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Recent work at the Shirley Institute funded by a grant from the United States Department of 
Agriculture is  summarized. A detailed study of the mechanism of action of the cellulase 
from Myrofhecium verrucaria has shown that only relatively few sites in the cotton hair are 
accessible to the enzymes and that attack proceeds by solubilization of the cotton in the 
immediate vicinity of these sites. This suggested successful trials in which cotton was 
protected from degradation at very low levels of substitution with a bulky substituent 
when care was taken to minimize swelling. Some of the properties of the individual 
enzymes that contribute to the cellulolytic action of this fungus have been investigated. 

HE SHIRLEY INSTITUTE has long been T interested in the microbial degrada- 
tion of cotton textiles, and this commu- 
nication summarizes the recent ad- 
vances made during the tenure of a grant 
from the United States Department of 
Agriculture. Microbial degradation 
causes considerable losses both to the in- 
dustry and to the consumer, especially 
under tropical or subtropical conditions. 
During World War 11, the average life 
of tentage in certain parts of the Far 
East was reduced by fungal attack to less 
than six weeks. A great many rot- 
proofing agents have been made availa- 
ble over the years. Shirlan (salicylani- 
lide) was produced in 1929 and others in 
common use include metallic naph- 
thenates, organic mercurials, and chlo- 
rinated phenolic compounds. However, 
even today, there is probably no com- 
pletely satisfactory rot-proofing agent 
available. 

A very large volume of largely ad hoc 
work has already gone into the produc- 
tion of presently available rot-proofing 
agents, but it seemed that a study of the 
mechanism of deterioration, by provid- 
ing a better understanding of it, would 
form a basis for a more rational approach 
to the development of improved methods 
of prevention. 

Extracellular Attack by 
Myrothecium verrucaria 

It seemed reasonable to suppose that 
the degradation of cotton was caused by 

extracellular enzyme systems produced 
by the organisms. I t  was, therefore, sur- 
prising that cell-free filtrates obtained 
from microorganisms, which were them- 
selves extremely active, had been found, 
by all the workers in this field, to have 
little action on native cotton (737, al- 
though they were well able to attack 
cotton that had been swollen (5). The 
differences in rate and extent of attack 
produced by the organism and by its 
extracellular extract were well illus- 
trated in the case of Mjrothecium Uer- 
rucaria. After a lag phase of about two 
days, this organism would reduce the 
strength of a scoured cotton yarn to 
nothing in an additional t\vo to three 
days. On the other hand. a filtrate from 
the same organism, prepared after 
periods of up to 14 days, or even longer, 
would at best reduce the strength by 

TIME OF TREATMENT (doyr) 

Figure 1 .  The degradation of cotton 
yarn by treatment with a culture filtrate 
from M. verrucaria 

about one third even after incubation for 
many days (Figure 1). If. ho\+ever, the 
cotton was swollen by alkali before ex- 
posure to the filtrate, both the rate and 
extent of attack were comparable with 
those obtained when the organism grew 
on unsnollen cotton. 

Most investigators, although a\$ are of 
the problem posed by these differences, 
have concentrated their attention on the 
use of substrates made more accessible 
than unswollen cotton. On the assump- 
tion that the cell-free filtrates contain the 
extracellular enzymes involved in the 
cellulose breakdown, this apparent lack 
of activity is of considerable interest. 
For present purposes, however. it was 
pointless to investigate the degradation of 
easily accessible substrates, and it was 
desirable to use enzyme preparations 
with degradative powers similar to the 
living organisms. The purpose of this 
uork was, first, to try to explain the low 
activity of the enzyme preparations and, 
second, to determine how the organism 
causes cellulolytic degradation u ith the 
ultimate objective of seeking fresh 
methods for its prevention. 

Reese suggested (8) that hyphal pene- 
tration of the cotton hairs was an essen- 
tial preliminary to the enzyme attack. 
Past experience with cotton degraded by 
microorganisms did not support this 
vieu. Cotton hairs had often been seen 
displaying damage typical of attack by 
microorganisms with no trace of the 
organism in their immediate vicinity 
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Figure 2. 
verrucorb growing nearby, but not in direct contact with the cotton 

An extensively deg raded  cotton hair  with mycelium of M.  

