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Introduction

HE significance of the microbiclogical

degradation of cotton textiles was first
impressed upon the military mind during
the early days of the South Pacific Cam-
paign of the last war. Coupled with warm
temperatures, the prevailing dampness of
the Tropics stimulated microorganisms to
degrade tentage and clothing at a very
rapid rate. Typical reports of this wide
damage is a Britsh one estimating that
the loss attributable to microbiological deg-
radation in the Ordnance Depots in India
for the last three months of 1944 alone
amounted to about a quarter of a million
dollars (I). During those arduous days of
war the financial losses were even over-
shadowed by the rtactical and morale set-
backs. Faced with the urgency for a solu-
tion of the problem, the Quartermaster
Corps began concerted efforts towards the
development of microbiologically-resistant
cotton fabrics. The necessity for an imme-
diate stop-gap measure, at least, left no
alternative at the outset but to wotk with
what we knew and had. This meant that
efforts were considered only in relation to
the availability of large scale commercial
processing. The resulting program of re-
search was based primarily on the empirical
development of fungicides, which could he
applied to the cloth in the piece by stand-
ard textile machinery.

While this program resulted in a tempo-
rary relief, it soon was recognized that
progress was being hampered by the lack
of information concerning even the most
elementary and basic aspects of the ques-
tion. In cogmizance of this state, an active
and extensive program was initiated on the
elucidation of the fundamental facts of the
problem. I should like to survey the high-
lights of such investigations and their rela-
tionr to the development of sound preven-
tive methods. Most of the data w be pre-
sented represent work that has not been
published. It is expected, however, thar a
monograph on the subject will be put out
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by the Quartermaster Corps in the not wo

distant future. .
Essentially, the program was divided into
3 phases:

(1)} What are the identity and physiology
of the organisms concerned?

(2) How do these organisms bring about
the degradation?

(3) Based on this fundamental informa-
tion, what preventive methods can
be developed?

Cellulolytic Microorganisms

As far as the organisms are concerned,
about 70 species of the 10,000 cultures of
fungi, bacteria, and Actinomyces isolated
by our laboratories and collaborators from
deteriorated fabrics have been shown to
be capable of degrading cellulose. These
organisms vary greatly in their ability to
degrade cellulose. The fungus, Myrothec:-
um verrucaria, and the bacterium, Sporo-
cytophaga myxococcoides, are among the
most active, being able to reduce the ten-
sile strength of cotton cloth to zero within
a week under optimum conditions. Other
species like Cladosporium hberbarum cause
a reduction in tensile strength of only
about 25 per cent in 2 weeks.

Although these organisms can attack cel-
lulose in an otherwise inorganic medium,
there are others which require the addition
of organic substances. A. niger, 745, is an
example of one requiring the addirion of
extract;
quires biotin.

Besides this differential nutritional re-
quirement among different microorganisms,
their celfulolytic activity is also greatly
influenced by the environment. Tempera-
tare and pH are important considerations,
which have been studied extensively in the
Quartermaster laboratories. The pH of the
medium influences the rate of cellalolytic
action to such a significant extent that for
comparable results either in experimental
work or specification tests, the various fac-
tors such as temperature, pH of the me-
dium, and nutritional levels should be con-
trolled rather carefully.

However, the single fact of the classifica-
tion in the laboratory of the organism as a

yeast Memnonietla echinata re-
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As a result of intensive work on the
problem by the Quartermaster Corps,
the N.D.R.C. and collaborating institu-
tions, over 10,000 culiures of micro-
organisms bave been isolated from de-
teriorated cotton fabrics. Of these, about
200 cultures have shown to possess cel-
lulolytic ability. It is doubtful, bow-
ever, whether all these are of consid-
erable importance under field conditions.
In attacking the cotton fiber the fungal
hypha penetrates the fiber wall into the
lumen wheve it proliferates and digests
the cotton fiber outwards. Bacteria, on
the other hand, adbere to the ouier sur-
face and pit their way inwards. In both
cases, the attuck appears to be a bighly
localized affair with degradation oeccur-
ring only at the point of the fiber in
immediate confact with the microor-
ganism.

The organisms secrete cellulose-digesi-
ing enzymes. So far, these have been
classified into 2 classes, viz.: (a) cellu-
lase, which converts cellulose into cello-
biose and (b)Y cellobiase, which con-
verts cellobiose into glucose. Cell-free
preparations of these cellulose-degrad-
ing enzymes have been made and their
properties extensively studied.

There are 4 general lines of approach
to the development of preventive meth-
ods, viz.: (1} physical prevention of
organism from making contact with the
cellulose molecule, as illustrated by the
resistance of resin-impregnated cloth,
(2) cell toxicants, as exemplified by
fungicides, (3) specific enzyme inbibi-
tors which exist today as a theoretical
possibility, snd (&) chemical modifica-
tion of the cellulose molecule, which
appears to be very promising for future
exploitation.

