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DuriNg THE LAST war with the gigantic military
procurement of over 21 billion square yards of
cotton duck and other cloth by the Enited States
Army alene {U. 5. War Department, 1945) the
prevention of the microbiological hreakdown of
cellulose assumed vast importance. Extensive re-
search programs have since been initiated in many
lzbaratories, particularly under the stimulus of the
1. S. National Defense Resenrch Committee, the
U. 8. Department of Apriculture, and the U. S.
Army Quartermaster Corps {Heimsch, 1946; 5iu,
1947).

One of the important preliminary questions is
the effect of environmental 2nd nutritional factors
en fungi growing on cellulose, Heretofore, most
of the physiolegical studies on fungi have been
carried out using non-cellulose-destroying specics
growing on sugars as carbon source (Foster, 1939;
Steinberg, 1939). The relationship between nitro-
Ecn and carbon assimilation in the formation of

umus from cellulose in the soil have also heen the
stibject of much research (Jensen, 1931; Waksman,
1938). Greathouse and Ames (1945) investigated
the effects of different nitrogen sources for sixteen
species of Chaectomium and Basu (1948) studied
the same problem with Aspergilius rerreus, Asper-
gillus fumigatus, Penicillium islandicum, Stachy-
botrys etra, and Cheetomium Indicum. Although
a few scattered siudies exist on the mineral nutri-
tian of cellulose-destroying fungi {Gallowny, 1934;
Greathouse et al.,, 1942; Heukelekian and Waksman,
1625; Vartiovaara, 1935), there are no literature
records of a complete survey of the eflects of vari-
ous minerals and environmental conditions on the
growth of mesophilie fungi on cellulose. The pres-
eni paper reports results of studies on representa
tive cellulolytic fungi isolpted from deteriorated
colton fabrics,

EXPERIMENTAL METHODS AND RESULTS, —Fungi
studied.~-Five species of fungi from the Quarter-
master Culture Collection were used. These have
been isolated from deteriorated cotion fabrics ex-

osed in the tropics and are listed below in descend-
ing order of cellulolytic capacity: 1} Myrothecium
verrucaric USDA 1334.2, 2) Gliomastix convoluta
OM 4¢, 3) Curvelaria lunata QM 1204, 4) Peni.
cillinm lutepm Aust. 4F, and 5) Aspergillus flavipes
Fla, A-14.

Determination of cellulolytic activity—Ail de-
terminations on the rate of cellulose decomposition
were made with 4 oz. desized bleached cotton
sheeting, This was cut into strips 3.0 em. wide.
The excess yarns were unravelled to a strip width
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of 2.5 e¢m,, and the strips finally cut inte 7.5 cm.
lengths.

Tetri dishes were used as culture vessels, Two
microscope slides were supported on the bottom
of each culture dish on a 1-shaped glass rod of
3 mm. diameter, This allowed the cloth to be wets
ted without being submerged when 20 mi, of liguid
were added.  Culture dishes thus equipped were
sterilized i an electric oven at a temperature of
at least 165°C. for a minimum of 3 hr. After cool-
ing, nutoclaved strips of cloth were transferred,
one pair to each culture dish, by means of sterile
forceps. To each dish were added 20 ml. of sterile
medium pipetted from the sterile flask by means
of the Brewer Automatic Pipette.

Spore suspensions containing  about 100,000
spores per ml. were atomized over the surface of
the cloth strips using air filtered through cotten
plaigs. Approximately 10,000 spores were delivered
per dish,

After inoculation the plates were incubated at
29.5°C., except in those cases where the effects of
temperature were being determined,

Harvesting was accomplished by first transferring
the sirips 1o 70 per cent ethanc] for several minutes
after which they were washed in distilled water,
sgueezed by hond to remove the excess water, and
laid on paper toweling to dry. The dried strips
were conditioned at 60 per cent relative humidity
and 21°C, for 24 hr, and broken on & Scott Tester.
The decrease in tensile strength of the cloth strips
waa laken as the index of cellulolytic activity. This
foss in tensile strength has been shown to be closely
correlated with the foss in weight and therefore is
a good eriterien of cellulelytic activity. The eco-
eflicient of variability of inoculated strips was about
10 per cent and of uninoculated controls ahout
B per cent. Ten strips of cloth were used for each
determination.