(Figure 2). There was still the passi- 
hility that the mycelium might have 
grown, died off, and then disappeared so 
that it could have been in contact with 
the cotton at an earlier stage. A film 
obtained by time lapse photography 
showed conclusively that degradation 
was possible in the complete absence of 
local mycelial growth. A series of 
photographs of a portion of cotton hair 
mounted on agar with spores of M .  
~ewucona was taken at intervals of 10 
minutes over a period of 27 days. This 
showed clearly that within the field of 
view obtainable (20x diameter of the 
cotton hair), the mycelial growth was 
random in direction with no preference 
at all for cotton hairs either already or 
subsequently degraded. Thus, the 
growth of the organism was unrelated to 
the position of the cotton, and the degra- 
dation of any part of the latter was not 
dependent on the proximity of mycelium 
at any stage of its growth. 

Although the attack was recognized as 
extracellular, cell-free filtrates that could 
produce extensive degradation of native, 
unswollen cotton still could not he pre- 
pared. Changes in such factors as 
conditions and history of growth, com- 
position of culture media, and age of 
cultures from which inocula were pre- 
pared failed to produce any dramatic 
increase in the cellulolytic activity of the 
cell-free filtrates. Attention was turned 
for a while from the organism and its 
enzyme system to the substrate, the 
cotton hairs. At least part of the ex- 
planation of the difficulty in degrading 
unswollen cotton with cell-free filtrates 
must arise from the structure of the 
cotton hair itself, because of the marked 
differences in behavior exhibited by 
swollen and unswollen cotton. The deg- 
radation of cotton was investigated in two 
stages, by a comparison of the action of 
cellulases and hydrochloric acid (70) 
and, later, by a detailed study of the 
attack by cellulases (72). 

Comparison of Enzyme and 
Acid Degradation 

Degradation by fungi produces much 
smaller changes in the degree of polymer- 
ization of cellulose (as measured by its 
fluidity in cuprammonium) far a given 
loss of strength than does acid degrada- 
tion, Indeed, this difference has been 
used for many years as one of the criteria 
far distinguishing between fungal and 
acid degradation of weakened cotton 
products (4, 9 ) .  The difference has 
commonly been attributed to the highly 
localized growth of fungus, which digests 
whale regions of the substrate, leaving 
other areas untouched. However, loss 
of strength, with little change in fluidity, 
was also a characteristic of cotton de- 
graded by cell-free culture 
The localization of attack in I 
could not have been due to 
growth of the organism, but m 
been caused by restriction of 
zyme itself. Whitaker (76) L 
cellulase from M.  verrucnria to 
swollen and partially degraded < 
He showed that the changes 
weight- and number-average d 
polymerization in relation to 
weight were consistent with a t 
random attack on all the @-E 
linkages. Such pretreatment w 
course, have increased the suss 
of the cellulose to attack and m 
altered the degree of localization. 

The relation (Figure 3) betwe, 
weight of undegraded cotton 
hydrolysis and during afterti 
with alkali-used as an empiric 
urc of the terminal aldehyde grc 
duced by the hydrolysis (7)- 
that for the production of a given 
of terminal aldehyde groups in tk 
hle residue, much more subst 
removed during enzymic thar 
acid attack. Hence, whether o 
acid attack is truly random wit1 
to all the &glucoside links, 
hydrolysis cannot he. 
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This evidence, taken alone, suggested 
a predominantly endwise attack, but a 
comparison of the weight loss during 
hydrolysis with the degree of polymeri- 
zation of the insoluble residue (Figure 4) 
showed that, for a given loss of weight, 
the effect on the degree of polymerization 
produced by enzymic degradation was 
much greater than that corresponding to 
endwise attack. Curves 3 (taken from 
Whitaker) and 4 (acid degradation) are 
markedly similar but completely differ- 
ent from the curves for unmercerized or 
even mercerized cotton attacked by 
cellulase. This suggests that the theory 
of random attack proposed by Whitaker 
may apply only to a cellulose substrate 
sufficiently swollen to he more than 
usually accessible to large molecules. 
Walseth (75), working with a cellulase 
from Aspqtllm n i p ,  put forward a 
similar view of the limited accessibility of 
the substrate. 