“strong’ cellulose destroyer under specified
pH, temperature, and nutrient conditions,
dees not imply that it is important in the
deterioration of fabrics in the field. There
are as yet unknown natural operating fac-
tors which control their activity in the
field. Thus, in all of the field work con-
ducted by the Quartermaster Corps, there
is no evidence as yet to indicate thar My-
rothecium verrucaria, which is perhaps the
most strongly cellulolytic in laboratory
tests, is of great significance in the field.
There have been few instances where this
microorganism has been observed fruiting
on cotton fabrics in the field. The dominant
fungi in the field include Memnoniells
echinata and Chaetominm globosum. Under
wet field condidons it is highly probable
that bacteria, such as the cytophagas, play
a significant role in the ultimate breakdown
of cloth.
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'Mode of Histological Attack on
Cotton Fibers

Preliminary work has been done by some
authors (2) on the histological penetration
of cotton fibers by microorganisms. In the
case of the fungus, it appears as if the
hypha penetrates the wall of the fiber,
advancing into the lumen. There the fungus
proliferates vigorously degrading the fiber
from the inside outwards. In the case of
bacterial attack, the organism adheres to
the surface of the fiber and pits its way
inwards. There is rarely an invasion of the
lumen by the bacterium until nearly com-
plete degradation of the fiber sets in (3).
Although these organisms differ in their
gross method of attack on the fiber, there
is similarity in their highly localized ac-
tton. The cellulose seems to be degraded
only at the point of immediate contact of
the organism with the fiber. There appears
to be little action at a distance away from

_this point of contact,

Resin-impregnation as a
Preventive Method

This fact offers a premise on which to
develop a microbiologically-resistant fabric,
viz.: an interruption of the direct contdct
between the microorganisms and the fiber
by an inert physical barrier. This can be
accomplished by means of certain resin-
impregnations. Small scale laboratory trials
have shown this method to be capable of
imparting a high degree of microbiological
resistance to the cloth.

Cell Toxicants as a Preventive

Method

"The second rather obvious preventive
method, of course, is the use of cell toxi-
cants. Many theories are being advanced
explain the action of fungicides, but they
are still in a state of generality. There is
the theory of the inhibiton of metal cataly-
sis, for example. Zentmyer (4) invoked this
theory to explain the action of 8-hydroxy-
quinoline on Fusarium oxyporum. This or-
ganism is known to require zinc for growth.
He found thar if the culture medium was
enriched with zinc the fungus will grow in
the presence of the fungicide. The theory
presumes that the zinc is required by the
fungus in the form of a free ion and that
the hydroxyquinoline forms a complex ion
with the small amounts of zinc in the me-
dium. This results in the zinc being made
unavailable to the microorganism. But in
the presence of extra amounts of zine,
there will be enough free ionic zinc left
over after all of the hydroxvquinoline have
been tied up.

Other theories of fungicide acrion in-
volve the disruption of vital enzvmaric
processes in the protoplasm of the micro-

organism (5). Enzymes consist of 2 parts
as a rule, viz.: a protein part and a pros-
thetic group. The prosthetic group is usu-
ally a simple dissociable compound, which
is the functional end of the complex. En-
zymatic action can occur if the prosthetic
group is linked onto the protein part, Cer-
tain types of cell toxicants are said to
interfere with the normal functioning of
these enzymes by denaturing the protein
part. Other cell toxicants may interfere
with the combination of the prosthetic
group with the protein part of the enzyme.
Still other toxicants combine with the pros-
thetic group on the protein in such a strong
chemical union that the prosthetic group
cannot participate in its normal reactions.

All of these cases result in the elimina-
tion of one of the vital agents for life
processes in the cell, thereby bringing on
death.

As far as tolerances to given cell toxi-
cants age concerned, organisms behave with
great variation. The explanation is not
entirely clear. It may lay in the differential
permeability of the cell walls of various
species to the compound. A fungus has
been found which grows in very concen-
trated copper solutions, presumably because
the cell wall is impermeable to copper (6).
Or the reason may lay in a differential
capacity for detoxication by the protoplasm
of respective microorganisms. In any case,
these considerations make it improbable
that compounds can be found with equal
toxicity for all organisms. If we wish to
find a generally effective fungistatic agent
for preventing the microbiological break-
down of cotton cloth therefore, we have to
work from a different angle based on a
knowledge of the mechanism of degrada-
tion of cellulose.