Effect of pH of media.—The respective medin
contained mineral salts in that concentration de-
termined to be most faverable for the respective
species of fungi in nutritional experiments where
the pH was held between 5.8 and 65, The pH
was adjusted by the addition of 0.5N NaCH and
0.5N HCI in this series.

Far studics on the relstion between cellulase
degradation by M. verrucaria and cultursl pH, the
following salts were used per liter of medium.
NH,NO,, 0.6 g.; NaNOy, 6,46 g.; KH.PO,, 0425
g K HPD,, 0164 g.; Na HPO,, 0975 g.; NaH,-
POy, 1.149 g.; MgSO,.THo0, 0.246 g.; MbO,, 0.024
mg.; ZnS0;y, 5.00 mg.; CuS0y, 0.005 mg.; MnSO,,
£.055 mg.; and FeS0(,, 0.540 mg.

The percentage foss in cloth strength caused by
M. verrucaria in this pH series is plotted in fig. 1.
Similar results were obtained when pH was ad-
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justed by means of phosphate buffers instead of by

hydrochlorie acid and sodium hydrozide.
Curyudaria lunats was grown on a medium con-

taining the foliowing weights ‘of salts per liter:

NH.NO,, 0.6 g.; NaNOy, 8:45 g.; KH.PO,, 1.70-

g-; K:HPO,, 0.657 g.; Na,HPO,, 0620 g.; Mg-
S50,.7H:0, 0.246 g.; and minoer elements as in the
previous medium, The purpose in using the rela-
tively high concentration of sodium nitrate was to
decrease the rate of change of pH in the medium
especially in the alkaline range. A preliminary
test had shown that when only half as much nitrate
was present the pH had declined in 7 days from
74 to 6,7 vitiating the results of that-test,

Aspergillus flovipes was grown on a medium
similar to that used for C. lunsta except that the
sodium nitrate was present in only half the concen-
tration.

For . convolma the following salts were used
per liter: KiT.POy, 170 g.; K HPO,, 1.28g.; KCI,
0.95 g.; Mg50; - TH20, 0.25 g.; yeast extract, 1.0
g.; and minor elements ns before,

Gliomastix convoluta showed by far the greatest
tolerance of hydroxyl jons, being able to start
growth and decompose cellulose at an initial pH
of 11, which declined rapidly to 8.8. However, it
is probable that if some method of maintainieg a
high pH were devised the growth might have been
very slow,

Effees of temperoture—With the initisl pH of
the media adjusted 2t 6.35, four species of fungi
were incubated at different temperatures. Resulis
of the effects of temperature on the rate of cloth
decomposition are presented in table 1. '

Taeie 1, Effect of temperature or degradation of celfiulose
by Jungi.

Avcroge percentage Joss in breaking strength
of cloth stripe at
Organisme  15°C. 199C, 21°C, 25°C. 29°C, 359C, 40°C,
M. verrucaria 0 34 52 57 M 67 1

{9 days)

GC. convofutn O 9 18 21 46 7 0
(8 days)

€. lunata 3 10 24 23 56 52 7
{9 days)

A, flavipes 5 1T 19 30 44 15 a
(13 days)

Effect of nitragen.—Media in these studies con-

tained, besides the nitrogen source, 1.702 g, KHa
PO,, 0.657 g. KaHPO,, 0.520 g, NaHPO,, 0.25 g.
MgS0y, per liter and minor elements as in previous
experiments, .
The nitrogen content was first maintained con-
atant while the proportion of nitrate to ammonium
ion was varied by proper combinations of am-
monium chloride, sodivm nitrate, ammonium ni-
trate and ammonium phosphate, The tetal nitro-
gen content was 1.681 g. per liter. Fig. 2 pives
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Fig. 1. Effect of pH on cellulolytic activity of fungi,

the concentrations of ammonium and nitrate ions
in the respective solutions 23 well as their effect
an the celﬁx[n[ytic activity of fungi and the atten.
dant changes in pH of the media,

Other experiments were conducted to determine
the effect of variation in the concentration of am-
monium nitrate. The same three fungi responded
to differences in concentration of smmonium ni-
trate, as shown by results recorded in table 2.