Present results indicate that the attack 
of cellulase probably takes place initially 
at a relatively few sites in the cotton 
hair, followed by cleavage of a number of 
linkages in the immediate vicinity of 
these sites to give rise to soluble products. 
The actual location of the sites would he 
governed by the ability of the enzyme to 
enter the cotton structure. It is gen- 
erally accepted that chemical reagents 
may he limited to the so-called amor- 
phous regions where the cellulose chains 
are disordered and more weakly hound. 
A bulky enzyme reagent would be even 
more restricted in its initial attack, need- 
ing larger interstices in the structure than 
exist in the amorphous regions. Such 
interstices might be provided by the 
spaces between the fibrils (7). Having 
entered such spaces, the enzyme might 
then be able to attack both crystalline 
and amorphous regions in its immediate 
vicinity. The ready helical splitting of 
enzymically degraded cotton hairs pro- 
vides some evidence for the localization 
of the initial attack. 

Although the resistance of fibrous un- 
swollen cotton to enzymic attack was 
thus understandable, it was still not 
apparent why the whole organism could 
degrade the cotton rapidly, whereas the 
derived filtrate could not. Hyphal pene- 
tration was not an essential prerequisite 
of attack. Conceivably, however, the 
living organism could build up local 
concentrations of enzyme. Experi- 
ments in which the concentration of the 
enzyme solution was increased up to 300- 
fold by vacuum evaporation increased 
the loss in strength by only one half. 
It appeared at this stage that some en- 
zyme species or system present in the 
growing organism and necessary for the 
extensive hreakdown of unswollen cotton 
might he lacking in the extracellular 
extract, and that its repeated renewal (or 
the repeated removal of an inhibitory 
factor) might lead to more extensive 
attack (72). Repeated 24-hour treat- 
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LOSS OF WEIGHT WITH ALKALI, Olb 

Figure 3. 
mercerized cotton with M. verrucaria cellulase 

Degradation of ( 1 )  unmercerized and (2 )  

Curve 3 is a comparative curve showing attack of 6N hydrochloric 
acid on unmercerized cotton 
By courtesy of the Biochemical Journal 79, 562 (1 961) 

ments of cotton with fresh portions of a 
cell-free culture filtrate from M .  verrucaria 
(Figure 5) supported this explanation 
because it led to degradation comparable 
with that produced by the intact micro- 
organism. The complete loss of strength 
was accompanied by a 30% loss of weight 
but by only a very small change in de- 
gree of polymerization (4100 to 3250). 
If a 757, loss of strength of unswollen 
cotton is brought about by treatment 
with hydrochloric acid, the degree of 
polymerization falls to about 260 and 
there is little loss of weight (2). That the 
striking increase in the degradation ob- 
tained by repeated treatments was not 
caused by the large amounts of enzyme 
solution employed is evident from Figure 
5 where a curve for an experiment using 
sixteen times the usual liquor-cotton 
ratio is included. 

Evidence for Two Enzymes 
from M. Verrucaria 

Although extensive degradation of un- 
swollen cotton had been obtained by 
repeated treatments with cell-free culture 
filtrate, it was apparent that the expendi- 
ture of so large a quantity of enzyme 
would be an extremely uneconomical 
operation for the organism. Enzyme 
solutions, apparently exhausted by their 
attack on unswollen cotton yarn, Lvere 
still capable of weakening fresh yarn 
samples and had lost none of their ability 
to reduce the viscosity of a solution of 
carboxymethylcellulose. The process 
could be repeated several times, a series 
of fresh yarns each being \veakened in 
turn by about 15% during a 24-hour 
exposure to exhausted culture filtrate. 
This loss of 1 570 \vas, of course, much less 
than that produced by treatment with 
fresh filtrates, but the fact that exhausted 
filtrates could produce any degradation 
at all suggested that some small part of 

LOSS OF WEIGHT D U R I N G  H Y D R O L Y S I S ,  7 0  

Figure 4. Comparison of degradation of 
cotton by M. verrucaria cellulase (curves 1 ,  2, 
and 3) and by 6N hydrochloric acid (curve 4) 

Curves 1 and 4 relate to unmercerized cotton, curve 2 
to mercerized cotton, and curve 3 to phosphoric acid- 
swollen cellulose 

By courtesy of the Biochemicol Journal 79, 562 (1961) 

the fiber was more accessible to the 
cellulase than the remainder. This view 
was supported by the fact that cotton 
yarn already weakened by exposure to 
culture filtrate was not further degraded 
by a filtrate that had already been twice 
exposed to cotton yarns for 24 hours. 
These observations suggested that cellu- 
lases of different molecular sizes were 
present in the filtrate, a concept borne 
out by later work ( 7  I ) .  

