

species, on

the fourth and seventh days a
streaked onto the surtface of an agar
medium., The plates were Incubated at

pinpoint, transiucent and white colo-

ies were visible on the agar, but these did not reach an appreciable

size even aftter several months.

Atter twelve days The shake

and left in the 100 incubator.
medium In flask #1 Turned orange,
The bacterial population was still

he low Temperature was apparently not

limiting factor, for at 20C as well only very small colonies ap-

flasks were removed from the shaker

Bacause after Two months the culture

it was examined microscopically.

viable and had even increased

found



able 1. Population levels of mixed cultures of scil bacteria in
Plulo nomedium

Cellulose: 2 g/l pH: 7.0 Temperature: [0C

Time Number of bacteria per ml
(days)
Flask #| Flask #Z Flask #232
7 1.0 x o7 Pox 107 7.5 x 10°
12 1.2 x 107 7.8 x 10° 8.1 x 10°
63 5  x |08 7 x 10° 8 % 10°
147 1.6 x108 —— ——

rod-shaped bacteria were swarming around the celiulose particles. See
Tabla t. No change was noted In the other fwo flasks. Three months
fater the culture fluid in flask #1 had cleared. Microscopic examina-
tion revealed a varied, viable bacterial culture. Moreover, most of
the cellulose had heen dissolved.

Five isolates were later obtained from this culture and another
shake flask culture of soil #2; these were labeled LC~1 through 5. Sub-
sequent morphological and biochemical tests indicated that These were
four different species; LC~| and LC-Z apparently were The same organism.
All were rod-shaped, Gram-negative, polarly flagellated bacteria, whose

izes varied from 0.5-lu by [1-8u, depending on the age of The culture.

To enhance the growth of the organisms on agar plates and in

i

figquid cutture, the celtulose content of the medium was increased to

W
<3
e

The nitrogen end mineral salts contents were proportionately

increased. Vitamine known to be beneficial or necessary to cellulose-

e



decomposing rumen bacteria? were also added. Unfortunately, | g/l of
sodium citrate, to chelate heavy metals, was added at The same Time,
Much tater 1T was discovered That all five isclates were able to use
citrate as the scle carbon source. Thus, the data on the growth rates
of these corganisms in this improved medium do not reflect growth on

ceilulose alone., HNevertheless, The results of cone experiment are re-

ported hers for comparison with the data subseguently obtained when ci-

O

trate was eliminated from the medium. ALl five organisms grew rapidly

vy The generation times,8, shown in Table 11,

W
»%-
=
.

&
o
(4
=
&
O
o

-
o
2
o

Table 1. Population levels of pure cultures of soil bacteria in
a cellulose plus vitaming medium with citrate
Celiulose: 5 g/l pH: 7.0 Temperature: 4C
shake flask cultfures
Time Number of bacteria per mi
{days)
Lo LC-2 LC-3 LC-4 LC-5
0.17 & x 10° 2.8 x 105 1.8 x 10° 1.6 x 105 3.8 x 10°
.14 4.8 x 105 3.2 % 10% | x j0ob 8 % 10° 1.6 x (07
2.25 2.2 x 107 2.0x 107 6.8 x 108 6.5 x 105 2.4 x 108
3.95 4.4 x 108 4.0 % 10% 6.2 x 108 3.0 x 108 9.2 x 108
5.90 7.6 x 108 5.6 x 10% 6.6 x 108 5.0 x 108 7.2 % 108
8. 11 8.4 x 108 6.8 x 108 6.8x 108 6.9 x 108 4.8 x 10°
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s of pure cultures
tamins medium without citrate

of soll bacter

ia

in

2

Cellutose: 5 g/l pH: 7.0 Temperature: 40
shake flask cultures
Iime Number of bacteria per ml
(days)
L1 LC-2 LC-3 LC-4 LC-5
0.05 Iox 0% 2 x 10t x 10% 2 x 105 1 x 10°
0.96 2 % 10° 1 x 10 5 % 10% 2 x10° 2  x 10°
7.06 I x J0% 3.7 x 10% 3.8 x 10% 4.2 x 10% 1.4 x 107
3,75 3.8 x 10° 4.6 x 10% 5.6 x 105 2.6 x 10° 8.4 x 10°
6.78 3.0 x 10% 4.0 x 105 8.8 x 105 2.8 x 10°% 1.1 x 107
Table V. Population levels of pure cultures of soil bacteria in a

cellulose plus vitamins medium wi

thout citrate

Cellulose: 5 g/ pH: 7.0 Temperature: [0C
shake flask cultures
Time Mumber of bacteria per ml
(days)
LC~1 LC-2 LC-3 C-4 LC-5
0.10 7 x 10° 8 x 10 I x 105 1 x 10®% | x |0
1.0l 2 x 108 3 x 108 8 x 0% 5 x 105 7 x l0%
2.01 2.2 x 105 1o x 107 1.2 x 107 1.7 x 10% 6.7 x 10°
2.99 6.0 x 105 1.0 x 107 1.0 x 107 2.6 x 108 1.2 x 107
4.06 L2 ox 108 1.2 107 4.3 x 107 2.8 x 108 1.9 x 107
8.02 1.8 x (0% 1.8 x 108 7.0 x 108 2.8 x 108 2.8 x {0®




as gliminated and the shake flask experiment
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repeated, (Table 111}, there was littie evidence of growth in the medium
at 4C. When The experiment was conducted at |0C, the bacterial levels
had increased only slightly over their initial levels when on the fifth
day the incubator and shaker were shut off. 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 1+ was found that
the populations in all but one of The flasks had increased at least one
order of magnitude. See Table 1V,