Studies were also condacted 1o establish the
optimal level of ammonium nitrate and sodium
aitrate in the media, The two dalts were added to
different media in the same ratio in decreasing
amounts. No substitutions of ions were made in
these experiments.  This resulted in a decrease of
the total ionic concentration in the solution as
smaller amounts of salts were used. Results are
given in fig. 3.

Effect of potassium ion concentration—In order
1o vary the potassium ion concentration without
disturbing the concentration of other nutritional
elements, sodium p‘:’losﬂhates were used in equiva-
lent cancentrations in the low potassium media. Ten
different concentrations of potassium jon were em-
ployed ranging from 0-3.128 g, per liter. From
the solution containing the lowest concentration lo
that with the highest, the concentration was in-.
creased in a two to one progression,. The concen-
tration of the phosphate jon and the pH were main-
tained constant by combining the various sodium
and potassium phosphates, The media all contained
ammenium nitrate at 4.803 g. per Liter, magnesium
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tration on cellulolylic activity of fungi.

Tasre 2. Effect of i nitrate

Luass in cloth strength in percentage in
media with molar concaniralions

Days
Qrganism growlh 0.0 0.c0:9 0.0037 ¢.0075 0.015 0,030 0.060
M. verrucaria 7 [i] 62 70 FE) 73 ) 86
L. funata [3 5 42 45 45 35 39 29
8 - - - 66 52 46 49
A. flovipes 10 1 2B 34 48 3s 31 26

sulfate st 0.49 . per liter, and the minor clements
as previously used. The pH of the oviginal solu-
tiens varied from 5.9-6.3 with most of the solutions
approximating 6.2. At the end of the experiments,
the finai pH was, in mast instances, not more than
0.1 Jower than the original. In the few cases where
the final pH was lower, it was still within the range
of geod growth for all the organisms. In ne case
was the pH a limiting factor in the rate of de-
composition or the growth of the fungus. The
resulls of these investigations are presented in fig.
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Fig. 2. Effeet ol niiregen sonrce op pit and celtnlolytic
activity of fungi.

magnesivm was added to the medium as the sulfate
ion when variation in concentration of this element
was undertoken, it was necessary to make up the
deficiency of the sulfate ion from another source.
Sodium sulfale was used for this purpose. The
concentrations of other nutrients per liter of media
were: KH.PO,, 1.7 g.; K HPO,, 0.657 g.; Nao
HPO,, 0.520 g.; NaNO,, 8853 g.; NH,NO,, 0.60
g.; and minor elements as before. For G. con-
voluta @.2 per cent yeast extract was used in place
of the inorganic nitrogen salts, Sulfate was added
1o 2 totel of 0.192 g, per liter,

No significant differences were observed in the
loss of tensile strength of cloth strips exposed to
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attack by all-five species of fungi supplied with
varying amounts of magnesium from 0.0-0.073 g.
per liter of medium. The amount of mycelial
growth, "however, was greatly influenced by the
magnesidin concentration. -In lower amounts’ there
was practically no visible mycelin! growth at all,
Only small bils of spindling mycelium and thin,
short chlamydospores were seen on the cloth under
the microscope. Despite this cxiremely reduced
grawth of the fupgi, the rate of cellulolytic break-
down was just as rapid as that with samples in
media containing higher concentrations of mag-
nesium  and luxurient mycelial growth. There
seems to be no direct relationship between mycelial
growth and cellulolytic processes.

Effect of phosphate ion concentration.—Phos.
phate was supplied as the potassium hydrogen salt.
In 21l cases, the polassium was maintained at a
constant value, Fn order to reduce the concentration
of phosphate jons with the potassium st o constant
value, the level of KH.PO, and K.HPO, was re-
duced through a substitution by KC1. In addition
lo these galts, the medium contained 0.06M NH,-
NQg; 0.002M MgS50¢; and minor elements. The
effect of these various solutions are given in fig. 5.