The contrast between the complete loss 
of activity toward pretreated cotton and 
the persistence of a limited activity 
toward fresh cotton suggested that at 
least two enzymes were present, the loss 
of activity being due to the exhaustion of 
one of them. The exhaustible cellulase 
without which pretreated cotton could 
not be further weakened was called A- 
enzyme and the other, which accounted 
for the residual activity toward fresh 
yarns, B-enzyme. A-enzyme appeared 
to attack those linkages in fibrous cotton 
that must be broken to produce losses in 
strength of more than 15 to 207,. 
B-enzyme, on the other hand, did not 
attack these linkages and. in consequence. 
could not by itself reduce the strength of 
the cotton by more than about 157,. 
A-enzyme was rapidly exhausted by its 
attack on the cotton and had to be re- 
placed to ensure extensive degradation. 
It was detected and assayed by using as 
a substrate cotton that had been pre- 
treated by exposure to culture filtrate; 
B-enzyme was incapable of attacking 
such pretreated cotton. Although direct 
estimation of either enzyme against 
cotton yarn was difficult because of the 
lack of proportionality between enzymic 
activity and loss of strength, a reasonable 

estimate of B-activity in solutions free 
from .4-enzyme was obtained by finding 
the dilution that would cause a fixed 
(8%) loss of strength of a fresh yarn after 
a single 24-hour incubation. B-activity 
in a culture filtrate was lost only slowly 
by repeated 24-hour incubations with 
fresh yarns, and carboxyniethylcellula~e 
activitv was lost a t  about the same rate. 
This supported the view that B-enzyme 
\+as a distinct entity from A-enz\me and 
that it was responsible for most. if not 
all: carboxymethylcellulase activity. 

The ability of B-enzyme to attack 
swollen cellulose could be demonstrated 
by comparing the action of fresh and 
exhausted filtrates on undried, mer- 
cerized cotton. Exposure for seven days 
to exhausted culture filtrate reduced the 
strength of the sxvollen cotton by 797, 
compared with the 15 to 207( found for 

i*C OF C A L Y  ' C E b - N E U T S  rn T M-C 0. T R E A T M E U T .  ,cy% 

Figure 5. The degradation of cotton 
yarn by repeated treatments with 
culture filtrate from M. verrucaria 
By courtesy of the Biochemical Journal 88, 208 
(1 963) 
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its attack on uns\vollen cotton. The 
fresh culture filtrate, a s  might have been 
expected, caused more loss of strength of 
both substrates jl0OC~l, and 307,: re- 
spectively), since A-mzyme if present 
attacks more extensive:.y than B-enzyme. 

Separaiion and Prepcwcrtion of 
A- and 6-Enzymes 

Because of the stmng adsorption of 
cellulases on cellulose an attempt was 
made to increase the yield of A-enzyme 
by extraction of the culture solids, which 
Ivere normally rejected. Although the 
enzyme is not released at  the pH of a 
groxving culture, complexes of cellulases 
and carbohydrate can be split by wash- 
ing them through a cellulose powder 
column rvith dilute alkali ( 7 4 .  The 
culture solids from .If. oerrucaria were 
therefore mixed with Celite 535 and 
eluted with sodium tetraborate a t  pH 
9.0. Peak activities were comparable 
Ivith those of culture filtrates. The 
material eluted first had similar activity 
to\vard cotton as had later fractions but 
t\vice the carboxyniethylcellulase ac- 
tivity, thus indicating the possibility of 
achieving at least a partial separation of 
the A- and B-enzymes. Significantly, 
thr maximum yield of A-activity from 

culture solids was obtained after only 
two days' growth and before any appre- 
ciable carboxymethylcellulase activity 
had appeared in the filtrate (Figure 6) .  

The elution technique was subse- 
quently improved by using a competing 
soluble substrate. Using phosphate buf- 
fer (pH 5.5) to which carboxymethyl- 
cellulose had been added, an appreciable 
increase in A-activity was obtained. as it 
was w4th buffer plus methylcellulose. 