Because It appeared that at least four of the isolates were capa-
ble of growth on cellulose alone, a large~scale experiment was set up
to measure the rates at which cellulose was utitized and end-products
were formed as well as the growth rates of the organisms in a cellulecse
plus vitaming medium without citrate. The reaction vessel was a 2-1iter
cylindrical jar fifted with a stainless steel |id and central unit
through which the coolant was passed to keep the medium at 10C. Alr
was passed Through a sterile cofton filter and introduced into the med-
fum through an corifice near the bottom of the jar. The air bubbles were
dispersed and the medium was mixed with a variable-speed drive assembly
tocated just above the air outlet. The vessel and medium were auto-
claved for |5 minutes at 121C. When the desired incubation femperature
had been reached and the liquid had been aserated long enough to be sa-
turated with oxygen and carbon dioxide, the medium was inoculated with
a sterile suspension of LC-1 in phosphate-buffered distilled water o

give an initial cell concentration of about 4 x 10° per mi, The pH,



Table V. A pure culture of LC-1 in a celliulose plus vitamins medium

Cellulose: 5 g/ pH: 6.9 Temperature: [0C

Z=-liter reaction vessel

Soluble
Time pH Bacteria Cellulose Carbohydrate Glucosse
(days) (# per ml) (mg/ml) (ug/ml) (ug/mi)
0 6.88 (4 x 16 5.18 7.5 0.86
0.88 - 2.3 x 108 - —— -
1.85 £.95 2.3 % 108 4.82 6.5 0.55
3.64  6.90 .o x 108 4.89 6.0 0.53
5.88 - 1.3 x 10° - - -
6.69 6.90 .1 ox 108 4.54 5.9 0.52
8.67  6.90 .1 x 108 4.99 _— —
10.64 e 1.7 x 10° - - -
11.94  6.90 .4 x 10° 3.93 6.6 0.60
13.65 —— 1.5 x 10° - - -

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 four?@en‘dayg, The bacterial population
was determined microscopically using a volumetric counting chamber.
Glucose was determined by the glucose oxidase meThod of Wer%hingfon.53

Soluble carbohydrate was measured colorimetrically by the phenol-sulfur-

ic acid method of DuBois et al.'l Cellulose was determined by weight.

ee Appendix). The results of this experiment are shown in Table V.

{5

7
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No change in any of the variables, excent the cellulose concentration,

was observed in 14 days. The apparent foss of cellulose was due To 1ts

W

adsorption onto the stTainless steel parts of the resction vessel. That
the organisms used to inoculate the medium were viable and were not sub-
sequently inhibited by heavy metals from the reaction vessel Is attested

to by the fact that a similar experiment with glucose as the sole carbon

o

scurce instead of cellulose was performed simuitaneocusly in an identical
apparatus and the organisms grew readlly.

After reconsideration of the data of Table 1V, i1 was Thought that
perhaps the rise in femperature had stimulated the population increase;
thereafter warmer incubation temperatures were used. Table VI shows the
results of attempting to grow isolates LC~1 and LC-5 at 20C in shake

flasks containing th

@

cetlulose plus vitamins medium without cltrate.
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.

Similar results were obtained when flasks of sterile cellulose
isolation medium with vitamins were inoculated with bacteria known fo be
cellulolytic and Incubated at 25C with continuous shaking. The organ-
isms were Cellulomonas fimi (ATCC 484) and Cellulomonas biazotea (ATCC
486). As shown in Table VI, 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 culture to dévelop In a well-mixed, aerated, liquid
medium in which a particulate, cotton cellulose substrate serves as the
only source of carbon, even though nitrogen, vitamins, and mineral salts,

including ftrace elements, are provided. The fact that the same organ-
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Table Vi, Population levels of pure cultures of LC-1 an
Pl

celiulose plus vitamins medium
Cetlulose: 5 g/i oH: 7.0 Temperature: 20C
shake flask cultures
Time Number of bacteria per ml
(days) LC-1 LC~5
0.75 .72 x 107 .88 x 107
[.04 1.80 x 107 2.08 x 107
.75 6.11 x 107 3.08 x 107
2.75 2.80 x 107 1.75 x 107
3,82 1.78 x 107 1.97 x 107
4,91 1.26 x 107 2.50 x 107
5.04 The flasks were re-inoculated with 24~hour old cells,
The number added per ml| was:
9.2 x 10° 7.2 % 105
8.20 1.9l x 107 2.75 x 107
10.02 2.92 x 107 4.48 x 107
.30 3.00 x {07 4,73 x 107
[2.32 3,43 x 107 6.15 x 107
13,55 2.60 x 107 9.3 x 107
16.20 2.80 x 107 4,75 x 107