Effect of sulfate ion concentration.—Sulfate was
added to the medium as the magnesium salt. In
arder to determine the most favorable concenira-
ticn and the effect of omission of this radical, it was
necessary to substitute magnesium chloride for the
magnesiom sulfate in certain cases so as to main-

M.VERRUCARIA
(7 OAYS ol
9]
o
L . LUNATA
{8 OArs)
0|
a—
0| —‘_'__'_a____,_,_.————'_—'"
'y A.FLAVIPES
110 DAYS}
30
2o}
L.
o
000Z L LT T Y

0008 T ONGR |
MOLES PER LITER

Fig. 4. Eflect of potassium on cellulolylic ectivity of
Tungi.
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tain a constant concentration of magnesium, Where
the sullste jon was increased above the amount
used in the basic solution, sedium sulfate was used
as the substitution compound. The basic medium
used for M. verrucaria, C. Iunata and A. flavipes
was constituted of the following ingredients per
liter: KH.PO,, 178 g.; K HPO,, 0.657 g.; Nay-
HPQ,, 0.520 p.; NHNO,, 0.60 g.; NaNO,, 8855
g; FeS0,, 0.540 mg.; Mb0O,, 0.024 mg.; Cu50,,
0.005 mg.; MnSQ, ©.055 mg.; ZnS0,, 5.00 mg.
The medium used in the first experiment with G,
convoluta contained yemst extract as the nitrogen
source. As wes the case with studies on other
elements with this organism the results showed no
significant diflerential response to the presence or
absence of added sulfates, This was probably due
to the sulfur present in the yeast extract. A second
experiment was therefore performed in which the
nitrogen source was glulamie acid instead of yeast
extract, The medium for this second experiment
with G, convoluta contained 1.7 g KHoPO,, 1.28 g,
K-HP0,, 0.54 g. KC1, 2.0 g glutamic acid per
liter, and minor elements as above. In sll of the
media used the magnesium content was kept at
0.0486 g. s)er liter. The response of the various
species is platted in fig, 6.

Effect of organic compounds.—The effects of an
added source aof carbon besides cellulose were
studied with M. verrucaria using xylose, glucose,
and cellobiose. The sugars were added to the
mineral solutions and the loss in tensile strength
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Taere 3, Ceilulolytic activity of M, verrucaria in

thé presence of various concentrations of sugers.

Na.
of No sugar Xylose
Days o.M 0.05M

cation retenlion cation  retenlion  calion  telenlion

Glucese Cellohiose
0.5M ¢.05M 0.825M

.5
Repli- % sirength Repli- % strength Repli- e sirength Repli- 96 strength Repli- % strength Repli- % strength

cation relention  calion  relention  cation relention

7 10 72 = = 10 00 = = 18 %3 16 100
410 £ 10 9 10 4 10 100 10 71 10 75
6 16 51 10 %0 10 5 .10 95 16 49 10 54
7 10 B — — —. — - = — - - —
8 — — 10 6 0 3% 10 98 10 £ 19 46
410 2 10 — — 18 10 05 10 0 10 27
8 — — 10 £ 1 7 10 29 10 8 10 13
o - — 10 82 -~ - 10 [ - - 10 8
B - — 1 75 - — 10 8 — — — —

of the cloth attacked by the fungus growing at
30°C. on cloth in the various mineral-sugar solu-
tions are given in table 3, .

Similar experiments were carried out using 0.0,
0.01, 1.0 and 10.0 per cent sucrose solutions, At
tke same time a similar series of Petri dishes was
prepared without the cloth strips.  The mycelial
.growth in the latter set wns measured after different
.periods of incuhation, The rate of cellulolytic
action_and mycelizl growth in these solutions are
given in fig. 7,

Another interesting cffect is that of organic nitro-
gen compounds, particularly in the case of . con-
volute. This organism has been largely omitted
from previous discussions since it showed no re-
sponse to any of the variants involving inorganic
nitrogen to which it was subjected, To all media
on which this fungus was grown, however, 2 g. of
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- Fig. 6. Effect of sulphate on celiulolytic activily of fungi.

yeastiextract per liter have been added, Apparently,
this ameunt of yesst exiract contained sufficient
nittogen to satisly the nutritional requirements of
the species as far as nitrogen is concerned. In-
organic nitrogen appears to be unavailable to this
fungus since in the presence of inorganic pitrogen
alone no cellulese breakdown occurred.