The knowledge that separation of the 
two types of enzymes could be effected 
gave impetus to attempts to secure a more 
complete separation in order to study 
their properties individually. The 
method ultimately employed ( 7  7 )  was gel 
filtration on Sephadex G-75 (Pharmacia 

AB. Uppsala, Sweden), by which separa- 
tion of a mixture of solutes into fractions 
of different molecular size can be 
achieved under extremely mild condi- 
tions. Temperature changes cause ir- 
regular behavior because of dimensional 
changes in the gel particles, but if tem- 
perature is controlled, the flow behavior 
is extremely reproducible. 

A column of gel was calibrated by 
determining the elution volume of a num- 
ber of materials of known molecular 
weights, ranging from thyroglobulin 
(mol. wt. 670,000) to dinitrophenylala- 
nine (mol. wt. 255) and plotting the frac- 
tion number at which the peak of absorb- 
ancy for each material emerged against 
the logarithm of its molecular weight. 

,. 
. - , - - - " '  , 

Figure 6. Tlhe rate of appearance of A- 
activity on the solids and of carboxymethyl- 
cellulase in tlie filtrates from shake cultures 
ofLM. verrucaria 
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Figure 7. Activities of separated fractions from M. verru- 
caria cellulase toward (top) C.M.C. and (middle) cotton 

Bottom represents absorbancy (protein content) of the fractions 
By courtesy of the Biochernical Journal 94, 578 ( 1  965) 
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Effect of exposure to cotton on the components 

20 40 

FRACTION NUMBER (4.55rnl./fraction) 

Figure 8. 
from the fractionation of M. verrucaria 

Top. Component I rerun before ( 0 )  and after (A)  exposure to cotton 
Middle. Component II rerun before ( 0 )  and after (AI exposure to cotton 
Bottom. Component 111 rerun before ( 0 )  and after (A) exposure to cotton 
On each graph the shading shows which fractions were united 

By courtesy of the Biochemical Journal 94, 578 ( 1  965) 
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.\ sample of filtrate from a surface 
culture of M. oerrucaria was separated 
into four components of which three con- 
tained cellulases (Figure 7) \vith different 
molecular Lveights and with different 
activities toward soluble and insoluble 
cellulosic substrates. The greater part 
of the carboxymethylcellulase activity 
was in component I1 and the greater part 
of the activity toward yarn in compo- 
nents I and 111. The approximate 
molecular weights of the cellulases, 
judged From the positions of their peaks, 
were 55,000. 30,000, and 5300. The 
small size of the cellulase in component 
I11 \vas somewhat surprising, but a 
cellulase of low molecular weight 
(1 1 ,000) has also been separated from 
Po&~orus LNersicolor (6). 

The cellulase in component I11 \vas 
obtained only in very small yield. In 
order to obtain a reasonable yield and 
also to obtain a better idea of the relative 
activities of the three enzyme com- 
ponents, a 10-fold concentrate of culture 
filtrate was similarly fractionated. 

The relative activities toward cotton 
and toward carboxymethylcellulose of 
the separated components suggested that 
components I and I11 had the properties 
attributed to A-enzyme, whereas com- 
ponent I1 behaved as B-enzyme. This 
view was supported by the differences in 
behavior on exposure to cotton (Figure 
8) .  Approximately one third of each of 
the components was rerun to establish 
its homogeneity and reproducibility of 
behavior. An equal volume of 
each was also rerun after ex- 
posure at  30' to three fresh samples of 
cotton yarn, each for a period of 24 
hours. Clearly, components I and I11 
were greatly diminished in carboxy- 
methylcellulase activity, whereas com- 

ponent 11, with the bulk of the carboxy- 
methylcellulase activity, \vas little af- 
fected. The eluted fractions \rere suita- 
bly pooled and measurements of car- 
boxymethylcellulase activity and activity 
toward pretreated cotton were made. 
Loss of activity by components I and 111, 
but not by component I I?  \vas apparent. 

The fractionation by gel filtration of 
culture filtrates from M .  zerrucaria into 
several active components has! therefore, 
confirmed the heterogeneity of this 
cellulase system. As had been predicted 
from a study of the whole culture filtrate, 
the separated components differed in 
molecular size, relative activities toivard 
different cellulosic substrates, and be- 
havior on exposure to cotton yarn. 