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

Cellulose: 2 g/l pH: 7.0 Temperature: 25C

shake flask cultures

Time Number of bacteria per mi
(days) Cellulomonas fimi Cellulomonas biazotea
(.57 4,2 x 10° .8 x 10°
L84 2.0 x 10° 6.8 x 105
2.50 1.2 x 10° 1.5 x 108
2.94 4.0 x 108 2 x 0%
3.48 7.6 x 109 1.9 x 108
3.67 4,6 x 10° 2 x 108
6.50 5.0 x 10° 1.8 x 10°
8.6 6.0 x 10° 3.2 x 106
13.50 7.5 % 108 3.9 x 106

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 celiu-
lose powder 1s susceptible fo enzymatic hydrolysis. An important point
to mention Is that in both instances where any activity was observed;
that is, in the mixed culture of Table | and the pure cultures of Table
IV, the flasks had been stationary prior to the cbservation, This fact

suggests that a well-mixed |iquid culture prevents the bacteria and the

cellulose particles from having the intimate contact needed for the



organism fTo initiate and continue cellulose decomposifion. Lignin may
indeed be partly responsible for the frequently reported slow decompo-
sition of cellulose in pure culture. However, the data presented here

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

¥

particulate substrate in a well-mixed liguid environmen
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dered in more detall in the next section.



V. Cellulolysis in well-mixed liguid culture

1]

2]
w
9!
ol
<
0
B

The importance of diffusion in the celluloiytic proces

g
H

The enzyme must diffuse from the cell to its subsfrate, and assimiable

i

reaction end-products must diffuse back to the cell. [f the catalytic
capacity of the enzyme and the ability of the cell to synthesize enzyme
are optimized, then a maximum rate of hydrolysis of B-1,4'-glucosidic
bonds can be calculated from a phenomenclogical equation based on Fick's

L' From this rate the rate of release of glucose into

laws of diffusion.
the 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 inifial 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 molecule and a cellulose particle collided, a re-
action occurred. Furthermore, to simplify the calculation the colliding
molecules were freated as spheres and steady-state concentrations of
reactants were assumed. The expression for the diffusion-controlled
reaction rate Is:

Ry = « d4m alDy + Dp) f Cay Cgy
where « is a symmetry number, egual to | for collisions between unlike
molecules, a Is the sum of the radil of the colliding spheres, in centi-
meters, Da and Dp are the diffusion constants of molecules A end B, and

CAO and CPF are the initial concentrations of these mclecules, in parti-

cles per ml. The factor f is a function of the electrostatic potential.



For simplicity tThe molecules are taken to be neutral, whence f eguals |,

4

Before fThe phenomenological equation could be used fo calculate a

maximum rate of hydrolysis, some ldea was needed of the enzyme concen-

o

trations That could be expected., Surprisinaly, there is ittie decisiwve
\ ‘ Gy,

information on enzyme synthesis rates to be found in the literature.

o

But enough data are available To enable rates to be calculated for fwo
enzyms systems 1f certain assumptions are made. One of these systems
involves the extracellular enzyme, a-amylase; the other, the intracell-
ular enzyme B-galactosidase.

Markovitz and Klein®! measured rates of biosynthesis of a-amylase
by resting cells of Pseudomonas saccharophila and found that, with mal-
tose as the inducer, about 5 enzyme units per hour (per mi, presumably,
since the assay volume equaled | &!3 were synthesized for 3 hours, after
which Time the rate declined. Fresumably the cells were initially grown
in a medium containing 0.2% sodlum lactate as the carbon and energy
source. |f a cell yield of 0.5 g of cells (dry weight) per g of lactic
acid is assumed, the final resting cell suspension, concentrated four-
fold, contaired 0.32 g of cells {(dry weight) per 100 mls.

Markovitz and Kieig defined one unit of a-amylase as that amount
of enzyme which caused & loss in color with iodine at 660 mu equivalent
to 0.5 mg starch in 20 minutes at 37C and pH 5.5. Since the average
degree of polymerization of soluble starch is about 300 glucose resi-
dues,“? 0.5 mg starch corresponds to 5.6 x 10'% starch molecules.
Starch molecules with a DP less than 20 units do not give a color with
iodine that would be detected at 660 mu.*? To reduce a starch with a

DP of 300 to one with a DP less than Z0 would require breaking at
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least 15 bonds per molecule, and most |ikely more than [5 bonds would b

s}

o

broken in the actual process. |f the turnover number and molecular

welight of bacterial o-amylase are presumed to be similar to the values

P L. - . 1 ; .
for pancreatic a-amylase, 25,00027 and 45,000,110 respectively, and if

1

onty one active center per enzyme molecule Is assumed, then one unit of
enzyme corresponds To at least .11 x 1011 enzyme molecules or 8.3 x 176
mg enzyme. Thus, the enzyme synthesis rate observed by Markovitz and
Klein, 5 enzyme units per hour per ml, is eguivalent fo at least [.74 x
102 enzyme molecules per cell per hour or 2.16 x 1077 mg enzyme per mg
cells per minute.