Specific Enzyme Inhibitor as
Preventive Methed

When we begin to investigate more in
detail as to what happens to the cellulose
micelles and cellulose molecules during the
microbiological degradation of the cotton
fiber, we begin treading on strange grounds.
Available hypotheses concerning this phase
of the work need much experimental sup-
port before they can be accepted. For ex-
ample, the suggestion has been made that
microorganisms preferentally remove the
amorphous cellulose. It has been claimed
(7) that ¢his initial removal of amorphous
cellulose, which were presumed to be the
elastic cohesive medium between micelles
to form fiber units, was the factor giving
rise to a decline in tensile strength of the
cloth.

As equally preliminary is our experi-
mental knowledge of the biochemical reac-
tions undergone by the cellulose molecules
themselves as they are being used by the
microorganism as a source of carbon.

We know from our chemical knowledge
of the macromolecular nature and insolu-
bility of cellulose that cellulose molecules
as such cannot enter the microorganism.
Rather, it must first be broken down to yield
water soluble products, which subsequentdy
diffuse into the cell. We are particularly
interested in the chain of chemical reac-
tions involved in the transformation of the
macromolecular compound into water solu-
ble substances. Two types of mechanisms
have been proposed, viz.: an oxidative and
a hydrolytic one.

The oxidative theory (8) assumes that
the G-hydroxy group is converted into the
6-aldehyde, thence to the G-carboxylic com-
pound. The last is subsequently cleaved
into water soluble compounds. Preliminary
studies have shown that 6-carboxy-celiulose,
as well as cellulose-2,3-dialdehyde, were
both resistant o Myrothecium verrucaria.
These observations, therefore, do not sup-
port the oxidative theory.

A hydrolytic route had been previously
proposed (9), which has been adopted as
a working hypothesis by most people in the
field. In any case, the conventional trans-
formation for the microbiological degrada-
tion of cellulose has stipulated the con-
version of cellulose to cellobiose by the
enzyme cellulase and the breakdown of
cellobiose to glucose by the enzyme cello-
biase. In arresting the development of bac-
teria growing on cellulose at different
stages, it is possible to cause cellobiose and
glucose to0 accumulate in the medium,
thereby suggesting that cellobiose and glu-
cose are actual products of the enzymatic
cellulolytic process. Several people have
since confirmed the accumulation of reduc-
ing substances (10, 11 and 12). Cell-free
preparations capable of degrading cellulose
have been made. The properties of these
enzyme preparations and their relationship
to the microbiological cellulolytic process is
being studied in Quartermaster laboratories.
There seems to be considerable evidence
that this hydrolytic equation is probably
the actual chain of reactions. Theoretically,
we should be able to find inhibitors specific
for the cellulase reaction itself. If the first
reaction of the chain is stopped, we will
not have to concern ourselves with the
rest. Preliminary studies indicate some pos-
sibilities in this approach. Since it is rea-
sonable to assume that the same or similar
mechansm is used by different microor-
ganisms for the degradation of cellulose,
an inhibitor developed on this basis will
probably be effective against most or all
species of cellulolytic microorganisms. Of
course, this basis has not been developed
sufficiently beyond the theoretical and lab-
oratory stages to make it industrially ex-
ploitable today. However, it should be
borne in mind in the future development
of Fungicides.

I
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Chemical Modification of Cellulose
Molecules as a Preventive Method
Further considerations of the biochemical
mechanism of the cellulolytic process will
lead us to the theoretical basis for the
fourth preventive method for the micro-
biological degradation of cotton fabrics,
This involves the chemical modification of
the cellulose molecules on the surface of
the fibers into resistant derivatives. An ex-
ample of this is the acetylated cloth fiest
tried by Thaysen (I3) in England, subse-
quently being carried further by the South-
ern Regional Research Laboratory in this
country. If a substituent is placed at the
proper hydroxyl group or “groups on the
cellulose molecule, it will eliminate suscep-
tibility of the cloth to microorganisms.

This may be due to either one or both

of the following reasons:

(1) The group on the cellulose molecule
which normally is the point of at-
tack by the microorganisms may be
changed so that the requisite bio-
chemical reaction can no longer take
place. This results in the non-digesti-
bility of the cellulose derivatives on
the fiber surface.

(2) The substtuent introduced may
change the steric pattern of the cellu-
losic substrate so as to interfere
with the action of the enzymes
secreted by the microorganism. In
the light of present day theories of
enzymatic reactions, the molecular
shape of the enzyme secreted by the
organism must fit the shape of the
cellulose molecule before the break-
down of cellulose can take place.
If a chemical substituent is intro-
duced into the cellulose molecule,
the steric pattern of the substrate
is modified; the resulting cellulose
derivative is no longer sterically
compatible with the enzyme secreted
by the organism; the subsequent
enzymatic reaction cannot occur; and
the derivative is thereby not suscep-
tible to- the microorganism. Since the
surface of the fiber is coated with
this resistant derivative and since,
as we have said before, the action of
microorganisms is highly localized,
the fiber coated with layers of resis-
tant derivatives will be immune from
attack.