Behavior of Other Microorganisms 
Although M .  verrucaria has been used 

for the majority of this work, other micro- 
organisms (Table I) have also been 
examined briefly. The strength losses 
with Trichoderma rsiride were higher than 
those found with M .  i,errucaria. particu- 
larly after 7 or more days' growth. 
Marked variations occurred in the pH 
of the filtrates, and these may account for 
the variation in activity. Filtrates from 
StachybotrjJ atra were comparable in 
activity with those from M .  uerrucaria. 

Hitherto, there has been some dou'3t 
whether Chaetomium plobosum produces an 
extracellular enzyme, or Lvhether its 
activity is due to physical penetration of 
the fiber. Early experiments using 
shake-cultures produced filtrates \\-hich 
were quite inactive, but surface cultures 
on cotton yarn produced active filtrates. 
the best \veakening yarn by S4yG after 10 
treatments. 

Of these microorganisms, only the 
filtrate from T.  viride has been subjected 

Table 1. Strength-loss of Yarn Samples Incubated with Filtrates from 
Surface Cultures of Various Organisms 
Age of 
Culture, pH of No. of Successive Applications of Filfrafe 

Orgonism Days Filtrate I 3 5 10 

Trichoderma viride 4 6.1 29 . .  44 62 
7 3 .9  74 . .  100 . .  
7 5 .8  42 55 63 70 
7 5 .9  42 49 62 70 
7 5 .8  43 55 64 76 

11 3.1 62 74 85 . .  
Stachybotrys atra 4 5 . 9  28.5 . .  

7 5 .9  . . .  . .  
Chaetomium globosum 4 6 .3  40 

7 6 . 3  45 
4 6 . 3  19 
7 5.6 35 

43 50 
. . .  72 
52 69 
68 80 
30 41 
66 84 

Table II. Resistance of Cellulose Carbanilates to Soil Burial at Very l o w  
Degrees of Substitution 

- 
D . S .  

Loss of Strength (%) offer Burial for (Weeks)  
2 3 4 6 22 50 

0 . 0  75 96 100 100 . .  . .  
0.06 48 97 91 100 . .  . .  
0.12 -1 33 . . .  75 . .  . .  
0.21 -10 -6 . . .  15 18 24 

to a preliminary fractionation by elution 
on a column of Sephades G-75 as \vas 
done for the filtrates from .if. i'errucaria. 
Two clearly defined peaks of cellulase 
activity were found, both of them differ- 
ing from those of .If. cerrucaria; their 
estimated molecular \{,eights were 38,000 
and 12>000. The higher molecular 
weight fraction \vas the more active 
roxvard pretreated yarn, but possessed 
only about one third of the carboxy- 
methylcellulase acthit)- found in the 
lower molecular weight fraction. 

In contrast to M .  i~errucaria, T .  Liride 
gave cell-free filtrates that \\.ere not de- 
activated by exposure to cotton. Clearly. 
a further investigation of the enzyme 
fractions from different culture filtrates 
would be profitable. 

Possible New Method for Prevention 
of Microbial Attack 

Since we now believe that microbial 
attack is highly localized and is caused 
by bulky molecules capable of penetrat- 
ing only a few accessible sites. it should be 
possible to effect substantial protection 
by blocking these by similarly bulky 
substituents applied in a solvent chosen 
to minimize the s\velling of the cotton. 
The chief advantages of such selective 
substitution would be in economy of 
reagent and the probable small changes 
produced in the physical properties of 
the textile. 

The reagent chosen to rest this view 
was phenyl isocyanate in the presence of 
a small amount of pyridine, sometimes 
\vith an inert diluent such as petroleum 
ether. The degree of substitution of the 
resulting cellulose carbanilates was esti- 
mated by hydrolysis and colorimetric 
determination of the aniline produced. 
with p-dimethylaminobenzaldehyde. 
Samples with a range of degrees of sub- 
stitution from 0.0 to 0.2 were prepared 
and their resistance to degradation when 
buried in soil is shown in Table 11. 

The addition of a a-methyl-D-ghco- 
side tetracarbanilate to the cloth pro- 
duced no protection. so that the inhibi- 
tion of degradation must be due to the 
selective blocking action rather than to 
any antibiotic activity of the carbanilate 
group itself. 