When starch was used as the inducer, a-amylase was synthesized at
the rate of 0.22 units per hour per ml of cell suspension 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 37C and pH 5.5. One unit
thus corresponds to 4.68 x 1011 enzyme molecules or 3.50 x 107 mg en-
zyme, and the observed rate of enzyme synthesis equals 32.1 enzyme mole-
cules per cell per hour or 4,01 x 107% mg enzyme per mg cells per minute.

Rates of a-amylase synthesis by P. saccharophila were also calcu-
lated from The data of Schiff, Eisenstadt, and Kleint! using the follow-
ing assumptions: (1) that 70% of dry cell material is protein;*3 (2)
that the dry weight of a bacterium is about 1079 mg;*® and (3) that the
molecular weight of a-amylase Is 45,000.10 Resting cells synthesized

the enzyme at an averace rate of 1.7 x 10° moiecules per cell per hour
Y g f

or 7.1 x 107% mg per mg cells per minute, whereas growing cells synthe-
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molecules per cell per hour or 1.0 x 107% mg enzyme per
mg cells per minute. Note that a-amylase was manufactured more rapidly
by resting cells Than by cells growing on starch.

o

May and Elliott3% have described a somewhat different biphasic pro-
duction of a-amylase by 24-hour old celis of Bacillus subtilie. These
cells were washed and incubated at 30C in a medium supplemented with a
mixture of 16 amino acids. Initially a-amylase was synthesized at &
rate of 9.2 units per ml of culture per hour, but after 75 minutes the
rate increased to 26.& units per ml of culture per hour. As no estimate
of Tthe cell population was given by the authors, this value was taken to
be 10% cells, or | mg dry weight, per mi. In a previous paper’ it was
stated that | 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 1.83 x 10" molecules per cell per hour or 2.47 x
1075 mg per mg cells per minute. During The second phase i1t was pro-
duced at the rate of 5.32 x 10" molecules per cell per hour or 7.16 x
{07° 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 supplemental amino acids with which the cells were pro-
vided.

From previously induced cells of Fscherichia coli, Kameyama and
Novel 112} isolated a cell-free system that catalyzed The synthesis of

~-galactosidase. The isolated system represented 5.71% by weight of the

oY

§¥s

ginal cell protein, 1f one assumes that the cells were originally 70%

or
protein on a dry weight basis. Kamevama and Novelli defined one unit of

-~galactosidase actlivity as that amount of enzyme reguired to hydrolyze

o+

]
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one pmole of o-nitrophenyl-g-D-galactoside in one hour at 37C. Accord-

. W2 s 20 g : P -
ing to Jacob and Monod?Y this hexameric enzyme has a molecu

810,000 and a turnover number of 240,000 at 28C and pH 7.0, [f at 37C

o)

he furnover Is 1.8 times faster than at 28C, then one Kameyama and No-
velli enzyme unit is equivalent to 2.32 x 1010 hexameric enzyme mole-
cules. At 37C it was observed that 2.5] mg of the cell-free protein
formed Z15 enzyme units in 60 minutes; this rate corresponds to 84 mole-
cules per cell per hour or .78 x 10=% mg enzyme per mg cells per minute.

in another experiment with cell-free extracts from pre-induced cells
of E. coli, Eisenstadt, Kameyama, and Novel 112 measured an enzyme syn~
thesis rate of 156 units per hour per 2.76 mg of cell-=free protein. This
rate is equal to 52.5 hexameric enzyme molecules per cell per hour or
{.18 x 107% mg enzyme per mg cells per minute. When particulate protein
from non-induced cells was mixed with supernatant fluid from an induced
cell preparation, an enzyme synthesis rate equivalent to 16.27 molecules
per cell per hour or 3.63 X 1077 mg enzyme per mg cells per minute was
observed. And when particulate protein from induced cells was mixed with
supernatant fluid from non-induced cells, 42.9 hexameric molecules were
formed per cell per hour or 9.64 x 1077 mg enzyme per mg cells per min-
ute.

Mandelstam®? measured the rate at which methyl-thicgalactoside in-
duced f-galactosidase synthesis in leucine~starved cells of E. coli.
His results were in terms of umoles of o-nitropheny!-8-D-galactoside
hydrolyzed per hour per mg dry weight of cells at 30C and pH 7.0, so
that the turnover number for g-galactosidase reported by Jacob and

2 oo 4 i i 3
Monod2? could be used to calculate the rate of enzyme synthesis.

n

{u



Table VIiti. Summary of enzyme synthesis rates

Enzyme Organism Temperature Enzyme molecules mg enzyme per
C per cell per hr mg cells per min Ref.
a-amy | ase Peeudomonas
saccharophila

resting cells 25 .74 x 107 2.16 x 1077 31

" " 25 521 4,01 x 1078 3
" " 30 1.7 x 103 2.1 % 1076 2541
growing cells 30 6.0 x |02 10 x 1076 56 .51