Theoretically, as long as we have a firm
chemical substituent on the cellulose mole-
cules 1t will impart resistance to micro-
organisms. Beyond that, the nature of the
substituent does not influence the resistance
much. Cooperative experimentation berween
industry and Quartermaster laboratories has
resulted in dozens of different modified
cloths, which are resistant to microorgan-
isms. With a bit of extrapolative reasoning,
one should be able to pick substtuents

which impart additional desirable proper-
ties other than microbiological resistance
to the cloth. Groups with water-repellency
qualities should impart both water-repel-
lency as well as microbiological resistance
to the cloth if they can be chemically
bonded to the cellulose molecule. Through
the same process, flame-proofness can be
coupled with microbiological resistance by
means of a judicious selection of reagents.™

Because of the relatively recent develop-
ment of this concept of chemical modifica-
tion, however, we did not have opportuni-
ties for sufficient comparisons between the
relative permanency of the microbiological
resistance as imparted by this method as
compared against that obtained through
fungicidal impregnations. Theoretical con-
siderations, however, favor the chemical
modification method. As discussed previ-
ously, the cell toxicants prevent the break-
down of cloth by killing the invading or-
ganism. This toxic action takes place
throughsa diffusion of the compound into
the cell of the organism, where its action
is affected. This necessarily implies 1 solu-
bilizing of the compound, however slight.
In the development of fungicides, there-
fore, efforts must be directed among other
things towards the compound which is not
so soluble that it will be leached off by
rain easily but yet possesses a solubility
sufficient for the exertion of its toxicity
upon the cell protoplasm. The chemical
modification method, however, operates on
a different principle. It is based on the
inability of the enzymes secreted by the
microorganism to attack the substrare out-
side of the organism. There is no require-
ment for a solubility of the cellulose deriva-
tives for its preventive action. As a matter
of fact, the more insoluble the derivative
the better it is for the purpose. Further-
more, fungicides are usually physically ad-
sorbed on the cloth while chemical substi-
tuents in a chemically-modified fabric are
integral parts of the fiber surface.

Besides this potential permanence there
are other advantages in the use of the
chemical modification method, which can be
deduced from our previous discussion on
the specificity of cell toxicants, We showed
that when the method of controlling the
action of microorganism is dependent upon
the diffusion of a cell toxicant into its
protoplasm there is considerable play for
differential tolerances by various organ-
isms. We also showed that when the pre-
vention is outside of the cell based on a
control of the action of the exuracellular
enzymes secreted by the microorganism
there is great hope for a general control
of the action of all cellulolytic microorgan-

% ‘The “Ban-Flame'' finish of Joseph Bancroft
fs Sons Co. of Wilmington, Delaware, is one of the
first developments along this line. It is under-
stood that patents are pending thereon and that
ficenses may be obtained.

isms. Since the chemical modification of
cellulose molecules is based on the pre-
vention of extracellular enzvmatic action it
ought to be effective against most or all
cellulolytic microorganisms.

Our fundamental research and small scale
developmental work indicated that the
method of the chemical modification of the
cellulose molecules on the surface of the
fiber has very considerable possibilities.
We believe that this great promise should
be tracked down to its ultimate practical
uses, both through further fundamental
work to fill in the gaps in our knowledge
about the mechanism of action of the micro-
organisms and larger scale developmental
work. :

Conclusion

Our preceding discussion suggests that
there is sufficient basic information on the
subject for us to proceed on the practical
solution with surefootedness. We believe
that vast practical strides can be made in
the near future through proper cooperative
efforts between the institutions represented
by you here at this meeting and the Quar-
termaster laboratories.
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Discussion

My, Normile: Dr. Siu, is it possible,
under certain conditions, that organisms
may secrete acidic constituents that may
attack the cellulose directly, due to the
low acidity rather than the enzyme?

Dr. Sin: Highly improbable. If the pH
of the medium is tooc low, the organism
cannot grow. Usually, when the pH of a
medium gets down to about 4, the fungus
cannot grow. [t is unlikely, therefore, that
the fungus will secrete anything more acid
than that, to cause any damage to cellulose.

Mr. Shaw: What about changing the
structure of the molecule by merceriza-
tion and its effects on mildew resistance?

.
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Dr. Siu: Mercerization actually increases chemical derivative, is questionable. If you o the original cellulose, naturally the so-
the mildew action on the cloth. Bur whether have an unstable chemical substituent on a called derivative will not be resistant to
the mercerization process gives vou a stable  cellulose molecule which will revert back microorganism.
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