The effect of varying cencentrations of yeast
exiract on the rate of cellulose decomposition of
G. convoluta was studied with the results given in
table 4.

Taute 4. Effect of yeast extrect on degradation of cloth
by G, convoluta in 7 days.

Yeast extract Loss in eloth

(per eent) strength (per cent}
0.2 35
0.1 a7
0.05 21
0.025 23
0.0125 20
0,00625 13

In a study on the organic nitrogen requirements
several sources of nitrogen were added to the
medizm to determine their availability, Media
with different sourees of organic nitrogen were
divided into three parts, To these were added
respectively, 1.0 g, 0.1 g. and 0.0 g. of yeast ex-
tract per liter, Table 5 shows the results.

Taste 5. Relation of organic mitrogen .to degradation of
<loth by &, convoluta in 5 duys.

&  Percentage loee in cloth strength

Nilrogen per with yeast extract
source liter 00 g/1. 0.0t g/l 01 g/l
Casein 12

hydrolysale 26 25 35
Peplone 1.25 23 26 44
Uren 0433 10 23 28
Asparagine 0543 24 b 35
Glutamic

acid 21 29 3z 26
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From the results it is apparent that the nitrogen
farnished by yeast extract may be at least partially
replaced by other organic sources of nitrogen, such
as glutamic acid.

Following the discovery that yeast extract was
able to supply necessary nitrogenous substances
for the development of lgis fungus, attempts were
made to determine whether or not growth factors
were also involved. Vitamins were first tested.
Thiamin, ribeflavin, pantothenic actd, and inositol
were gdded individually and together without stim-
ulating its development on flter paper on apar.

Biotin was tested singly against the three other
fungi with the tesalts given in table 6.

Tants 6, Eflect of bistin on cellulolytic activity of fungi.

Percantage Joss in cloth sirength in 7 days

Organism 2 gammas bistin/1, Na biatin
M. verruceria 69 6%
€. lunata 4 41
A. flovipes 30 13
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SUMMARY

The effects of pH, temperature, sad various in-
organic and organic compounds on the cellulolvtic
activity of four species of fungi were studied. Glio-
mastiz conveluis provedi distineily different from
the rest in its rutritional requirements. Curvularia
lunata and Aspergillus favipes resemble each other
in genersl.  Myrothecium verrucariz was character-
ized by a'uniformly high rate of cellulose decomypo-
sition between relatively wide limits “of physical
ard nutritional conditions, The pH optima for the
last three species fell within pH 6.0-7.0. Prelimi-
nary studics indicate a higher tolerance of hydroxyl
ions by &, convoluts, which was able to initiatc
growlh in media with an original pH of 11. The
optimum temperature for the four species is about
29°C. With the possible exception of magnesium,
omission of macro nutritiens! clements resulted
in marked decrease in cellulolytic activity, Added
maghesium was not found to be essential for the
degradation of cellulose although mycelial growth
was greatly suppressed by its absence. Sulfate was
optimal at 0.0012 M, phosphate between 0.01-0.4
M, potessium at $.0006 M and nitrogen at about
00036 M. In the last instance the molar raties of
ammonium to nitrate jons found best for M. verru-
caria, C. lunata, and 4. flavipes were 1:7, 1:1, 1:7,
respectively,  Gliomastiz convolute apparently re-
quires nitrogen in an organic form, such as gluta-
mic acid or yeast extract. The other three species
were able 1o attack cotton fabric vigoTously in an
otherwise purely inorganic medium. Added biotin,
kowever, stimulnted the cellulolytic aetivity of A.
favipes in concentrations of 2 gammas per liter.
The presence of soluble carbon sources, such as
glucose, xylose, cellobiose, and sucrose, inhibited
the simultanecus utilization of cellulose by Af. ver-
rucarig, It appears that the fungus does not de-
grade the cellulose until it is no longer capable of
growing on the more casily accessible sugars as a
souree of carbon,
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