Baceillus subtilis

resting cells 30 1.83 % 0" 2.47 x 107° 33
" " 30 5.32 x 10" 7.16 x 1073 33
B-galactosidase Escherichia coli

cell-free extracts 37 84 .78 x 1076 22

" " 57 52.5 .18 x 1078 L

" " 37 6.2 5.6% x {077 12

" " 37 42.9 9.64 x 1077 L2

leucine-starved cells 2.08 x 107 4.68 % 1076 30

ve



Although the rate was not
I mg of cells formed
average rate of synthesis

per hour or 4.68 x 107% mg enzyme per

Table Vi1l summarizes the enzyme

fact that data from different sourceas

confidence in the results., The

.

at which Bacillus subtilis manufactured o-amylase;

mg enzyme per mg cells per minute.

cells were incubated was supplemented

£.27 x 10 molecules in three hours.

was 2.08 x |

most r

But because The medium

]
L

constant throughout the incubation period,

Thus, The
0% hexameric molecules per cell

mg cells per minute.

Th

63}

synthesis rates calculated.
vielded similar values invites
aptd rate of synthesis was that
namely, 7.16 x

in which these

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 107%

per minute is
equivalent To sbout 32
value

{iberal

thesis by bacteria.

Supposing that a resting cell can maintain this rate

hours, and that at this ftime it will

thetic capacit then from an initial
b4

probably a more reliable estimate

x 103 celiulase molecules

have exhausted about

mg enzyme per mg cells

to use. This rate is

per cell per hour, a

but one not out of {ine with cbserved rates of enzyme syn-

for three

hatf its syn-

La¥

inoculum of | x 10° celts per mi,
p

one could expect there to be an eveptual cetlulase concentration of 1.8

x 107 molecules per ml, provided the cells remain viable long enough To

synthesize This amount.

The cellulase of Myrotheciun verrucaria 1s
4

with a molecular weight of 63,000.8
of this size displaces was ca

The

molecule

volums of water which a protein

alcutated from the equation:
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where my, is The mass of water displaced, p is Tthe density of water

o

{taken equal To 1), m is The mass of the protein, and U s the partial
P . o ; s 0@ . o

specific volume of the protein (ftaken equal to 0.7).%7% The volume was

estimated to be 7.32 x 10 cm® per enzyme molecule. VWere the enzyme

Tocm,

spherical, it would have a radius of 2.60 x 10

1 .

By analogy with diffusion constants for molecuies of similar size,

7

28-4% celiulase was assigned a diffusion constant of 6 x 1077 cm? per

second and cellulose one of 0.05 x 1077 cm? per second.
The highest concentration of cellulose powder used in the labora-

tory experiments was 5 g/i. From an average particle volume of [.10 x

1

[ea

1078 em® and density of 1.6, this concentration was calculated to

equal 2.79 x 10° particles per ml.

The phenomenological equation coufd now be applied to the situation
in which 5 g/l of cellulose powder in a liquid medium containing all the
necessary mineral salts, trace elements, and growth factors is inocu-
lated with a pure bacterial culture. For an initial organism population
of | x 10° cells per ml, the maximum rate of hydrolysis to be expected
is 7.92 x 10% reactions per ml per second, or about 2 reactions per

celtlulose particle per minute:

a = rptrg = 2.09 x 1073 em + 2.60 x 10~7 cm

i
[
o
O
*
=

o
o
3

Dr = 6 x 1077 cm?/sec

—
H
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Cp = 2.79 x 10” particies/ml
"o
~7 . y
Cop = 1.8 x 107 particles/ml
20
3 - 5 N > v (2 et =
Ry, = k 47 alDy +Dpl f Cp Cg = 7.92 x [0* reactions/ml-sec.
B o o 1)

The rate of release of glucose into The medium is egual To The
product of the frequency of hydrolysis and The probability of hydrolyz-

ing an end linkage:

For a cellulose molecule of n glucose residues, this probablility equals
2/ n=13, 1f it is assumed that hydrolysis is completely random. For
cellulose with an average DP of 3000, the initial probability of freeing
a glucose molecule would be 2/2999. 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 10% glucose molecules per cell per
hour. The rate at which glucose is reguired Yo be released to maintain
103 cells per ml can be estimated from the endogencus maintenance re-

quirement determined by Marr et al.32 for E. coli at 30C; namely, 0.028
mg glucose per mg cells per hour or 9.35 x 107 glucose molecules per cell
per hour. Thus, the initial rate of production of glucose is not suffi-
cient to satisfy the endogenous respiration requirement of even one cell
per mi. Moreover, The probability of releasing glucose from the cellu-
lose molecule remains substantially unchanged for a very long Time at a
hydrolysis rate of 7.92 x 0% reactions per ml per second. A cellulose
molecule with a DP of 3000 is about 8 & wide and 15,400 & !ong,"® so

that there are at least four million such molecules exposed on the sur-

face of each cellulose particle. AT the rate of Z hydrolyses per parti-



cle per minute, it would take over 700 days to improve the probability

by a factor of 10, if an average of 10 collisions per molecule will re-

L
<
o

duce The DF To
The hydrolysis rates and rates of release of glucose were calcula~
ted for initial inccula of 10

shown in Table IX. T can be seen that in no case is the Initial glu-

.