Ellzey, Wade, and Mack (3) have 
recently published a survey of the reac- 
tions between cellulose and aryl iso- 
cyanates in which the data on rot-re- 
sistance of carbanilated cotton at differ- 
ent levels of substitution are in sub- 
stantial agreement ivith the results pre- 
sented in this paper. 

Since, for a very large variety of sub- 
stituents, adequate protection is not 
obtained below a degree of substitution 
of about 1 .O, these findings appear to be a 
significant step forward in the under- 
standing of the action of the enzymes and 
in their implications for the better protec- 
tion of cotton from attack. 
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Role of the Universities in Agricultural 
Research 
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The universities’ essential role in agriculture, as in all fields, is  the generation of new knowl- 
edge. l h e  training of research workers i s  an integral part of the universities’ work, since 
the studeint learns to make new knowledge by practicing doing so in apprenticeship to those 
who already possess the skill. The work of the universities has resulted in a knowledge 
explosiori in biology, and we are now rapidly approaching both understanding and mastery 
of the processes of cell and organismal life. This new knowledge has as yet had no impact 
on agriculture. It is  time for those of us interested in agriculture to try to foresee ways in 
which thi!i impact may make itself felt. 

HE ROLE of the university is to make 
new kno\\.ledge. This has been its 

traditional role since the founding of 
universities some -00 years ago. I n  
those far-oR years, 1.0 be sure, the uni- 
versities made ne\\- knowledge only in 
the field of theology. but gradually 
they have accepted their responsibilities, 
spread their interem, and today their 
kno\vledge-making rjde extends through 
all fields of human interest and activity, 
from the arts to the exploration of the 
moon. from the \\-iring diagram of the 
brain to bahic agriculture. LVe are here 
concerned only \vith agriculture, which 
is one facet of biology. For the agricul- 
ture-related aspects of biology, as for all 
biology, it is in the universities that our 
present knoIvledge explosion not only 
commenced, but is a t  present being 
carried fonvard. Let us not review 
past accomplishments in detail-let us 
merely consider a fev;, and then go on to 
the present state of biology. We will 
then determine \\.hat we can forecast for 
the future of biology and of agriculture. 

From the universities have come in 
steady succesion such new insights as 

T our knov ledge of the plant hormones, 
and hence of herbicides and the chemical 
control of senescence, the unfolding of 
the path of carbon in photosynthesis and 
our present close approach to an under- 
standing of how light energy is converted 
to chemical energy in chloroplasts. 
This latter knowledge will one day make 
possible not only synthetic photosynthesis 
but also perhaps plant photosynthesis of 
improved efficiency. 

The New Biology 
From the university has come. too. the 

spectacular development of our modern 
insight into the nature of life. This 
development has all taken place nithin 
the past ten years. Its impact has not 
yet been felt in agriculture, nor do l ie  
kno\v exactly the ways in u hich this 
impact \vi11 make itself felt. That  its 
effects \ \ i l l  be vast, we can have no doubt. 
Our new knowledge of life is truly 
revolutionary, for we know in detail 
\ \hat  it is that makes the cell be alive. 
IVe know that all cells contain the 
directions for cell life written in the DNA 
of their chromosomes, and that these 

directions include specifications of how 
to make the many kinds of protein 
enzyme molecules. by means of I\ hich 
the cell converts available building 
blocks into substances suitable for 
making more cells. We know that to 
make enzyme molecules the DNA prints 
off R S A  copies of itself. messenger 
RN.4 molecules, and that these 
messenger RNA molecules are decoded 
by ribosomes, also made by the DN.4, 
and that the ribosome as it decodes the 
messenger RNA molecule uses the 
information to assemble a specific kind 
of enzy-me molecule. \Ve know that the 
information contained in DN4.  and 
hence in messenger RSA, is encoded 
in these molecules in a sequence in which 
the four different kinds of monomers of 
ivhich nucleic acids are constituted 
succeed one another down the long 
linear polymeric chains of the nucleic 
acids. and that the sequence in nhich 
the nucleotides of the nucleic acids 
succeed one another in turn determines 
the sequence in which the 20 different 
kinds of amino acids are stapled to- 
gether to make enzyme molecules. \Ve 
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