cose production rate sufficient To sustain the original cell population
Considering only the amount of glucose released and ignering The nutri-
ents released by dead, lysed ceils, one can see That the amount of ¢lu-
cose produced Is only enough To support a popuiation five to six orders
of magnitude smaller than that originally present. Even if the proba-
biltity of hydrolyzing an end linkage were taken egual to |, the calcu-
tated Initial rate of release of glucose would not be enough to meet

N

the maintenance requirement. Only in the highly Improbable situation

that a glucose molecule was released with each hydrolysis and that all
the cell material was converted fo enzyme would this reguirement be met.
Obviously, some part of the original cell population must die. Those
cells which lyse will release nutrients into the medium which will ena-
ble a larcer cell population To be supported than that calculated from
the rate of glucose release alone. And eventually, if some part of the
population survives and celiulclysis begins, the average DF of the cell-

3

ulose molecules will decrease, and the probability of hydrolyzing an end

linkage will increase. Consequently, the rate of release of glucose into
H i

solution will be gradually increasing, and more and more cells will be

able to survive.

B

(8 4]



Expected rates of hydrolysis and glucose production for various in

iti

al cell populations

Initial Enzyme Hydrolysis rate Initial rate of Rate of glucose Time required to
number of concentration Ry, glucose production  prod'n required improve Ry
cells per #/mi) (rxs/ml/sec) Rg Rg' by 100X

mi (molecutes/ml/sec)  (molecules/mli/sec)

Pox 103 1.8 x 107 7.92 x 10" 5.29 x (0! 2.59 % 107 .74 x 10" days

Pox o 1.8 x 108 7.92 x 10° 5.29 x 102 2.59 x (0% [.74 x 103 days

I x 10° 1.8 x 109 7.92 x 108 5.29 % 103 2.59 x 10° .74 x 102 days

box 108 1.8 x {010 7.92 x 107 5.29 x 0% 2.59 x (010 17.4 days

bx 107 1.8 » 1olt 7.92 x {08 5.29 x 10° 2.59 x 011 41.7 hours

[ % 108 1.8 x 1012 7.92 x 109 5.29 x 106 2.59 x 1012 4.7  hours

box 109 1.8 x 1013 7.92 x 010 5.29 x 107 2.59 x 1013 25 minutes

P x 10!l 1.8 x 1018 7.92 x (01 5.29 x 108 2.59 x |0k 2.5 minutes

N
O



The times required To Improve the rates of glucose release by
two orders of magnitude are also shown in Table IX. Only with very

large inocula will the initial collision frequency between the cellulose

i

and enzyme molecules be high enough to support & substantial number of
cells =~ and then only 1f the cells can survive long enough on thelr 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 108 cells per m! are re-

3 i

guired initially for cellulolysis to begin within a time practical for
laboratory observation. The collision frequency could be increased by
increasing the number of ceilulose particles per ml, but & more notice-
able effect could probably be had by including small amounts of soluble
nutrients in the medium to enable the cells to survive until cellufose
decomposition is well under way and they can maintain Themselves. Be-
cause of the limitations which diffusion imposes on the process, 11 ap-
pears that cellulose decomposition is difficult To initiate in a well-
mixed liguid environment in which no carbon and energy source other than

cellulose Is immediately avallable to sustain the cells.

nd
L]
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Circumstances in nature are more favorable for cellulose decompo-
sitlon than those employed in the laboratory experiments. in the natur-
al environment one finds a variety of species of microorganisms capable
of utitizing the food sources such as sugars, organic acids, proteins,
hemicellulosas, and lignins which are available in addiftion fo cellulose.
Through a complex symbiosis a microorganism population is established
and supported. Hence, cellulose decomposition should be initiated more

readl ly In nature.

Aerobic cellulose decomposition is probably maximum in a terrestri-

‘al environment such as the upper layer of soil, & rofting log, or the

leaf litter on the forest floor. Provided the humid%%y is suitable,
diffusion limitations should be minimal, because the organisms remain In
intimate contact with the substrate. The fung! generally dominate the
celiviolytic process in the soil,® unless the soil is very alkaline or
has been fertilized,!? for they require less nitrogen than the bacteria
to metabelize an equivalent amount of carbohydrate. The fungi penetrate
the celliulose fiber by releasing cellulase at the tips of their extend-
ing hyphae.Bg‘ Because the cellulolytic enzymes do not have to diffuse
far to reach the substrate and digest it, the local concentrations of
both the enzyme and The hvdrolvseis products are effectively greater, in
relation fo the substrate and the cell, than in an aquatic environment.
A similar description applies fo cellulose decomposition by bacteria in
this situation. In addition, the protoplasmic contents of dead fungal

cells help support the bacterial population, both celiulolytic and non-
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cellulolytic.
Although a variety of microorganisms and food sources are available
in natural aguatic environments as well, the largs volume of water and

fower cellulose concentrations essentially decrease organism-substrate

joi]

§

interactions, so that diffusion hinders the progress of cellulolysis

here just as it does in The shake flask. One would expect the benthic
regions of a body of water To be the site of cellulolytic activity rather
than the water itfself. lInsoluble cellulosic materials settie to the
bottom and sink into The upper layer of mud where close contact between

the cellulose and anasrcbic cellulolytic bacteria |

possible, Few fun-

wn

gl exist in muds, so that their contribution to cellulolysis in this
situation is negligible.?% Cellulose decomposition s probably initi-
ated readily by anaerobic bacteria but may not be prolonged, for these
organisms produce organic acids in the process of assimilating the cellu~
fose. 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
sporadicatly. Data substantiating this picture of cellulose decomposition
have been reported by Laurent,?® who found that cellulolytic activity in
the water of a pond was very weak compared with that in the underlying
mud. Maximum cellulolytic activity occurred in the mud immediately be-
tow the mud-water interface and declined in the deeper mud layers. As
would be expected for a process limited by diffusion, increasing The

temperature from 5C to 25C had no influence on cellulolytic activity in
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+he water but did have a distincet positive effect in The mud.

In waste Treatment practice cellulese 1s Treated primarily by
snaerobic 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, is
then digested anasrobically. Cellulose decomposition is promoted by The
close organism~substrate contact that is possible and by the variety of
microorganisms and food sources present in the sludge. The cellulose is
largely converted fo 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 cellulose by the
first group. Successful operation of an amaercbic digestor obviously
requires a balance between the activities of the acid-formers and the
methane~formers.,

The extent to which the celiulose remaining in the liguid portion
of the waste affer primary sedimentation is subsequently decomposed will
depend on the process by which the waste is treated. The activated
studge process is the conventional biclogical method of treating soluble
wastes. |1 essentially consists of aerating the waste in the presence
of bacteria unti! The bacteria have stablllized the organic matter. 3t
The "activated sludge™ thus formed is a conglomeration of bacteria, pro-
tozoa, possibly some fungi, and particulate organic matter which is in
the process of being degraded or is not biclogically degradable. |If

particies of celluiose become attached to this active mass, it is con-

caivaeble that their decomposition would be easily initiated if cellulo-



lytic bacteria were present. T is uniikely that the decomposition
would be extensive by the Time the activated sludge is settled out and
+he treated eftfluent is disposed of, for contact Times between +he acti-
vated sludge and the waste are Typically a matter of hours. But if the
celliuleose remains attached fto the sludge when It ls settled and returned
to the aesration Tank To be mixed with untreated waste, it would probably
be degraded eventually. However, the extent to which This attachment
occurs is not known.

The cellulose which does not become attached to The active mass but
remains in suspension as the waste is serated probably passes out of the
Treatment plant unaffected. Although the bacterial population in the
liquid portion of the activated sludge-waste mixture is higher than in
most natural aguatic environments, the proportion which Is cellulolytic
is not known and would be a function of the composition of the waste.
Also, the concentraticn of cellulose found in domestic sewage which has
undergone primary sedimentation is about one-thousandth of that used in
the laboratory experiments,!® so that the opportunity for interaction
between cellulose and cellulolytic organisms is likely fo be substanti-

ally less.
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Yil. Summary

Despite 11s economic importance, the microbial decomposition of
cellulose 1s not well understood. Contributing to our lack of under-
standing are the natural variability and structural complexity of the
cellulose molecule itself; the chemical formula which we assign to it
incompletely describes the macromolecular structure found in nature.
Furthermore, the mode of action of cellulolytic enzymes cannot as vet
be described definitively.

The importance of certain factors to the process has become clear.
Among these are the degree of polymerization of the single cellulose
strand and the proportion of crystalline regions within the fiber. 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 crystallinity of the cellulose, the more resistant
to enzymatic attack it is. The amount of other substances associated
with celfulose in the plant cell wall can also affect its susceptibility
to enzymatic attack. The effect may be negative, as in the case of lig-
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-promoting susbstances such as
vitamins, minerals, proteins, and soluble carbohydrates. The availa-
bility of extraneous nufrients is understandably beneficial. It is
probably due to their presence that cellulose decomposition has been

observed To occur more rapidly in a mixed culture of microorganisms
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than with & single cellulelytic species; the organisms accompanying the

.

celiulolytic species can provide It with energy scurces which 1t could

e

not obtain by Itself. Another factor affecting

0]
4]

tulose decomposition
is the amount of moisture present. Some moisture is required to coat
the fiber surfaces and provide a medium for diffusion; but foo 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 penefrate the cellulose fiber and digest it, and the more readiiy i+
will be able to obtain assimizble end-products for self-maintenance. As
emphasized by laboratory experiments and an analytical evaluation of the
role of diffusion in cellulolysis, the key factor in the process of
cellulose decomposition appears to be the extent to which organism-sub-

strate interaction is possible.



Cellulose powder was prepared by mild acid hydrolysis of non-absor-
bent cotton. 10.0 g of cotton was suspended in one liter of 3N HCI in
a 1500-m! beaker and heated fto 80-90C. The mixture was stirred continu-
ously until the fibers broke and formed a loose, fairly homogeneous floc.
The beaker was removed from the heat and allowed To cool to about &0C.
The floc was separated from the liquid by filtration through a Whatman
AlH filter paper in a BUchner funnel with vacuum applied. [T was then
washed with distilled water until the final washing was of neutral pH.
To do this rapidly the floc had to be resuspended in distilled water and
filterad several Times. After most of the moisture had been removed by
suction, the floc was dried overnight in a 103C oven. [t was Then pul-
verized in a mortar and pestie. Microscopic examination revealed that
the powder was made up of flat, rectangular particles with an average
stze of 100p x 200 x 5Syu.

Cellulose isolation mediwn contained, per liter of distilled water,
2.0 g callulose powder, 1.0 g {NH4}QSO£, 2.5 g NaghPO,, 1.26 g KHoPO,,
0.05 g MgS04-7H,0, 15 mg CaCly, 0.4 mg FeS0,-7H,0, and 0.2 mg of each of
the following trace elements: ZnSO,:7H,0, CuS0, 5Hy0, MnSO4-Hy0, CoClg-
6HZ0, and (NHg)gMo905,-4H0.  The medium was adjusted fto pH 7.2 with
NaOH and autceciaved %br 15 minutes at 121C. I{ts final pH was 7.0.

Cellulose isolation medium with vitamins. Prior to sterilization,
each of the following six vitamins was added to the cellulose isolation

medium 50 that the final concentration of each was 1077 molar: biotin,
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oyridoxine hydrochloride, folic acid, riboflavin, paraminobenzoic acld,

KHoPO4, 010 g MgS04+7HZ0, 7.5 mg Cally, 0.2 mg FeS0,7HyC, and 0.1 mg

In addition, each of the six vitamins was added To glve a final concen-
tration of each of 1079 molar.

Analytical procsdures:

Cell counts were made microscopically using a Zeiss phase-contrast

O

microscope at 200X magnification. A measured volume of samplewas mixed
with at leasT an equal volume of a 36% formaldehyde solution containing
methylene blue. This solution kills the cells and stains them at the
same time. About 0.1 mi of the mixturewas transferred to a Petroff-
Hausser bacteria counting chamber. This device consists of a glass base
with a grid of squares of known size and a cover siip which provides for
a known depth of liguid over the grid. One can thus count the number of
bacteria found in the liguid over & number of squares, determine the
volume which This represents, and calculate the number of bacteria per
mi. This value is then multiplied by the dilution factor to give the
number of bacteria, living and dead, per ml of culture fluid.

7 ol oy g n - } ¥ - * - Iy
Cellulose was measured by filtering a 20.00 ml sample of culture

medium through a 5u porous-bottom crucible which had been previous!

P
el

dried and fared to constant weight at 103C. Although a volumetric

Cx

4

{

pipet was used for sampling, for consistency It was necessary to rinse



it oout with distilled water in order fo flush out the cellulose particles

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 agsin dried To constant weight at 1030, The dif-
ference In weights gave the celiulose remaining in suspension in the
med ium,

Soluble carbohydrate was determined by The colorimetric method of
DuBois et al.!! Because this method can be used for polysaccharides as
well as oligosaccharides and simple sugars, the filtrate from tThe cellu-

fose determination was used. To a 2.00 ml sample, ina 1/2" B & L color-
imetric test tube, was added .0 m] of a 5% (w/w) phenol solution. Then
5.0 mis of concentrated reagent grade sulfuric acid was added rapidly,
in 10-20 seconds. The acld stream was directed against the liguid sur-
face rather than the side of the tube. After 10 minutes the sample was
shaken for [0 fo 20 minutes in a water bath at 25-30C. The absorbance
of the resulting orange solution was measured at 490 mu in a Bausch and
Lomb Spectronic 20 against a blank prepared by treating 2.00 mls of dis-
titled water in The same manner as the sample. Standard glucose solu-
tions, containing between 5 and 50 ug of sugar per ml, were used to pre-
pare a standard curve which was linear in This concentration range.
Glucose was determined enzymatically using Worthington Biochemical
Corporation's Glucostat Special. This preparation permits the determin-~
ation of glucose in the presence of poly- and olligosaccharides since {f
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The nlucose concentration in the flltrate from the cellulose determina-

)

P

follows: To 2.0 mis of sample, ina & x 150 mm

5}

+ion was measured 3

5 f Pt

test tube in a 370 water bath, was added 2.0 mis of the Glucocstat

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
Fd ¥

SN HC!. The absorbance of the resulting orange solution was measured

+ 400 mp in | om cells in & Beckman DB Spectrophotometer against a

o

blank consisting of 2.0 mls of distilled water freated in the same way
as the sample. Standards, containing 10 to 30 ug of glucose per mi,
were Treated simultaneously, and the concentration of glucose in the
sample was calculated from the formula:

Concn.mm = Absorbance of sample y Conen.
o 5

amp le standard

Absorbance of standard

Glassware used in the analyses 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. |1 was then treated with acid-

dichromate cleaning solution and rinsed thoroughly in distilled water.
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